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Preface

The people have been using fungi since ancient times. On one hand fungi are
responsible for causing plant and human diseases, while on the other hand they
are beneficial to human kind. There have been tremendous biotechnological
advancement in the field of fungi in the last two decades. Various applications of
the fungi include drugs, dyes, single-cell protein and growth promoters.
Advancement in the field of molecular biology, proteomics and genomics have
unravelled various doubts and provided new insights in the field of genetic
improvement, transformations and phyllogenetic relationship of different genera
and species. Fungi are not only involved in production of single-cell protein,
wine and beer production and antioxidants but also used for bioremediation,
growth promotion, as biosensors and fabrication of eco-friendly silver and gold
nanoparticles. Some of these issues have been addressed in the present book.

The present book is aimed to provide the readers with current trends in the
ficld of Mycology in general and fungal biotechnology in particular.

The book would be of utmost importance to students, researchers and
teachers of botany, mycology, microbiology, medical microbiology, fungal
biotechnology and nanotechnology. The readers should find the book full of
information and reader friendly.

We are thankful to all the contributors for submission of their valuable
manuscripts. MKR wishes to thank his students- Ravindra Ade, Avinash Ingle,
Dnyaneshwar Rathod, Alka Yadav, Vaibhav Tiwari, Jayendra Kesharwani and
Swapnil Gaikwad for help in editing and typesetting.

Mahendra Rai
George Kovics



CHAPTER 1

BETTER YEAST FOR BETTER WINE - GENETIC
IMPROVEMENT OF SACCHAROMYCES CEREVISIAE
WINE STRAINS

DORIT SCHULLER

Centro de Biologia Molecular e Ambiental (CBMA), Universidade do Minho, 4710-057
Braga, Portugal, Campus de Gualtar, 4710-057 Braga, Portugal;
E-mail: dschuller@bio.uminho.pt

Introduction

The yeast species Saccharomyces cerevisiae, commonly called ‘wine yeast’,
‘bakers yeast’, ‘brewers yeast’ or ‘distillers yeast’ is the main yeast responsible
for alcoholic fermentation and has been used for centuries in wine making,
baking, brewing and distilling. With the emergence of molecular genetics and
genomics, the industrial importance of S. cerevisiae continuously extended,
providing a tremendous future potential for the development of genetically
modified yeast strains (GMY) for the biofuel, bakery and beverage industries or
for the production of enzymes and pharmaceutical products.

At present, most of the European wine production relies on the use of
selected pure yeast cultures as an oenological practice to produce wine with
desirable organoleptical characteristics and to guarantee the homogeneity of
successive vintages. These yeast strains were selected from the fermentative flora
of a given viticultural region mainly due to their good fermentation performance.
There is considerable genetic variation within this species, since different strains
of S. cerevisiae can vary significantly in their fermentative behavior and the
production of compounds that benefit the sensory quality of wine. The
accumulated knowledge of the S. cerevisiae cellular biology, physiology,
biochemistry and genetics, in combination with intensive genomics and
proteomics research, will illuminate phenotypic variation in natural populations.

Classical strain improvement approaches have a long-standing history of
successful application and rely on repeated cycles of genetic diversity creation
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through mutagenesis and/or genetic recombination followed by selection or
screening of the desired phenotypes. Targeted genetic manipulation were
undertaken even long before the publication of the S. cerevisiae genome
sequence (Goffeau et al., 1996). More recently, classical methods of strain
selection became blended with the latest whole cell engineering approaches such
as genome shuffling or evolutionary engineering, that mimic the principles of
natural whole genome evolution in a laboratory setting. These procedures
provide a promising means for the design of multiple complex, polygenic
phenotypes in industrial yeasts, when coupled to high throughput screening and
analytical technologies such as robotic miniaturization of assays. In parallel,
unlocking the transcriptome, proteome and metabolome complexities in the post-
“omics” era, decisively contributes to the knowledge about the genetic make-up
of commercial yeast and will both allow to evaluate the consequences of the
introduced changes on a genomic scale and speed up the development of novel
strains.

Wine yeast strains obtained by genetic engineering using recombinant
methods are still perceived in a very controversial manner by consumers, are not
likely to become commercially feasible and probably will not receive approval in
the European Union within the next future. Further obstacles are complex legal
and regulatory issues that require a detailed safety and environmental impact
evaluation. Non-recombinant modification and optimization of industrial strains
by whole cell engineering approaches or by “self-cloning”, based on the use of
host-derived genetic material are most likely to receive approval by both
authorities and consumers.

The present chapter gives a global overview of recent advances regarding
the importance and implications of the use of engineered S. cerevisiae strains in
the wine industry, considering a variety of aspects such as the genetic
constitution, ecology and population genetics of indigenous S. cerevisiae strains,
phenotypes of interest in wine-emaking, strategies and targets used for the
construction of the strains, taking also into account data derived from genomic
and proteomic studies. The final part focuses on current legislation requirements
and environmental risk evaluations concerning the deliberate release of GMY
strains and includes an analysis of the reasons responsible for critical consumer’s
attitudes toward their application in winemaking.

The ecology and population genetics of Saccharomyces cerevisiae

Winemaking is a human activity for several millennia and the species S.
cerevisiae can be considered as mankind’s oldest domesticated organism
(Pretorius, 2000). Molecular evidence of the historical presence of S. cerevisiae
in wine fermentation has been obtained from identification of this species in
pottery jars found in the tomb of one of the first Egyptian kings, which dates
back to 3150 be (Cavalieri et al., 2003).
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Traditional wine fermentation occurs in a spontaneous way when yeast, part
of the indigenous microbial flora of the grape’s surface, are brought in contact
with the sugar-rich (20-30%) grape must, that is obtained from pressed crushed
grapes. The composition of the grape’s yeast flora depends on a large variety of
factors such as climatic conditions including temperature and rainfalls,
geographic localization of the vineyard (Parish and Carroll, 1985; Longo et al.,
1991), antifungal applications (Monteil et al., 1986), soil type (Farris et al.,
1990), grape variety and the vineyard’s age (Martini et al., 1980; Rosini, 1982;
Pretorius et al., 1999). Predominant species on healthy grapes are apiculate
yeasts like Hanseniaspora uvarum (and its anamorph form Kloeckera apiculata)
and oxidative species such as Candida, Pichia, Kluyveromyces and Rhodotorula
(Fleet and Heard, 1993). Fermentative species of the genus Saccharomyces,
predominantly S. cerevisiae, occur in extremely low number on healthy
undamaged grape berries (<0.1%) or in soils (Parish and Carroll, 1985; Frezier
and Dubourdieu, 1992; Martini et al., 1996), while damaged grapes are believed
to be an important source, providing inocula of 10°-10°cells/ml of must
(Mortimer and Polsinelli, 1999). Insects (e.g. Drosophila spp., honey bees and
wasps), birds and wind are important agents for the dispersal of yeasts in habitats
related to winemaking environments. Several ecological surveys, using molecular
methods of identification, report a large diversity of genetic patterns among the
enological fermentative flora. S. cerevisiae strains seem to be widely distributed
in a given viticultural region, can be found in consecutive years and there are also
predominant strains in the fermenting flora, hypothesizing the occurrence of
specific native strains that can be associated with a terroir (Frezier and
Dubourdieu, 1992; Vezinhet et al., 1992; Versavaud et al., 1995; Sabate ef al.,
1998; van der Westhuizen et al., 2000; Torija et al., 2001; Lopes et al., 2002;
Schuller et al., 2005; Valero et al., 2007).

Independent studies report the prevalence of S. cerevisiae strains among the
wineries resident flora (Longo ef al, 1991; Vaughan-Martini and Martini,
1995;Constanti et al., 1997; Beltran et al., 2002; Sabate et al., 2002). This lead to
the discussion whether the vineyard is a natural environment of S. cerevisiae, or
Just provides a source of “domesticated” isolates that passed through consecutive
series of must fermentations and survived in the vineyard/winery until the
following harvest and fermentation. The isolation of S. cerevisiae far from
vineyards, for example from soils associated with oak trees in the north-eastern
United States (Naumov et al., 1998), oak exudates and other broad-leafed trees
(Sniegowski et al., 2002), but also from the Danube River (Slavikova and
Vadkertiova, 1997) and the gut of insects supports a natural occurrence of this
species in very diverse habitats.

When the yeast genome was fully sequenced, the community of yeast
researchers has developed a keen interest in genetic variation of natural
populations and its functional and evolutionary implications. One of the first
population-genetic variation studies was undertaken by sequencing the four loci
CDC19, PHDI, FZF1 and SSUI in 27 S. cerevisiae strains. Sequence analysis of
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each gene distinguished strains collected from a Pennsylvanian oak forest and
strains collected from vineyards, perhaps due to ecological rather than
geographic factors (Aa et al., 2006). However, the finding of S. cerevisiae
isolates in other sources still cannot exclude the prevailing idea that they simply
represent migrants from fermentations and derived from a domesticated species,
specialized for the fermentation of alcoholic beverages. A recent study showed
that the species as a whole is not domesticated and consists of both ‘‘wild’’ and
““‘domesticated’’ populations. In this study, genealogical relationships from DNA
sequence diversity at five loci in 81 strains of S. cerevisiae isolated from
fermentations, tree exudates and immuno-compromised patients were
established. At least two independent domestication events lead to specialized
breeds of S. cerevisiae, one for the production of grape wine and one for the
production of sake wine. The oldest lineages and most of variation were found in
strains from sources that are not related to wine production, suggesting that
strains of S. cerevisiae specialized for the production of alcoholic beverages
derived from natural populations unassociated with alcoholic beverage
production, rather than the opposite (Fay and Benavides, 2005).

Parallel to the selection and development of new S. cerevisiae strains for
enological applications, molecular methods were developed and validated to
study the evolution of yeast flora in spontaneous, but also in inoculated
fermentations. The most widely used typing methods are based on chromosome
separation by pulsed field electrophoresis (Carle and Olson, 1985; Blondin and
Vezinhet, 1988), restriction fragment length polymorphism (RFLP) analysis of
mitochondrial DNA (mtDNA) (Dubourdieu et al., 1984; Vezinhet et al., 1990;
Querol et al., 1992; Lopez et al., 2001), randomly amplified polymorphic DNA,
PCR fingerprinting followed by enzymatic restriction of amplified DNA
(Baleiras Couto et al., 1996), PCR-amplification of inter-delta sequences (Ness et
al., 1993, Legras and Karst, 2003) and multi locus sequence typing (MLST)
(Ayoub et al., 2006). In the last few years, fingerprinting of microsatellite or SSR
(Simple Sequence Repeats) loci, short (1-10 nucleotides) DNA tandem repeats
dispersed throughout the genome and with a high degree of variability, revealed
to be very useful to discriminate S. cerevisiae strains (Gallego et al., 1998;
Hennequin et al., 2001; Pérez et al., 2001; Techera et al., 2001; Schuller ef al.,
2004). These loci exhibit a substantial level of polymorphism and have been used
in humans for paternity tests, forensic medicine and population structure studies.
Despite the higher equipment investment and need for skilled human resources,
PCR-based microsatellite amplification and detection by capillary electrophoresis
should be considered the method of choice, because of the easy high-throughput
data generation, the absence of errors resulting from local experimental
conditions and the possibility of sharing data by different laboratories. Besides
the high level of discrimination and unequivocal results, expressed as base pair
number (or as repeat number), the generated data are suitable to complete
computational population genetic analysis. Twelve highly polymorphic micr-
osatellite loci were used to assess the genetic diversity among 651 S. cerevisiae
strains from 56 worldwide geographical origins. The genotypes clustered in
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subgroups, according to the technological use (i.e. bread, beer, wine, sake). Bread
strains displayed a combination of alleles intermediate between beer and wine
strains, and strains used for rice wine and sake were most closely related to beer
and bread strains. Macrogeographical differentiation of strains from Asia, Europe
and Africa accounted for 28% of the observed genetic variation, which suggests
clonal reproduction and local domestication of natural strains originating from
the same geographic area. The data also indicated a Mesopotamia-based origin of
most wine strains, and a migration route along the Danube Valley and around the
Mediterranean Sea. The close association between vine migration and wine yeast
favors the hypothesis that yeast may have followed man and vine as a commensal
member of grapevine flora (Legras et al., 2007). Similar phylogenetic
relationships related to technological applications were observed when clustering
of S. cerevisiae strain was based on 32 single-nucleotide polymorphism markers
(Ben-Ari et al., 2005) or amplified fragment length polymorphism (AFLP)
analysis (Azumi and Goto-Yamamoto, 2001). Microsatellite revealed as
informative markers for distinguishing populations from vineyards in very close
geographical locations (50-100 km). Genetic differences among S. cerevisiae
populations were rather apparent from gradations in allele frequencies than from
distinctive "diagnostic" genotypes, and the accumulation of small allele-
frequency differences across six loci allowed the identification of population
structures. Within a vineyard, the genetic differentiation increased with the
distance between sampling points suggesting a pattern of isolation by distance
(Schuller and Casal, 2007).

Genetic constitution of Saccharomyces cerevisiae wine strains

When the S. cerevisiae genome sequencing project was completed, it
became clear that this yeast has a genome of around 13000 kb, containing ca.
6000 protein-encoding genes that are distributed on 16 linear chromosomes,
varying in length from 200 to 2200 kb, with a very low number of introns and
little repetitive DNA (Goffeau et al., 1996). Wild strains of S. cerevisiae, isolated
from wine, cellars or vineyards are predominantly diploid, homothallic and
mostly homozygous (65%), with low (Bakalinsky and Snow, 1990; Barre et al.,
1992; Guijo et al., 1997) to high (>85%) sporulation capacity (Mortimer, 2000).
Aneuploid strains, with approximately diploid DNA contents, have been
described (Codon et al., 1997; Nadal et al., 1999; Puig et al., 2000) and meiosis
seems not to be a common occurrence in their life-cycle (Bakalinsky and Snow,
1990; Barre et al., 1992). Such wine yeast strains present essentially an asexual
life cycle and are characterized by high karyotype instability, which is believed
to be a potential source of genetic variability (Bidenne et al., 1992; Longo and
Vezinhet 1993; Nadal et al., 1999; Carro et al., 2003). Haploid laboratory strains
do not undergo by far such extensive changes (Longo and Vezinhet, 1993).

Gross mitotic chromosomal rearrangements, such as large regions fusion
between homologous and non-homologous chromosomes occur in wine yeast
with frequencies around 10° (Puig et al., 2000). In chromosome I, several
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membrane-associated genes are located in subtelomeric regions, and it was
hypothesized that subtelomeric plasticity may allow rapid adaptive changes of
the yeast strain to specific substrates (Carro et al., 2003). The SSUI-R allele,
generated by reciprocal translocation between chromosomes VIII and XVI,
confers sulfite resistance to yeast cells and was described as the first case of
adaptive evolution, occurring probably because sulfite was used as a preservative
in wine production (Goto-Yamamoto et al., 1998; Pérez-Ortin et al., 2002).
Retrotransposons may also be involved in chromosomal recombinations. S.
cerevisiae strains contain between two and 30 copies of at least five
retrotransposons (Ty1-TyS5), being the copy number of each highly variable,
depending on the strain examined. Multiple Ty elements mediated reciprocal
recombinations (chromosome I/II1 or III/VII) were shown by fine-mapping of the
junctions, demonstrating their crucial involvement in karyotype alterations in
natural and industrial strains (Rachidi et al., 1999; Umezu et al., 2002; Carro et
al., 2003), together with insertions/ transpositions of Y elements (Neuvéglise et
al., 2000).

Among Saccharomyces yeasts used in wine, beer and cider production,
genetically stable interspecies hybrids, that possesses nuclear DNA from two or
three species are quite common. The strain CID1, which was isolated from a
home fabricated apple cider (Masneuf et al., 1998) is a triple hybrid between S.
cerevisiae, S. kudriavzevii, and S. bayanus var. uvarum, as was shown by
analysis of the partial sequence of the ACT! gene, flow cytometry analysis
(Naumova et al., 2005a) and by amplified fragment length polymorphism
analysis (de Barros Lopes et al., 2002). S. cerevisiae x S. bayanus var. uvarum
hybrids were also identified among baker’s yeast and hybrids were also obtained
from the surface of black-currant berries (Naumova et al., 2005b). S. cerevisiae x
S. bayanus var. uvarum diploid hybrids were isolated from spontaneous
fermentations and microsatellite DNA analysis identified strains isolated in the
same cellar as potential parents belonging to S. bayanus var. uvarum and S.
cerevisige. Such genetic mixes may be useful from a technological standpoint
because they lead to the emergence of more vigorous, competitive strains,
combining the specific properties of the parental strains (le Jeune et al., 2007). S.
cerevisiae x S. kudriavzevii hybrids can also be involved in wine fermentation, as
was shown by sequence analysis of the mitochondrial gene COX2 and restriction
analysis of nuclear and ribosomal genes (5.8S rRNA) (Gonzalez et al., 2006).

The advent of DNA microarray technology has enabled the analysis of
global patterns of gene expression and diverse networks of coordinated function.
However, the genetic differences examined have been primarily differences
between growth conditions or between mutant strains and this knowledge has
accumulated on a narrow range of laboratory yeast genetic backgrounds, selected
due to their suitability to laboratory conditions. In the last few years, genetic
variation among laboratory, but also natural isolates, became unravelled on a
genomic scale. The studies, summarized as follows, revealed considerable
genetic divergence among S. cerevisiae strains.
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Natural vineyard populations of S. cerevisiae harbor alleles that cause
massive alterations in gene expression as was shown by combining classical
Mendelian segregation analysis with microarray-based genomics. The four
progeny of a natural isolate (M28) from Tuscany segregated 2:2 for filagree and
smooth colony phenotypes. In cultures derived from middle-logarithmic phase in
YPD medium (yeast extract 1% w/v, peptone 2% w/v, and glucose 2% w/v),
almost 400 genes, mostly associated with amino acid biosynthesis and transport,
sulphur or nitrogen assimilation were differentially expressed between the two
phenotypes. The filagree progeny poorly express genes for amino acid transport
and instead abundantly express genes for the synthesis of amino acids.
Differentially expressed genes segregated as a suite of traits, due to variation in a
few regulatory loci that either act on hundreds of loci or initiate cascades of
transcriptional control. These studies showed that natural vineyard populations of
S. cerevisiae can harbor alleles that cause massive alterations in the global
patterns of gene expression (Cavalieri et al., 2000). Under the same experimental
conditions, another study examined gene-expression variation of the M28 strain
to three other isolates from the same set of vineyards around Montalcino, Italy.
Among the four isolates, 433 genes were expressed at significantly different
levels between at least two isolates, and most variation was found in genes
associated with amino acid metabolism, protein synthesis and degradation, metal
ion transport and transposable element activity (Townsend et al., 2003). The
commercial wine yeast strain T73 and the laboratory strain S288C showed
significant differential expression patterns in 40 genes during logarithmic growth
in YPD medium. These genes were mainly associated with small changes in
promoter regions or variations in gene copy number (Hauser et al., 2001).

DNA-array-based hybridisation is an emerging and powerful method for
scanning genomes that allows for genome-wide genotyping. By commercial
high-density oligonucleotide arrays that contain up to 200 000 different 25 mers
features from the yeast genomic sequence genome-wide diversity between strains
can be determined with a level of detail previously impossible. Single-base pair
changes between two 25 bp sequences, especially in the central zone, can disrupt
hybridization. They are used to determine the genetic variation (locations of
allelic differences) existing between two strains and whether functional classes of
genes or particular genome regions show higher rates of variability. One of the
first large-scale studies to discover variable genes within S. cerevisiae
populations was published by Winzeler et al. (2003). Using 14 yeast strains,
common laboratory strains and natural isolates, it was shown that intra-species
genome variability is biased toward subtelomeric regions at the ends of
chromosomes, where genes related to fermentation and transport are located
(Winzeler et al., 2003). This approach will be fundamental for future genome
evolution and population genetic studies in yeast, but has also great potential for
the rapid identification of loci that are responsible for imparting positive
attributes.



8 Progress in Mycology

Unexpectedly wide differences exist even when comparing laboratory
strains. The popular laboratory strains S288C and CEN.PK113-7D showed
significant physiological differences in protein expression and lipid metabolism.
Comparison by high-density oligonucleotide arrays revealed divergent
hybridization patterns in 288 genes, due to differential amplification, gene
absence or sequence polymorphisms. Seventeen genes were absent in
CEN.PK113-7D and eight genes did not show hybridization signals due to
significant differences at the DNA level compared to S288C (Daran-Lapujade et
al., 2003).

A global view of genetic variation among commercial wine strains both at
intra- and inter- strain level has been obtained by microarray karyotyping, also
known as ‘"arraycomparative genomic hybridization" ("aCGH"), giving
information on whole or partial chromosome aneuploidies, non-reciprocal
translocations and isolated gene deletions or amplifications by the examination of
copy number changes for every gene. The analysis of three independent isolates
of each of four commonly used commercial S. cerevisiae wine strains relative to
each other and to the sequenced S. cerevisiae strain S288C, showed that a major
group of shared genomic differences, found among all wine strains, is associated
with genes coding for membrane transporters or genes involved in drug
resistance pathways (Dunn et al., 2005). The low level of inter-strain variability
suggests that it can be relatively easy to discover whether the observed
differences do indeed confer different sensory properties in the finished wine, but
differences in the fermentation and organoleptic properties may also arise from
single nucleotide changes, of which there may be many, and that are not detected
by microarray karyotyping.

Infante et al. (2003) performed a detailed microarray karyotyping study of
the genomic differences between two S. cerevisiae "flor" yeasts, obtained from
the velum, a unique biofilm, which develops on the surface of the wine during
the sherry wine making. The strains differed from one another in genomic
regions that are flanked by repeated sequences or other recombination hotspots
and that could mediate the observed chromosomal rearrangements by nonalielic
interactions. However, the authors only compared the two "flor" yeasts to each
other, and not to the sequenced S288C laboratory strain (Infante et al., 2003).

Selection of Saccharomyces cerevisiae strains with desirable characteristics

S. cerevisiae populations harbor genetic variation that is associated with
geographical ecological factors and that is the basis of the well-described
phenotypic variability that has been explored for decades in strain selection
programs. It is consensual among winemakers that the choice of wine yeast strain
has a major impact on the sensory characteristics of both still and sparkling
wines. Selection for millennia of wine-making may have created unique and
interesting oenological traits, but they are not widely distributed, nor can be
found in combination in one strain. Clonal selection of wild Saccharomyces
strains isolated from natural environments belonging to the viticultural areas of
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interest is always the starting point for a wine yeast selection program. It is
desirable to evaluate the phenotypic diversity for as much as possible traits, such
as glycerol production (Remize et al., 2000b), hydrogen sulphite formation
(Mendes-Ferreira et al., 2002) or the modulation of grape-derived volatile thiols
such as 4-mercapto-4-methylpentan-2-one (4MMP) during wine fermentation
(Howell et al., 2004). Currently, about 150 different wine yeast strains, mainly S.
cerevisiae, are commercially available as active dry yeast, and are widely used
due to their superior oenological properties, contributing to both standardization
of fermentative processes and wine quality. Contrarily, spontaneous fermenta-
tions are usually used by small boutique wineries that wish to emphasize vintage
variability, reflecting the specificity of a particular region, and that rely merely
on indigenous yeasts present on the grape skin, which are thought to produce
wines with a fuller palate structure. The first commercialized wine yeast strains
were simply expected to ensure complete fermentation with rapid kinetics, but
the criteria have evolved over the years, since the particular strain used should be
most suitable for each type of wine to be produced. The current trend toward the
production of high quality wines with distinctive and very characteristic
properties requires the use of “special yeasts for special traits” (Pretorius, 2000,
Mannazzu et al., 2002; Romano et al., 2003b).

Definition of the appropriate selection strategy should always depend on the
traits that a wine strain is supposed to harbor and the number of strains to be
screened. As summarized in Table 1.1, numerous oenological characteristics
were proposed to be evaluated. Technologically relevant data can be obtained by
monitoring the fermentation progress, and quantitative traits are determined by
chemical analysis at the end of fermentation.

Table 1.1. Oenological characteristics considered in the selection of S. cerevi-
siae wine strains (Regodon et al., 1997; Romano et al., 1998; Guerra et
al., 1999; Maifreni et al., 1999; Perez-Coello et al., 1999; Esteve-
Zarzoso et al, 2000; Rainieri and Pretorius 2000; Steger and
Lambrechts, 2000; Martinez-Rodriguez et al., 2001; Brandolini et al.,
2002; Caridi et al., 2002; Mannazzu et al., 2002; Mendes-Ferreira et al.,

2002).
o ;
enologl_ca! Comments

characteristics

Fermentation vigor Maximum amount of ethanol (%, v/v) produced at the end of the
fermentation; Desirable: good ethanol production

Fermentation rate Grams of CO, produced during the first 48 hours of fermentation
Desirable: prompt fermentation initiation

Mode of growth in Dispersed or flocculent growth, sedimentation speed

liquid medium Desirable: dispersed yeast growth during, but sedimentation at the

end of fermentation

Foam production Height of foam produced during fermentation
Undesirable: increased foam production
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Optimum fermentation Thermotolerance and cryotolerance is related to oenological
temperature properties

Optimum fermentation temperature ranges between 18 and 28°C

Volatile acidity, Selected strains should not release more than 100 — 400 mg 1!
acetic acid production ~ during fermentation
Undesirable: increased volatile acidity/acetic acid production

Malic acid degradation Whether degradation of production is desirable depends on the
or production characteristics of the must. Malic acid degradation varies between 0-
20% depending on the S. cerevisiae strain

Glycerol production Desirable major fermentation by-product (5-8 g I'') contributing to
wine sweetness, body and fullness

Acetaldehyde Desirable metabolite in sherry, dessert and port wines being an
production important character for selection of strains to be applied in wine
ageing

Esters, higher alcohols Desirable metabolites, markedly influence wine flavor and depend

and volatile compounds on the presence of precursors related to both grape cultivar and
grape maturity. Limited amounts contribute positively to global
sensorial characteristics

SO, tolerance and Antioxidant and antimicrobial agent

production Desirable: high fermentation vigor and rate in the presence of SO,
concentrations usually applied in winemaking; Undesirable:
excessive SO, production

H,S production Determined as the strains colony color on a bismuth containing
indicator medium, e.g. BIGGY Agar; H,S is detrimental to wine
quality, considered as off-flavor with very low threshold value (50-

80 pg/l)

Stress resistance Tolerance to combined acid/osmotic stress

Copper resistance High copper concentrations may cause stuck fermentations
Desirable: high copper resistance and the ability to reduce the copper
content

As mentioned in the previous section, recent research has provided
interesting findings of naturally occurring Saccharomyces hybrid strains, for
example triple hybrids S. cerevisiae, x S. bayanus x S. kudriavzevii (Gonzalez et
al., 2006). S. cerevisiae x S. kudriavzevii hybrids were found to have a promising
enological potential, since they were better adapted to alcoholic fermentations
carried out at lower temperatures (14-22°C), produced less acetic acid and
intermediate amounts of glycerol in combination with increased amounts of
higher alcohols (Gonzalez et al., 2007). Strains with improved technological
properties were also obtained from hybrids between cryotolerant S. bayanus and
thermotolerant S. cerevisiae strains (Rainieri et al., 1998; Masneuf et al., 2002;
Coloretti et al., 2006).

Finding wine yeast strains possessing an ideal combination of oenological
characteristics is highly improbable and therefore selection programs were
extended to non-Saccharomyces species, e.g. Candida, Kloeckera, Debaryo-
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myces, Hanseniaspora, Hansenula, Pichia, Metschnikowia, Schizosaccharo-
myces, Saccharomycodes or Rhodotorula. Although non-Saccharomyces species
lack competitiveness in oenological conditions mainly because they are not
vigorously fermenting and display a lower stress resistance when compared to S.
cerevisiae, the use of mixed starter cultures or sequential fermentation (e.g. C.
cantarellii/ S. cerevisiae) for directing fermentations toward enhanced glycerol
and reduced acetic acid production has been successfully used (Toro and
Vazquez, 2002). The yeasts Torulaspora delbrueckii and Candida stellata are
considered to be positive contributors to the overall organoleptic wine characte-
ristics, while apiculate yeasts such as Kloeckera apiculata have a negative
influence on wine quality due to pronounced acetic acid and ethyl acetate
formation associated with low ethanol production (Ciani and Maccarelli, 1998).

Countless references report the beneficial and detrimental influence of non-
Saccharomyces yeasts on the volatile composition of musts from varying grape
varieties (Ciani and Maccarelli, 1998; Granchi ef al., 2002; Mingorance-Cazorla
et al., 2003; Plata et al., 2003; Romano et al., 2003c; Clemente -Jimenez et al.,
2004), and considerable differences regarding these compounds were also found
among commercial or autochthonous S§. cerevisiae strains (Steger and
Lambrechts, 2000; Patel and Shibamoto, 2003; Romano et al., 2003a). Non-
Saccharomyces yeasts, especially selected and commercialized for aroma and
flavor enhancement in wine, for example as a blend of S. cerevisiae /
Kluyveromyces thermotolerans / Torulaspora delbrueckii or S. cerevisiae /
Kluyveromyces thermotolerans. Immobilized Schizosaccharomyces pombe cells
are also commercially available for the biological reduction of wine acidity by
malic acid consumption (Silva et al., 2003).

Non-Saccharomyces strains metabolize grape-derived precursor compounds,
contributing thus to reveal the varietal aroma and improve the winemaking
process (Fleet and Heard, 1993; Esteve-Zarzoso et al., 1998; Fernandez et al.,
2000; Otero et al., 2003). Pectinases increase juice extraction, improve
clarification and facilitate wine filtration, B-glycosidases hydrolyse non-volatile
glycosidic aromatic precursors from the grape, proteases improve the
clarification process, esterases contribute to aroma compound formation and
lipases degrade lipids from grape or yeast autolytic reactions. S. cerevisiae is not
a significant producer of such enzymes with relevance in wine production, being
mainly B-glycosidase production reported for this species (Restuccia ef al., 2002;
Rodriguez et al., 2004).

Albeit the high amount of phenotypic variation that can be found among S.
cerevisiae strains, and the inclusion of non-Saccharomyces and hybrid starter
strains with a whole range of specialized properties that can add value to the final
product, there is no doubt that significant progress of technological, fermentative
and aromatic characteristics can only be achieved via targeted breeding and
genetic engineering programs.
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S. cerevisiae strain modification based on classical methods

Wine yeast strains exhibit a wide variability in their biotechnological
properties, and the genetic diversity of native isolates has provided ample
material from which to select wine yeasts expressing specific traits. In fact, the
vast majority of S. cerevisiae strains currently on the market derived from
isolation and screening of strains obtained from wineries or from vineyards.
However, the natural availability of strains possessing an ideal combination of
oenological characteristics is highly improbable because the most important
enological traits, such as ethanol tolerance, low volatile acidity production or
hydrogen sulphide production, are polygenic features, with complex interactions
between alleles. A population of 50 progeny clones derived from four industrial
wine strains of S. cerevisiae demonstrated that many clones presented better
aptitudes than the parental strains in regard to ethanol tolerance, volatile acidity
and hydrogen sulphide production, and that traits are in part inheritable and
clearly polygenic (Marullo et al., 2004).

Classical methods for strain modifications include mutagenesis or
hybridization, where large genomic regions or entire genomes are recombined or
rearranged. Elimination of undesirable characteristics and enhancement of
favorable properties has been addressed through mutagenesis, using UV radiation
or chemical agents such as ethylmethane sulfonate due to the low average
spontaneous mutation frequency in yeast populations. A drawback of such
methods is the effect of ploidy, which reduces efficiency in diploid or polyploid
strains, and the presence of non-mutated alleles that cannot be easily detected.
Therefore, haploid strains are preferred when inducing mutations, and
mutagenesis is usually applied to isolate new variants of wine yeast strains before
further genetic manipulation. A mutant wine strain was obtained by UV-
mutagenesis, carrying a recessive allele of ure2? that deregulated the proline
utilization pathway, characterized by abolished nitrogen catabolite repression
through ammonium ions. The strain showed an improved fermentation
performance in media where proline and other poorly assimilated amino acids are
the major potential nitrogen source, as is the case for most fruit juices and grape
musts (Salmon and Barre, 1998). Mutants with an accelerated autolysis during
second fermentation of sparkling wines were also obtained. This process is
associated with the release of intracellular compounds that modify the chemical
composition and sensory properties and usually lasts from a few months to years
(Gonzalez et al., 2003; Nunez et al., 2005). UV mutagenesis was also used to
obtain a thermosensitive autolytic mutant affected in cell wall integrity, with
improved capability to release cell wall mannoproteins during alcoholic
fermentation (Giovani and Rosi, 2007). Such polysaccharides confer greater
body and smoothness to white and red wines (Vidal et al., 2004).

Modulating a specific property can be easily achieved by intra-specific
hybridization, based on the sexual cycle of S. cerevisiae, where a new
heterozygous diploid cell is produced by sporulating parental diploids, recovering
individual haploid ascospores and mating haploid progeny of opposite mating
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types. Several hybrid strains are currently on the market, and this approach is still
considered the most effective method for improving and combining traits under
polygenic control, particularly if the molecular nature of the mechanisms
involved has not been elucidated. Intra-specific hybridization was used, for
example, to eliminate undesirable properties like SO, formation or excess
foaming (Eschenbruch et al., 1982). A flocculent S. cerevisiae strain to be used
in the production of sparkling wines and not producing H,S was obtained by
hybridizing a flocculent strain with a H,S non-producing strain (Romano et al.,
1985). Classical sexual reproduction has proven difficult for the case of
homothallic strains, in which mating type reversals and cell fusion/diploid
formation occurs in a spontaneous way. In this situation, particular forms of
hybridization can be applied, such as spore-cell mating in which homothallic
ascospores from the same ascus are placed into direct contact with heterothallic
haploid cells. Spore-cell mating was used for the optimization of 11 relevant
enological traits, by crossing two strains derived from commercial wine strains, a
homozygous heterothallic strain carrying the ho::KanMX4 allele with the
ascospores of a homothallic strain. In an additional targeted sexual cross, from
the segregating progeny, all the optimal characters from both parents were
combined in a single strain, showing the usefulness of this method for obtaining a
wine strain with numerous fermentative qualities (Marullo et al., 2006).

There are other forms of hybridization such as protoplast fusion, which is a
direct, asexual technique that can be used to fuse non-sporulating yeast strains,
surpassing the natural barriers of hybridization. Desirable (and undesirable)
characteristics of both parental strains will recombine in the offspring. This
approach can also be used to fuse cells with different levels of ploidy. Triploid
strains can be obtained by fusion of a diploid to a haploid strain.

One of the limitations when hybridizing strains belonging to the same
species is that traits to be exchanged or introduced in the hybrid culture and in its
progeny are limited to the species-specific characteristics. Recent genetic
analysis showed that there are no barriers to interspecific conjugation among
Saccharomyces sensu stricto yeasts (Masneuf et al., 1998;de Barros Lopes et al.,
2002;Naumova et al., 2005a; Naumova et al., 2005b;Gonzalez et al., 2006), and
that introgression may lead to the emergence of more vigorous, competitive
strains, combining the specific properties of the parental strains (Coloretti et al.,
2006; le Jeune et al., 2007). S. bayanus, for example, is a cryotolerant species
and has a better fermentative profile at low temperatures compared to S.
cerevisiae (Kishimoto and Goto, 1995). Wines fermented by S. bayanus are
characterized by smaller amounts of acetic acid and ethanol, higher amounts of
glycerol, succinic and malic acid (Kishimoto et al., 1993; Zambonelli et al.,
1997). Besides, this species produces wines with higher amounts of flavor-active
esters, such as B-phenylethyl alcohol and B-phenylethyl acetate (Masneuf et al.,
1998). Hybrids of S. cerevisiae x S. bayanus obtained in the laboratory exhibited
such characteristics at midway the parental strains. This can present an advantage
in wine making, especially for white wines, which are fermented at a low
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temperature and for which intermediate amounts of B-phenylethyl alcohol and its
acetate are desirable.

The previously mentioned methods of strain modification by mutagenesis or
hybridization are used to improve and combine traits under polygenic control, but
the introduced genetic changes remain hidden. Since they rely on classical
breeding methods by which large genomic regions or entire genomes are
recombined or rearranged, the resulting strains are not considered as GMOs
according current legislative definitions.

Targets for genetic modifications by recombinant DNA technologies

Genetic improvement of industrial strains by classical genetics was followed
in the last 20 years by the use of recombinant DNA technologies that made the
construction of specialized commercial strains possible, mainly by heterologous
gene expression or by manipulation of a specific metabolic pathway associated
with altered gene dosage by modification of the gene promoter. Recombinant
strain construction is easy and feasible, as far as the desired trait is encoded by
one or few well-characterized genes.

The most important targets for wine strain improvement are related to higher
ethanol tolerance, enhanced wholesomeness and organoleptical properties
through altered sensorial characteristics, and improvements for processing
efficiency (Blondin and Dequin, 1998; Pretorius, 2000; Dequin, 2001; Pretorius
and Bauer, 2002; Dequin et al., 2003; Pretorius et al., 2003; Marullo et al., 2004,
Marullo et al., 2006; Verstrepen et al., 2006). Table 1.2 shows examples of the
way in which S. cerevisiae wine yeast strains are currently being developed.

The worldwide growing demand for wines containing lower levels of
alcohol has been addressed by engineering wine yeast strains that produce lower
amounts of ethanol during alcoholic fermentation. This issue has been addressed
by integration of the Aspergillus niger glucose oxidase GOXI gene into the S.
cerevisiae genome. Wines produced with this yeast had 1.8-2.0% less alcohol,
which was ascribed to production of d-glucono-d-lactone and gluconic acid from
glucose by GOX (Malherbe et al., 2003). Efficient decrease (15-20%) of ethanol
yield was succeeded through metabolic re-routing of glucose toward glycerol
through overexpression of GPDI, encoding glycerol-3-phosphate dehydrogenase,
combined with ALD6 deletion, encoding acetaldehyde dehydrogenase to abolish
excessive acetate production as a major side effect. However, this strain
accumulated acetoin, which has a negative sensorial impact on wine (Cambon et
al., 2006). An alternative strategy was based on constitutive expression of an
H,O-NADH oxidase from Lactoccocus lactis in S. cerevisiae. However, the
marked decrease in the intracellular NADH pool lead to reduced growth and
fermentative performance (Heux et al., 2006a), that could be improved when the
anaerobic growth phase was followed by a microaeration phase with nongrowing
cells. This strain reduced ethanol yield by 7%, but still showed a specific
metabolite redistribution pattern, characterized by the presence of undesirable
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oxidized metabolites such as acetaldehyde, acetate and acetoin (Heux et al.,
2006b).

The aromatic profile of a wine comprises hundreds of compounds that are
interacting in a highly complex manner. Well-balanced wines must evidence
characteristic flavor and aroma notes, whereas undesirable flavor compounds and
metabolites should be absent. Metabolic yeast metabolites such as esters or
alcohols contribute to the complexity and intensity of the final wine. Numerous
approaches have been undertaken to develop S. cerevisiae starter strains that
could impart specific desirable aromas and flavors by constitutive expression or
overexpression of enzymes such as endoglucanase, arabinofuranosidase,
endoxylanase or rhamnosidase for the cleavage of aroma components from their
glycosylated precursors, producing wines with an increased fruity aroma (Pérez-
Gonzalez et al, 1993; Sanchez-Torres et al., 1996, Ganga et al, 1999,
Manzanares et al., 2003). Starter strains have been constructed with optimized
decarboxylation activity of phenolic acids, resulting in volatile phenols such as 4-
vinyl and 4-ethyl derivatives that positively influence wine aroma (Smit et al.,
2003). Cysteinylated thiols are grape-derived non-volatile precursors of volatile
thiols, that enhance the varietal characters and impart flavors of passionfruit,
grapefruit, gooseberry, blackcurrant, lychee, guava and box hedge. A S.
cerevisiae strain expressing tryptophanase with strong cysteine-beta-lyase
activity released up to 25 times more volatile thiols and the produced wines
displayed an intense passionfruit aroma (Swiegers et al., 2007). Some of the most
important yeast-derived aroma compounds produced are esters such as ethyl
acetate and isoamyl acetate. Volatile esters represent the largest and most
important group of flavor compounds produced during fermentation, and C4~Cjo
fatty acid ethyl esters confer characteristic fruity odors such as apple-like (hexyl
acetate, ethyl caproate and ethyl caprylate) or banana-like (isoamyl acetate)
(Swiegers et al., 2005). Recent approaches have been undertaken investigating
the interactive roles of ester-synthesizing and ester-hydrolyzing enzymes in wine
yeast to develop strains with differential ester-producing capabilities that could
assist winemakers in their effort to consistently produce wines according to
definable flavor specifications and styles. Overexpression of the ATFI gene
encoding alcohol acetyltransferases significantly increased the concentrations of
ethyl acetate, isoamy] acetate, 2-phenylethyl acetate and ethyl caproate, that were
efficiently degraded by the the I4HI-encoded esterase. EHTI-encoded ethanol
hexanoyl transferase overexpression resulted in a marked increase in ethyl
caproate, ethyl caprylate and ethyl caprate (Lilly ez al., 2006a). Manipulation of
the intracellular pool of acetyl-CoA was shown to play a role in the development
of ester aromas such as ethyl acetate and isoamyl acetate (Cordente et al., 2007).
Branched chain amino acids are the precursors for the biosynthesis of higher
alcohols, also known as fusel alcohols. They are quantitatively the largest group
of aroma compounds in wines. Lilly et al. (2006b) showed that constitutive
expression of the branched-chain amino acid transaminase BATI and BAT2
facilitates the production of optimized concentrations of higher alcohols during
wine fermentations.
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Glycerol has no aromatic characteristics but rather contributes to the sensory
character of wine by its sweet taste, and is quantitatively the most important
fermentation product after ethanol and carbon dioxide. A 1.5- to 2.5-fold increase
in glycerol production and a slight decrease in ethanol formation under
conditions simulating wine fermentation was achieved by overexpression of the
GPDI gene, encoding a glycerol-3-phosphate dehydrogenase. However, the
resultant change in redox balance caused excessive formation of secondary
metabolites such as succinate, acetate, acetoin and 2,3-butanediol (Michnick et
al., 1997; Remize et al., 1999).

L-tartaric and L-malic acid are the predominant organic acids in wine and
represent 70-90% of total grape acidity. Flavor problems associated to
insufficient or excessive acidity may occur in wines produced in climatic hot or
colder regions, respectively. Efficient biological acidity correction is of
biotechnological interest to produce a high-quality wine with a fine balance
between the sugar and the acid content. S. cerevisiae strains degrade malic acid
in must only partially (10-25%) during alcoholic fermentation by the
mitochondrial malic enzyme (Riberéau-Gayon et al., 2000), and the capacity to
use malic acid varies among S. cerevisiae strains (Subden et al., 1998). The
commercial strain Lalvin71B is promoted as malate degrading strain, but may
have a variable performance, depending on the must type (our unpublished
results). Genetically modified S. cerevisiae strains have been constructed by
coexpression of the malate permease from Schizosaccharomyces pombe and the
mleS malolactic gene from Lactococcus lactis (Bony et al., 1997; Volschenk et
al., 1997a; Volschenk et al., 2001) or the mle4 malolactic gene from Oenococcus
oeni (Husnik et al., 2006).

Acetate is the main component of volatile acidity and plays a significant role
in the organoleptic balance of wine. In wine, acetic acid is a by-product of yeast
alcoholic fermentation, and is highly undesirable above the threshold of 0.8 g/l.
A substantial decrease (40-75%) in acetate yield was achieved by ALD6 gene
disruption, encoding acetaldehyde dehydrogenase (Remize et al, 2000a).
Engineered S. cerevisiae strains over-expressing a bacterial lacticodehydrogenase
(LDH) have been described to perform mixed lactic acid-alcoholic fermentation
under enological conditions and increased total acidity by 50% through
production of 5 g/L of L(+) lactic acid (Dequin et al., 1999).

Yeast can also be responsible for the production of unwanted byproducts,
such as hydrogen sulphide, that is synthesized during alcoholic fermentation. A
promising strategy was designed for reducing hydrogen sulfide production, based
on site-directed mutagenesis to lower the activity of NADPH-dependent sulfite
reductase, a key enzyme in the biosynthesis of sulfur-containing amino acids
(Sutherland et al., 2003).

Novel wine yeast strains have been developed that could contribute to
improved health-protective effects by increased resveratol formation, a health-
promoting stilbene that is mainly formed in the grape skin. This compound is
possibly associated with the “French paradox”, i.e. a lower heart disease
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incidence among the French population, where a high-fat diet is combined with
the regular consumption of wine. Resveratrol synthesis was engineered by co-
expression of the grapevine stilbene ligase gene (VST/) and co-enzyme A ligase
encoding gene (4CL216) from hybrid poplar. Resveratrol production occurred
from the synthesized p-coumaroyl-CoA and the yeast-derived 3-malonyl-CoA by
stilbene ligase (Becker, et al., 2003). Resveratrol content of white wine has also
been increased by expression of Aspergillus niger abfB gene encoding an alpha-
L-arabinofuranosidase or Candida molischiana bgIN gene encoding a beta-
glucosidase to increase free resveratrol from its glycosylated precursors
(Gonzalez-Candelas et al., 2000).

Focusing on health aspects, yeasts were developed that could minimize the
risks associated with moderate wine consumption by elimination of ethyl
carbamate, a suspected carcinogen that is sometimes formed in wine through
spontaneous reaction of ethanol with urea, which is secreted by yeast cells. Under
fermentative conditions in the presence of nitrogen sources, urea catabolism to
ammonia by urea amidolyase, the product of the DURI,2 gene, is transcript-
ionally repressed. When DURI,2 was constitutively expressed, ethyl carbamate
could be reduced by 89.1% (Coulon et al., 2006).

The physicochemical characteristics and sensory properties of wine can be
altered by undesired bacterial growth before, during or after fermentation. In
general, growth control of unwanted microbial contaminants is provided by the
addition of chemical preservatives such as sulphur dioxide or other antibacterial
compounds and enzymes. The expression of antimicrobial enzymes and peptides
in starter strains has been achieved by distinct approaches. Bactericidal yeasts,
engineered by expressing genes encoding Pediococcus acidilactici pediocin
(PEDI) (Schoeman et al., 1999) and Leuconostoc carnosum leucocin (LCAI) (du
Toit and Pretorius, 2000) have been used to obtain bactericidal yeasts. The
antifungal CTS/-encoded chitinase has also been expressed in S. cerevisiae
(Carstens et al., 2003), as well as the GOXI-encoded exoglucanase to inhibit
wine spoilage organisms, such as acetic acid bacteria and lactic acid bacteria
during fermentation (Malherbe et al., 2003).

Clarification and physicochemical stability of wines is usually achieved by
an increasing spectrum of relatively expensive commercial polysaccharase
enzyme preparations, due to the inability of indigenous S. cerevisiae strains to
degrade grape-derived polysaccharides such as glucan and xylan. Recombinant
strains were obtained, by integrating the Trichoderma reesei XYN2 xylanase gene
construct and the Butyrivibrio fibrisolvens ENDI glucanase gene cassette into the
genome of a commercial wine yeast strain. Wines obtained with the polysacch-
aride-degrading strains resulted in significant improvements in juice extraction,
colour intensity and stability, as well as alterations in the aromatic profiles (Louw
et al., 2006). Pectinolytic S. cerevisiae strains have been constructed by
expressing enzymes of fungal origin (Gonzalez-Candelas et al, 1995) or
polygalacturonase encoded by PGUI as an alternative to commercial enzyme
preparations (Vilanova et al., 2000). Proficient clarification at the end of
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fermentation can also be achieved by regulated expression of the flocculation
genes to guarantee efficient settling at the end of fermentation (Verstrepen ef al.,
2001; Verstrepen et al., 2006).

Strategies for genetic modifications

In general, all genetic material used for the construction of microorganisms
used for food fermentation should be derived from the host species (self-cloning)
or GRAS (generally regarded as safe) organisms with a history of safe food use.
The use of DNA sequences from species taxonomically closely related to
pathogenic species has to be avoided. Heterologous gene expression was used in
most cases, being the genes of interest isolated for example from Lactobacillus
casei (LDH), Lactobacillus plantarum (pdc), Lactobacillus lactis (noxE, mleS),
Leuconostoc carnosum (LCAI), Oenococcus oeni (mled), Bacillus subtilis
(padc), Pediococcus acidilactici (pedA), Fusarium solani (peld), Trichoderma
reesei (XYN2), Butyrivibrio fibrisolvens (ENDI), Erwinia chrysanthemi (PELS),
Erwinia carotovora (PEHI), Candida molischiana (bgIN), Schizosaccharomyces
pombe (mael and mae?2), hybrid poplar (4CL216), grapevine (vstl), Aspergillus
sp. (GOX egll, abfB, xInA, rhad), E.coli (tnaA) or Fusarium solani (pelA), being
others, such as ATF1, GPDI or PGUI derived from S. cerevisiae (Table 1.2).

Table 1.2. Targets for S. cerevisiae strain improvement, indicating, whenever
possible, examples of the strategies used for genetic modifications

Modification Protein(s) Gene(s) Source Construction Reference
P T Pla M Chr
Reduce Glucose oxidase gox A. niger PGHI  PGKI URA3 + (Malherbe ez al.,
ethanol content 2003)
Glycerol-3-phosp- GPDI S. ADH! ADHI 2p TnSble - (Cambon etal.,
hate dehydrogenase cevevisiae 2006)
Acetaldehyde ALD6  S. kanMX4
dehydrogenase deletion cevevisiae
NADH oxidase noxE L. lactis TDH3 URA3 + (Heux et al., 2006a;

Heux et al., 2006b)

Cleavage of aroma Endoglucanase egll T. longib- ACT - 2p CYH2 - (Pérez-Gonzilez et

components from rachiatum al., 1993)

their glycosylated Arabino- abfB A. niger ACT - 2p CYH2 - (Sanchez-Torres et

precursors furanosidase al., 1996)
Endoxylanase xlnA A. nidulans ACT - 2p  CYH2 - (Gangaetal., 1999)
Rhamnosidase rhad A. aculeatus GPD PGK TRP - (Manzanares et al.,

2003)
Increase volatile  Phenolic acid pdc L. plan- PGK! PGKI URA3 + (Smit et al., 2003)
phenol aromas decarboxylase pade tarum

B. subtilis
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Increase aroma-  Tryptophanase with tnad E. coli PGK1 PGK1 SMRI- (Swiegers et al.,
enhancing thiols  cysteinelyase 410 2007)
from cysteinylated activity
precursors
Modulate acetate ~ Carnitine acetyltra- CAT2 S. cerevisiae PGKI ~ PGK1 2p  URA3 (Cordente et al.,
ester aromas nsferase 2007)
Alcohol acetyl- ATF1, S cerevisiae PGKI ~ PGKI 2p SMRI- (Lilly et al., 2000;
transferase ATF2 410 Lilly et al., 2006a)
Ethanol hexanoyl  ETHI S. cerevisiae PGK1 ~ PGKI 2p SMRI- (Lilly et al., 2006a)
transferase 410
Esterase IAH] S. cerevisiae PGKI  PGK1 2p SMRI- (Lilly et al., 2006a)
410
Increase aromas ~ Amino acid BAT1,  S. cerevisiae PGK! ~ PGKI 2p SMRI- (Lilly et al., 2006b)
associated with transaminase BAT2 410
higher alcohols
Increase glycerol ~ Glycerol-3- GPDI . cerevisiae ADHI ~ ADHI 2p TnS ble (Michnick et al.,
formation phosphate 1997; Remize et al.,
dehydrogenase 1999)
Reduce malic acid Malolactic enzyme mleS L. lactis PGK1 PGKl 2p URA3 (Volschenk et al.,
concentration 1997b)
Malate permease  mael S. pombe SMRI- (Volschenk et al.,
Malic enzyme mae2 410 2001)
Malate permease  mael S.pombe  PGKI  PGKI URA3 (Husnik et al., 2006)
Malolactic enzyme mleA O. oeni PGKI  PGKI URA3
Reduce acetic acid Acetaldehyde ALDG6 S. cerevisiae kan (Remize et al.,
concentration dehydrogenase deletion MXx4 2000a)
Increase wine Lactate LDH L. casei ADH1  ADHI 2u G418 (Dequin et al., 1999)
acidity by lactic dehydrogenase
acid production
Decrease hydrogen Sulphite reductase METI0  S. cerevisiae Site — directed mutagenesis (Sutherland et al.,
sulphide synthesis (lowering enzymatic activity) 2003)
Increase produ- B-glucosidase bgIN C. molis-  ACT ACT  2p CYH2 (Gonzalez-Candelas
ction of the chiana et al., 2000)
antioxidant Resveratrol 4CL216 Hybrid ~ ADH2? ADH2 2u URA3 (Becker et al., 2003)
resveratrol synthase poplar
Coenzyme-A ligase vstl Grapevine ENO2 ENO2 2p LEU2
Reduce ethyl Urea amidolyase =~ DURI,2 S. cerevisiae PGKI ~ PGKI URA3 (Coulon et al., 2006)
carbamate content
Synthesis of Pediocin PEDI P.acidila- ADH] ADHI 2p URA3 - (Schoeman et al.,
antimicrobial ctici 1999)
enzymes or Leucocin LCAl L. carnosum ADHI ~ADHI 2y URA3 -  (duToitand
peptides Pretorius, 2000)
Chitinase CTS1 S. cerevisiae PGK1  PGKI 2u URA3 - (Carstens et al. 2003)
Glucose oxidase GOX 4. niger PGH!  PGKl URA3 +  (Malherbe et al.2003)
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Increase Endopoly- PGUI  S. cerevisiae PGKI  PGKI LEU2 - (Vilanova et al.2000)
degradation of ~ galacturonase

filter-clogging

| harid Pectatelyase peld F. solani ACT - 2u CYH - (Gonzalez-Candelas
polysaccharides etal, 1995)
Xylanase XYN2 T. reesei ADH2, ADH2 SMR +  (Louw et al., 2006)
SSAI
Glucanase ENDI B. fibris- ADHI  TRPS SMR +
olvens
Pectate lyase PELS E. chrys- ADHI  TRPS SMR  +
anthemi
Polygalacturonase PEH] E. caroto-  ADHI  TRPS SMR  +

vora

P: promoter; T: terminator; Pla: Plasmid; M: Marker; Chr: Chromosomal integration.

In most cases strong promoters and terminators were used, derived from
glycolytic enzymes that are constitutively expressed under fermentative
conditions (ADHI, ADH2 and PGK), but also from the actin gene (ACT). A
promoter collection comprising 11 mutants of the strong constitutive S.
cerevisiae TEF1 promoter has been recently constructed, that were used for fine-
tuning of gene expression across a full continuum of possible expression levels.
The activities of the mutant promoters range between about 8% and 120% of the
activity of the unmutated TEFI promoter. In addition, promoter replacement
cassettes were constructed that enable genomic integration of the mutant
promoter collection upstream of any given yeast gene, allowing detailed
genotype-phenotype characterizations (Nevoigt et al., 2006).

Industrial yeasts usually do not have auxotrophic markers (e.g. LEU2,
URA?2), therefore the yeast-derived cycloheximide resistance gene CYH2 or
heterologous drug-resistance markers were used such as ble (from bacterial
transposon Tn5, coding for a bleomycin binding protein) or G418 (from bacterial
transposon Tn903, coding for aminoglycoside phosphotransferase), conferring
resistance to phleomycine and geneticine, respectively.

Plasmid-encoded genes should be preferably integrated, since the inserted
elements have to be stable in the newly constructed organism, but such
approaches were used in few cases (Volschenk et al., 2001; Malherbe et al.,
2003; Smit et al., 2003; Coulon et al., 2006; Husnik et al., 2006; Louw et al.,
2006). One-step gene disruption with auxotrophic markers as performed for the
GPD gene (Michnick et al., 1997) results in a self-cloning strain, a much less
problematic approach in terms of acceptability evaluation according to the
guidelines of the International Life Science Institute Europe (ILSI, 1999).

For heterologous expression of extracellular proteins, for example the pedA4-
encoding pediocin or gox-encoding glucose oxidase, secretion was usually
directed by the mating pheromone a factor’s secretion signal (MFal)
(Schoeman et al., 1999; Malherbe et al., 2003; Louw et al., 2006).
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The introduced modifications should not change essential characteristics of
the host in the fermentation process. For most genetic modifications, it could be
shown that apart from the introduced metabolic change, no significant
differences were found between wines produced with commercial strain and the
corresponding modified strain regarding their oenological characteristics.
However, it was also shown that metabolic engineering can be associated with
carbon flux re-routing and accumulation of undesirable byproducts such as
pyruvate, acetate, acetoin and 2,3-butanediol (Michnick et al., 1997), glycerol,
succinate and butanediol (Remize et al., 2000a) acetoin (Cambon et al., 2006) or
acetaldehyde, acetate and acetoin (Heux et al., 2006b).

Other strategies, for example site-directed mutagenesis of the sulfite-
reductase MET10 gene were used to develop wine yeast with lowered ability to
produce hydrogen sufide (Sutherland et al., 2003). The allele LEU4-1 confers
resistance to 5,5,5-trifluoro-DL-leucine and the corresponding strains produce
twice the amount of isoamyl-alcohol in laboratory-scale fermentations as the
respective parental strains (Bendoni et al., 1999).

Very recently, self-cloning gene manipulations, in which genes of a
microorganism are cloned within the microorganism itself, overcame the topic of
the commercial application of genetically modified yeasts. A self-cloning GMY
sake strain (Akada, 2002), was approved by the Japanese Government, where a
two-step gene replacement was used for the construction of a strain free of
bacterial and drug-resistant marker sequences. A point mutation (Gly1250Ser) in
the yeast fatty acid synthetase FAS2 confers cerulenin resistance and is
associated with a higher production of the apple-like flavor component ethyl
caproate in Japanese sake. A novel counter-selection marker was used, that
consisted of a galactose-inducible overexpression promoter and the GINII
growth inhibitory sequence (GALp-GINI11). Cells that retain the marker do not
grow on galactose because of the growth inhibitory effect mediated by GINI1
overexpression. A plasmid containing the mutated FAS2 gene, a drug resistance
marker and the counter-selectable marker was integrated into the wild-type FAS2
locus, and the loss of plasmid sequences from the integrants was done by growth
on galactose, which is permissive for the loss of GALp-GIN11. Counter-selected
strains contained either the wild type or the mutated FAS2 allele, but not the
plasmid sequences, and the resulting difference between the described mutant
and the corresponding wild type strain is a single base (Akada et al., 1999;
Aritomi et al., 2004).

The potential of whole cell engineering approaches

Important oenological traits, such as fermentative vigour, ethanol yield and
tolerance, and growth temperature profile are not the result of single genes, but
rather of a multitude of loci (quantitative trait loci, QTL), that are not well
characterized because they are broadly distributed throughout the genome, and
are involved in specific metabolic pathways or complex genetic networks. As
mentioned in previous sections, the “classical” strain development approach
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relies on repeated cycles of genetic diversity creation through mutagenesis and/or
genetic recombination followed by selection or screening of desired phenotypes.
This methodology has a long-standing history of successful application and
increased acceptability from regulatory perspective compared to newer
recombinant DNA based technologies. By blending classical methods of strain
isolation with more recent approaches of cell engineering, coupled to high
throughput screening and analytical technologies such as robotic miniaturization
of assays and liquid chromatography mass spectrometry, the achievement of
multiple complex, polygenic phenotypes of industrial yeasts will be speeded up
in the in the post-“omics” era (Patnaik, 2007).

Cellular systems have the capacity to self-regulate their thousands of genes
through fine-tuning of components of global transcription machinery. Global
Transcription Machinery Engineering (gTME) uses a mutant transcriptional
factor that perturbs the whole transcriptome in subtle ways, resulting in altered
expression of polygenic phenotypes that are typically distributed on loci
throughout the entire genome and thus provides a route to complex phenotypes
that are not readily accessible by traditional methods (Alper and Stephanopoulos,
2007; Tyo- et al., 2007). This very promising advance of engineering one or few
regulatory genes that belong to downstream branches of regulatory pathways
could lead to subtle balancing of pathway networks without significant genetic
intervention at the local enzyme or pathway level. Mutagenesis of the
transcription factor Spt15p has been used for engineering of ethanol tolerance in
yeast by reprogramming gene transcription to elicit more efficient glucose
conversion and increased ethanol tolerance (Alper et al., 2006).

Genome shuffling, where more than two parental strains per generation are
enrolled, considerably improves the efficiency of protoplast fusion, which
addresses only two parents per generation. The amount of genetic information
used as starting point for the selection program is considerable enlarged,
depending on the number of strains used for protoplast fusion. Recursive
genomic multiparental recombination by protoplast fusion within a genetically
heterogeneous population efficiently generates combinatorial libraries for
selection or screening of improved, non-recombinant strains, in contrast to
classical breeding approaches that allow for two parents mating (Patnaik et al.,
2002; Zhang et al., 2002). Once a beneficial mutation is accumulated in a host
background, recombination due to protoplast fusion between multiple parents
evaluate the synergistic effect of that mutation in the background of all other
beneficial traits already present in the population, without the need to generate all
possible combinations experimentally. Multiparental genome shuffling has
mainly been attempted with bacteria, such as improving titers of synthesized
products that use complex pathways in Streptomyces, Lactobacillus,
Sphingobium, and E. coli. In all these cases, genetic diversity was generated
using classical mutagenesis techniques such as NTG, UV, and/or chemostat
enrichments, followed by recursive protoplast fusion of mutant populations and
screening or selection of the desired phenotypes (Patnaik, 2007). In yeast,
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genome shuffling has been used to improve acetic acid tolerance of
ethanologenic Candida krusei. The mutant isolated after four rounds of genome
shuffling showed not only improved acetic acid, but also higher ethanol
production and a superior multiple stress tolerance to ethanol, H,O,, heat, and
repeated freeze-thaw cycles. This approach seems very promising for the rapid
evolution of complex phenotypes in wine yeasts, such as fermentative vigor or
ethanol yield and tolerance, which depend on a multitude of not well
characterized QTL loci (Giudici et al., 2005). However, a bottleneck in the’
application of this technique is the availability of high-throughput screening
methods for the identification of complex phenotypes from a huge library of
functional recombinant strains. Since genome shuffling is based on the principles
of natural recombination, combined with an accelerated evolutionary approach,
the resulting organisms cannot be considered as genetically modified.

Adaptive evolution is a non-recombinant means of strain improvement that
consists in culturing a population for many generations under conditions to which
it is not optimally adapted. The yeast genome adapts with flexibility to the
externally introduced environmental changes. This has been demonstrated by
culturing a clonal population of a diploid strain under glucose-limited conditions
for 250 generations in three separate experiments. The evolved strains were fitter
genetic variants in comparison to the founding strain, with significantly altered
gene expression that affected several hundred genes, as was shown by
transcriptome analysis. Many genes were identical in the three replicates, causing
comparable improvements in glucose utilization, most probable through point
mutations in a few key regulatory genes rather than gross genomic
rearrangements (Ferea et al., 1999). Chemostat enrichment was used to select for
gain-of-function mutants with mutations in the biodesulfurization (Dsz) system
of Rhodococcus erythropolis 1GTSS8, enriching for growth in the presence of
organosulfur compounds that could not support growth of the wild-type strain
(Arensdorf et al., 2002). By evolutionary adaptation of the commercial wine
yeast L-2056 in sequential batch fermentations during 200 — 500 generations in a
wine-like medium, strains were obtained that catabolized more rapidly all
available sugars and also showed an altered production of metabolites, such as
ethanol, glycerol, succinic and acetic acid. (McBryde et al., 2006). Similar
approaches were used to obtain multiple-stress (oxidative, freezing—thawing,
high-temperature and ethanol resistance) phenotypes in S. cerevisiae (Cakar et
al., 2005). Recent theoretical work suggests that most of the phenotypic change
during an episode of adaptation can result from the selection of a few mutations
with relatively large effects (Zeyl, 2005). Evolutionary engineering uses a
combination of heterologous expression or targeted knock-outs followed by
directed evolution under growth-selective conditions. Evolutionary engineering
was successfully used to obtain genetically enhanced xylose degrading S.
cerevisiae strains, by first assembling a heterologous xylose pathway followed by
prolonged evolution under selective conditions (Sonderegger and Sauer, 2003;
Kuyper ez al., 2004; Kuyper et al., 2005; Jeffries, 2006).
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Genomic and proteomic studies of S. cerevisiae under winemaking
conditions and their potential for obtaining novel GMY

Recent advances in high-throughput experimental techniques supported by
bioinformatics have resulted in rapid accumulation of a wide range of
transcriptomics and proteomics data that provide a foundation for in-depth
understanding of how cells respond to changing environments. DNA microarray
technology (‘‘DNA chips’’) (Schena et al., 1995; DeRisi ef al., 1996) has found
widespread use as most flexible tool to investigate genome-wide comprehensive
data on the transcriptional response of the whole yeast genome in different
metabolic states and revealed networks of coordinated regulation. Wine
fermentation is clearly one example of a process in which yeast cells have to
adapt to stressful initial conditions, and need to cope with significant nutritional
variations throughout the whole process.

When dry active yeast cells are inoculated into the must, they need to deal
with hyperosmotic stress due to the high sugar concentration in this medium (ca.
160 — 250 gl as equimolar mixture of glucose and fructose). Fermentation
progression creates ethanol and nutrient limitation, while the cell is subjected to
several potential stress factors such as temperature shifts, high CO, and SO,
levels, and the presence of competing organisms. Commercial yeast strains used
in winemaking must be able to maintain fermentative capability and cellular
viability under these multiple stressful conditions. Since many physiological
traits are consequences of complicated multigene regulation, understanding the
way they are expressed, not only during wine fermentation, will contribute to the
knowledge about the genetic make-up of commercial yeast strains and will also
influence wine strain improvement by genetic engineering. Comparative
genomics will elucidate cellular processes that are associated to fermentation
arrest and other technological problems caused by the yeast metabolism and will
also be useful to show that the genetic modifications are not associated with
adverse or unexpected side-effects such as the production of toxic substances.

Global gene expression after a short-term ethanol stress (30 minutes) was
associated with up-regulation of 3.1% and down-regulation of 3.2% of the yeast
genes (factor 3 in both cases). Cellular adaptation mechanisms involved, besides
the stress gene family, energy metabolism regulation, ionic homeostasis, heat
protection, trehalose synthesis and antioxidant defense (Alexandre ef al., 2001).
Transcriptome analysis was also completed with the widely commercialized
oenological S. cerevisiae strain EC1118 from Lallemand S.A., at different time
points during alcoholic fermentation using a synthetic must medium.
Transcriptional reprogramming was characterized by a tightly controlled and
coordinated regulation, affecting more than 2000 genes, in consequence of
cellular adaptation to changing nutritional, environmental and physiological
conditions. Initial stresses such as high osmotic pressure and acidity did not
trigger stress response, which is surprising, given the large amounts of sugars in
the fermentation medium and the corresponding high osmotic pressure.
Superimposition of multiple stresses (ethanol, osmotic, acid, nutrient depletion)
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during entry into the stationary phase was associated with a unique stress
response (Rossignol et al, 2003). There is a need to deepen molecular and
biochemical aspects of the rehydration process in order to better understand the
factors contributing to a quick fermentation by the inoculated strain. A detailed
analysis was performed to study the transcriptome of wine yeast before and after
rehydration and during the first hours following inoculation of a synthetic must.
The transcriptome of commercialized dry yeast cells corresponded to a
physiological stage of respiration, nitrogen and carbon source starvation, and
high stress. During rehydration, a process that usually occurs at 35-40°C during
30 min in a concentrated sugar solution, yeast quickly recovered the capacity to
respond appropriately by coordinate induction of genes involved in biosynthetic
pathways (e.g. nitrogen utilization), transcription or protein synthesis, while
genes associated with the general stress response or subject to glucose repression
were down-regulated. Despite the high sugar concentration, no osmotic stress
response was triggered at the initial stages (Rossignol et al, 2006). Similar
results were obtained in a study evaluating the early transcriptional responses of
wine yeast after rehydration in water followed by transfer to synthetic must
medium, a solution containing fermentable carbon sources, or a sorbitol solution
corresponding to the osmotic pressure of the synthetic must medium (Novo et al.,
2007).

Global transcriptional profiling was also used to elucidate metabolic
pathways in S. cerevisiae under conditions used for the production of dessert
wines, where the initial sugar concentration may be as high as 50% (w/v). Cells
cope with such very stressful fermentation conditions by up-regulating glycolytic
and pentose phosphate pathway genes, being the latter proposed as a shunt for
glucose-6-phosphate and fructose-6-phosphate, from the glycolytic pathway
(Erasmus et al., 2003).

Fermentation at lower temperatures is an important parameter that can
contribute to improved aromatic complexity of wines, by increasing biosynthesis
of flavor-active compounds such as volatile esters and medium-chain fatty acid
esters, a greater retention of terpenoid compounds, a reduction in higher alcohols
and volatile acidity (Lambrechts and Pretorius, 2000; Torija et al., 2003).
Comparative transcriptional changes were evaluated in the commercial strain
QAZ23, conducting industrial fermentations at the “optimal” temperature of 25°C
versus 13°C. Expression profiles during wine fermentation at 25°C contrasted
significantly with those at 13°C, 535 ORFs were significantly differentially
expressed. At 13°C, a characteristic cold-stress response was apparent, associated
with genes responsible for increased production of short-chain fatty acids and
their esters, where a strongly induced esterase/ester synthase encoded by I4H1
might be involved. Low fermentation temperature was also linked to higher cell
viability and improved ethanol resistance (Beltran et al., 2006).

Grape musts are often unbalanced, with nitrogen sources, lipids and
vitamins as limiting components. All these conditions lead to gene expression
changes of yeast cells as they are challenged to adapt to these extreme nutritional
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stress. Nitrogen metabolism provides precursors for protein biosynthesis, but also
of compounds that determine the final wine’s organoleptic properties
(Lambrechts and Pretorius, 2000). Nitrogen limitation affects metabolic activities
of growing or non-growing cultures and leads to problematic enological
fermentations such as stuck or sluggish fermentation (Bisson, 1999). The typical
oenological method to prevent problems due to nitrogen-limitation is the early
addition of ammonium salts to the grape juice. This practice triggers the down-
regulation of genes coding for small molecule transporters and nitrogen catabolic
enzymes, including those linked to the production of urea, a precursor of ethyl
carbamate in wine, which is a compound with genotoxic properties in vivo and in
vitro. Up-regulated genes were involved in protein synthesis, amino acid
metabolism, purine biosynthesis and sulfate assimilation (Marks et al., 2003).
Transcriptomic differences were also evaluated in typical fermentations with
high compared to low nitrogen source (arginine). At the beginning of
fermentation, usually in high nitrogen conditions, fermentative activity is high
and the glycolytic enzymes show high expression levels, which corresponds to a
typical fermentative process with anaerobic pathways acting. Contrarily, in low
nitrogen condition, a partial alleviation of glucose repression, despite high (17%
w/v) external glucose concentrations was observed, combined with enhanced
expression of ribosomal protein genes and reduced expression of genes involved
in carbohydrate and nitrogen metabolism. Under these conditions, a switch from
fermentation to a functional oxidative glucose metabolism was observed,
suggesting that respiration is more nitrogen-conserving than fermentation
(Backhus et al., 2001). When a nitrogen-deficient fermentation was nitrogen-
supplemented (200 mg/l, supplied as diammonium phosphate), cells were able to
overcome the previous nitrogen starvation stress and restarted alcoholic
fermentation, with a concomitant upregulation of many genes involved in
glycolysis, thiamine metabolism, and energy pathways (Mendes-Ferreira et al.,
2007b). From this work, 36 genes were identified, that were highly expressed
under conditions of low or absent nitrogen in comparison with a nitrogen-replete
condition, that can be used as signature genes for prediction of stuck or sluggish
fermentations (Mendes-Ferreira et al., 2007a).

Data generated from genome-wide research of DNA sequence variation,
combined with studies that have examined variation at the transcriptional and
physiological level under winemaking conditions, all suggest that populations of
S. cerevisiae harbor large amounts of genetic variation. Zuzuarregui et al. (2005)
determined expression patterns of some stress response genes induced in 24
efficient commercial wine yeast strains after 30 minutes of inoculation in a
synthetic culture medium containing 20% (w/v) of glucose. Strain-specific high
GPD1 expression occurred, in agreement with the need of glycerol production
for osmotic adjustment to counteract hyperosmotic stress present at the beginning
of vinification. Contrarily, other stress genes (TRX2, HSP104 and SSA3) were
weakly induced. Augmented expression occurred with decreasing temperature or
increasing pH. Comparison of strains with different fermentative behavior also
indicated that very low expression levels for stress response genes can result in
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viability problems, but very high levels cause growth defects (Zuzuarregui et al.,
2005). These kind of data are useful in choosing the most appropriate strain to be
inoculated for wine production, depending on must pH and desired fermentation
temperature. The commercial strains ICV 16 and ICV 27 share similar
characteristics at initial fermentative stages, but only strain ICV 16 is able to
complete fermentation in a synthetic must medium. A comparative integrated
transcriptomic-proteomic analysis of both strains revealed associations between
fermentative behaviors and differences in mRNA and protein profiles. In strain
ICV 16, an increase in the abundance of proteins involved in carbohydrate
metabolism (in particular, the major cytosolic aldehyde dehydrogenase Aldép)
and in stress responses (e.g. the heat shock protein Hsp26p) may explain the
better behavior during vinification and also a better adaptation to the stationary-
phase conditions, leading to a fully completed vinification. In strain ICV 27,
higher levels of enzymes involved in the sulfur assimilation pathway (Cys4p,
Hom6p, and Met22p) were found, that might be related to the production of
particular organoleptic compounds, explaining the strain’s commercial interest
for the aromatic profile of wines (Zuzuarregui et al., 2006). This work clearly
shows the potential of both transcriptomic and proteomic approaches to elucidate
the molecular bases of differential physiological response and traits that are
important in winemaking.

Transcriptome analysis is a straightforward approach to identify candidate
genes for genetic improvement, followed by their overexpression, as was recently
shown for a Japanese rice wine (sake) strain under high NaCl concentration or
ethanol stress (Hirasawa et al., 2006, Hirasawa et al, 2007). Improvement
strategies of industrial properties of yeast used for fermentation will greatly
benefit from functional genomics and the generated knowledge about the inter-
related regulatory and metabolic processes. In this way, links between genes,
pathways and phenotypes will become more evident and predictive models can
be also generated. Furthermore, data integration will make it possible to identify
and modify upstream regulators of metabolic pathways and regulatory networks
as an alternative approach to the conventional approach of targeting of few genes
that belong to downstream branches of regulatory pathways. The holistic systems
biology views of the cell coupled with further development of “omic”
technologies will greatly benefit winemaking and other yeast-based industrial
processes.

The future of wines obtained from genetically modified yeast

Legal aspects

In May 1997, the European Regulation EC258/97 on novel foods and novel
food ingredients (EC, 1997) came into force and includes within its scope foods
and food ingredients containing or consisting of genetically modified organisms
(GMO) or produced by GMO, whereas these are not present in the food. The
safety of a food derived from a GMO has to be evaluated by comparing it with
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the most similar food, which has a history of safe use. This means that, if a food
derived from a GMO is substantially equivalent, it is “as safe as” the
corresponding conventional food item and should be treated as such, whereas
identified differences are the subject for further toxicological, analytical and
nutritional investigations. Detailed knowledge of both the overall characteristics
and genetic background of the organisms, the source of the transferred gene(s)
and the function of the modified genes is essential for this evaluation. The final
outcome of a genetic modification is based on processes that are controlled by
numerous different genes, whereas the function of many genes is still poorly
understood. Powerful methods for the identification and characterization of
unintended effects on a genomic, proteomic and metabolomic scale are therefore
evaluated for their routine use (Kuiper et al., 2002; Kuiper and Kleter, 2003;
Corpillo et al., 2004).

The Novel Food Regulation has been recently amended by three new
regulations concerning GMO, including derived foods and feeds: EC1829/2003
(EC, 2003a), 1830/2003 (EC, 2003b) and 65/2004 (EC, 2004), which define the
procedures for authorization, labeling and traceability. Regulation 1829/2003
describes the information to be provided by an applicant seeking authorization to
place a product on the market. The applicant has to show that the referred food
must not (i) have adverse effects on human and animal health and the
environment, (ii) mislead the consumer and (iii) differ from the food, which it is
intended to replace to such an extent that its normal consumption would be
nutritionally disadvantageous for the consumer. Such products must undergo a
safety assessment before being placed on the market, including a technical
dossier with detailed information concerning results obtained from research and
developmental releases to evaluate the GMOs impact on human health and
environment. This is defined in Annex III of Directive 2001/18/EC (EC, 2001)
on the deliberate release into the environment of GMO for placing on the market
or for any other purpose, that repealed the former Council Directive 90/220/EC
(EC, 1990). Since placing on the“market includes deliberate release into the
environment, an environmental risk assessment in accordance with Annex II of
Directive 2001/18/EC has to be carried out (EC, 2002). The product then goes
through the approval procedure between the European Food Safety Agency
(EFSA) in Brussels, the European Commission and member states. Labeling is
mandatory, even if the recombinant DNA or the corresponding protein cannot be
detected in the final product. Foods containing GMOs have to be labeled
“genetically modified” or “produced from genetically modified (name of the
ingredient)”. Labeling is not required for foods containing traces of GMOs,
which are adventitious and technically unavoidable, in a proportion lower than
the threshold of 0.9% of the food ingredients (relation between recombinant and
non-recombinant ingredient). The Novel Food Regulation was based on the
principle of evidence, in the sense of mandatory labeling for food products
containing more than 1% GMOs, whereas Regulation EC1829/2003 is supported
by the principle of application, making the declaration of GMO use during the
production of food compulsory. According to Regulations N° 1830/2003 (EC,
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2003b) and 65/2004 (EC, 2004), GMOs and products derived from GMOs must
be traceable during all stages of their placing on the market through the
production and distribution chain, to facilitate withdrawal of products when
necessary and to facilitate the implementation of risk management measures.
Mention should also be made to the regulation 65/2004 and which establishes a
system for the creation and assignment of unique identifiers for GMO.

USA regulations do not require mandatory labeling and segregation of
genetically modified products. No special labeling is required for “bioengineered
foods”, the term used by FDA for those derived by genetic modification (GM)
technology, “as they are not considered to differ from other foods in any
meaningful or uniform way or, as a class, to present any different or greater
safety concern than foods developed by traditional plant breeding” (Federal
Register of May 29, 1992 57 FR 22984). Evaluation and approval before
marketing is only required when the introduced gene encodes a product that had
never been a component of any other food, such as a new sweetening agent for
example. The labeling requirements that apply to foods in general are therefore
also relevant to foods using biotechnology. A label must “reveal all material
facts” about a food, for example if a bioengineered food is significantly different
from its traditional counterpart, has a significantly different nutritional property
or if a potential allergen is present.

Wines produced by GMY should be, in general, considered as substantially
equivalent to “traditional” wines. Compounds like glycerol, acetate ester, malic
or lactic acid are natural wine substances, and their content would be merely
adjusted or optimized in the sense of enhanced organoleptical characteristics. The
expected concentration is very likely to lie within the range that can be found in
different wine styles. New profiling methods using transcriptomics, proteomics
and metabolomics were proposed as the most adequate non-targeted approaches
to detect secondary effects (Kuiper and Kleter, 2003). Proteome analysis
demonstrated “substantial equivalence” for the modified S. cerevisiae 5225¢
strain, with constitutive expression of genes involved in urea degradation, that
ultimately leads to decreased levels of ethyl carbamate, a potential carcinogenic
agent for humans that is formed through the reaction of urea and ethanol (Coulon
et al., 2006). The malolactic yeast strain MLO1, which contains the Schizosac-
charomyces pombe malate permease gene (mael) and the Oenococcus oeni
malolactic gene (mled) under control of the S. cerevisiae PGKI promoter and
terminator sequences is the first commercialized genetically enhanced S.
cerevisiae wine yeast that has obtained approval by the FDA in the USA.
Substantial equivalence has been demonstrated through phenotypic, genotypic
and transcriptomic approaches (Husnik e? al., 2006).

Environmental risk assessment

According to the previously mentioned legal aspects, the future of GMY for
wine production will also depend on the ability to assess potential risks
associated with their introduction into natural ecosystems.
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An experimental model has been used to assess the fate of GMY strains in
natural environments by tracking the spreading of industrial yeast strains in
vineyards close to the wineries where these strains were used during the last 5-10
years. These large-scale studies, carried out over a 3-years period in vineyards
located in North Portugal and South France, revealed that dissemination of
commercial yeast in the vineyard is limited to short distances and periods of
times and is largely favored by the presence of water runoff. In samples taken at
distances from wineries higher than 100 m, less than 2% of the fermentative
microflora had a genetic profile identical to that of commercial yeast. In samples
taken close to the winery and to water rills, the proportion of commercial yeasts
increased to 10-43%. The vast majority (94%) of commercial yeasts were found
at a distance of between 10 and 200 m from the winery (Valero et al., 2005).
Commercial strains, despite their intensive annual utilization, do not seem to
implant in vineyards, and do not predominate over the indigenous flora, being
their presence characterized by natural fluctuations of periodical appearance/
disappearance as has been described for autochthonous strains (Schuller ez al.,
20095).

As summarized in Table 1.2, the genetic modifications in recently
developed GMY strains by recombinant technologies refer mainly to altered gene
dosage and introduction of new metabolic pathways and result in improved
performance during fermentation. From our current knowledge, it does not seem
likely that such strains would exhibit superior predominance and survival in
nature, considering also that natural environments are very different from
fermentative settings in terms of nutrient availability. The behavior of GMY
strains within microbial populations of a confined wine cellar and greenhouse
vineyard has been evaluated, to our knowledge, in only one study. From the
commercial strain VIN13 different GMY strains were constructed, containing
heterologous genes expressing d-amylase (LKA), endo-B-1,4-glucanase (endl),
xylanase (XYN4) or pectate lyase (pehl) under the control of strong promoters
and terminators and using the kanMX or SMR-410 resistance markers. After
initial characterization of the autochthonous yeast flora of the newly established
greenhouse vineyard, the vines of four blocks (each consisting of 20 vines) were
sprayed with yeast suspensions containing 2.5 x 10° CFU/ml according to a
previously defined scheme. Despite the high initial cellular concentrations, only
few S. cerevisiae strains were isolated during the weekly monitoring of yeast
populations on grapes, leaves, stems and soil. Results showed that (i) no
significant difference between the occurrence of the modified strains compared to
the parental commercial strains was evident, even for genetically modified strains
that were supposed to have a selective advantage over the parental strains
(secreting glucanases and pectinases), showing that the above mentioned
modifications did not confer any fitness advantage, (ii) the overall yeast
populations on the sprayed blocks were very similar to the untreated control
vines, leading to the conclusion that neither commercial strains nor GMY affect
the ecological balance of vineyard-associated flora in a confined system, (iii) no
significant differences among the strains were detected concerning their
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fermentation performance during spontaneous micro-vinifications (Bauer et al.,
2003).

Consumer’s perceptions, attitudes and concerns

Wine can be considered the alcoholic beverage where the image associated
with “tradition” is a mostly important attribute for successful marketing, and
gene technology may constitute a threat for the image of the product.

In 1988, Gist-Brocade obtained a baker’s strain where the genes coding for
maltose permease and maltase were substituted with a more efficient set of genes
from another strain. Since no non-Saccharomyces DNA was present, the UK
authorities granted consent in 1989. A few years later, a recombinant brewer’s
strain, obtained in 1993 by Brewing Research International was equally
approved. This S. cerevisiae strain contained an amylase gene from Saccharo-
myces diastaticus together with a gene for copper resistance. Because of the
unwillingness of the industries to face a negative consumer reaction, none of the
strains has gone into commercial production (Moseley, 1999). For the same
reasons, no application for the industrial use of genetically modified wine strains
has been submitted in the last few years, although many strains were developed,
as previously shown in Table 1.2.

One of the most extensive (in terms of the number of people surveyed)
public opinion analysis in Europe is the Eurobarometer survey, that has been
monitoring changes in attitude toward biotechnology in different European
member states since the early 1990s. The last survey was conducted in 2005
(Gaskell et al., 2006) and was based on a representative sample of 25,000
respondents, approximately 1,000 in each EU Member State. Issues such as stem
cell research, the co-existence of GM, conventional and organic farming, the use
of genetic information, and other innovations such as nanotechnology and
pharmacogenetics were under discussion. In comparison to earlier surveys, the
portrait of European citizens painted by the 2005 survey shows them with more
optimistic, informed and trusting perceptions toward the previously mentioned
range of biotechnologies. In contrast to previous surveys, there is no evidence
that opposition to genetically modified food is a manifestation of a wider
disenchantment with science and technology in general. However, a majority of
Europeans sees GM food as not being useful, morally unacceptable, as a risk for
society and therefore should not be encouraged (Gaskell et al., 2006). The fears
by the critics of GM technology include alterations in nutritional quality of foods,
potential toxicity, possible antibiotic resistance, potential allergenicity and
carcinogenicity from consuming genetically modified foods, environmental
pollution, unintentional gene transfer, possible creation of new viruses and
toxins, religious, cultural and ethical concerns, and fear from the unknown
(Uzogara, 2000). There is no clear answer to the question whether there is a
market for wines produced with GMY. A recent survey carried out in Slovenia
regarding genetically modified organisms in winemaking showed that 65% of
334 interviewees disagree with the usage of genetically modified organisms in
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winemaking. Disapproval by retailers was similar (64%) and by enologists lower
(55%) (Plahuta et al., 2007).

Summarizing, the recent availability of clear legal regulations defining
requirements for construction and safety evaluation of genetically modified
organisms and the labeling of products obtained by their use can be considered a
crucial step to assist the consumer in making an informed choice, but the results
from the latest Eurobarometer survey show that this was not sufficient to increase
the consumers trust in genetically modified food. Within this scenario, we can
estimate that genetically enhanced wine yeast strains obtained by strategies based
on self-cloning or genome-scale approaches such as adaptive evolution,
mimicking the principles of natural whole genome evolution in a laboratory
setting, will fast-track strain improvement programs within the next future. In
parallel, information obtained from the analysis of the genomes, transcriptomes,
proteomes and metabolomes of a higher number of S. cerevisiae wine strains and
data integration within systems biology approaches will reveal genetic
characteristics that are responsible for the better suitability of certain strains to
particular types and styles of wine.

Future perspectives

The accumulated knowledge of the S. cerevisiae cellular biology,
biochemistry, physiology and genetics in combination with the amount of data
generated from genome-wide research of DNA sequence variation and with
studies that have examined variation at the transcriptional and physiological level
under winemaking conditions, all suggest that populations of S. cerevisiae harbor
large amounts of genetic variation. Using S. cerevisiae for millennia in wine-
making may have created unique and interesting oenological traits and the
community of wine yeast researchers is looking forward to unravel functional
implications of genetic variation in S. cerevisiae strains used in winemaking, to
reveal genetic features responsible for variation in fermentation properties and
differing sensory characteristics in the final wine. It is particularly important to
characterize the molecular mechanisms (or genetic constitution) that confers
outstanding fermentation performance or multiple stress resistance to specific
winemaking strains. This will permit the finding of links between selected
winemaking strains and their contribution to specific sensory properties in
finished wine, to investigate why certain strains are more suitable for specific
wine styles and to search for common genetic features among S. cerevisiae
strains used for winemaking and reveal the genetic characteristics that distinguish
them from strains used for other biotechnological applications. It can be
estimated that within the next few years the costs for genome-wide approaches
will decrease and at the same time the number of sequenced S. cerevisiae strains
will increase. A large field of investigation lies ahead, that will answer questions
that are interesting from both fundamental and applied points of view.
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Introduction

Aspergillus flavus is the most infamous species among the over 185 known
species within the genus Aspergillus. It is not only one of the most abundant and
widely distributed soil-borne molds that can be found anywhere on earth but also
produces aflatoxins, among the most carcinogenic natural products ever
discovered (Jelinek et al., 1989). 4. flavus is a saprobe capable of surviving on
many organic nutrient sources like plant debris, tree leaves, decaying wood,
animal fodder, cotton, compost piles, dead insects and animal carcasses, stored
grains, and even human and animal patients (Klich, 1998). Its optimal range for
growth is between 25 - 37°C, but it can grow in a wide range of temperatures
from 12 to 48°C. The ability of the fungus to grow at relatively high
temperatures of the fungus contributes to its pathogenicity in humans and other
warm blooded animals. For most of its life-cycle, the fungus exists in the form of
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mycelia or asexual spores known as conidia. Stress from adverse conditions such
as lack of adequate nutrients or water, causes the mycelia to form resistant
structures called sclerotia. The fungus over-winters either as spores, as sclerotia
or as mycelia in debris. Under favorable conditions sclerotia germinate directly to
produce new colonies or conidiophores with conidia (Bennett et al., 1986; Cotty,
1988; Chang et al., 2002)

After 4. fumigatus, A. flavus is the second leading cause of invasive and
non-invasive aspergillosis in humans and animals (Denning et al, 1991;
Denning, 1998; Mori et al., 1998; Denning et al., 2003). The incidence of
aspergillosis is rising due to the increase of immunocompromised patients in the
population (Denning, 1998; Nierman et al, 2005; Ronning et al, 2005).
Moreover, A. flavus is a weak and opportunistic plant pathogen, affecting many
agricultural crops such as maize (corn), cotton, groundnuts (peanuts), as well as
tree-nuts such as Brazil nuts, pecans, pistachio nuts, almonds and walnuts. It can
contaminate these crops with the secondary metabolite aflatoxins in the field
before harvest. Aflatoxin has been named after Aspergillus flavus toxin. It also
causes the spoilage of post harvest grains during storage (St Leger et al., 2000).
Under weather conditions favorable for its growth, 4. flavus can cause ear rot on
maize, resulting in significant economic losses to farmers (Robens, 2001; Robens
and Cardwell, 2005).

Aspergillus parasiticus, a sibling species to 4. flavus, produces aflatoxins
By, By, Gy, and G, (AFB;, AFG,, AFB,, and AFG,). These four major aflatoxins
are named based on their blue (B) or green (G) fluorescence under ultraviolet
light, and their relative mobility by thin-layer chromatography on silica gel.
Aflatoxin M; is a hydroxylated derivative metabolized from aflatoxin B; by cows
and secreted in milk (Van Egmond, 1989). 4. flavus produces aflatoxins B, and
B,. In addition, it also produces many other mycotoxins such as cyclopiazonic
acid, kojic acid, beta-nitropropionic acid, aspertoxin, aflatrem and aspergillic
acid (Goto et al., 1996).

Of the aflatoxin family of metabolites, aflatoxin B, is the most toxic as well
as'the most potent carcinogen. Aflatoxin was identified as a food poison after a
mysterious “Turkey-X” disease killed 100,000 turkey poults in hatcheries in
England in 1960 after being fed with 4. flavus infested peanut-meal (Allcroft et
al., 1961; Lancaster et al., 1961). The disease caused by ingestion of aflatoxins in
contaminated food or feed is called aflatoxicosis. Acute aflatoxicosis may occur
when moderate to high levels of aflatoxins are consumed causing acute liver
damage, acute necrosis, cirrhosis, or in severe cases, acute liver failure and death
(Fung and Clark, 2004; Lewis et al., 2005).

Major outbreaks of acute aflatoxicosis from contaminated food in humans
have been documented in developing countries (CDC, 2004; Lewis et al., 2005).
For example, in western India in 1974, 108 persons died among 397 people
affected with aflatoxin poisoning in more than 150 villages (Krishnamachari et
al., 1975). A more recent incident of aflatoxin poisoning occurred in Kenya in
July 2004 leading to the death of 125 people among 317 reported illness due to
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consumption of aflatoxin contaminated maize (corn) (Krishnamachari et al.,
1975; CDC, 2004; Lewis et al., 2005). Acute toxicosis is not the only concern.
World health authorities warn that low doses with long term dietary exposure to
aflatoxins is also a major risk as this can lead to hepatocellular carcinoma
(Bressac et al., 1991; Hsu et al., 1991; Wogan, 1992; Fung and Clark, 2004).

In summary, aflatoxin contamination of agricultural commodities poses a
potential risk to livestock and human health (Lancaster ef al., 1961; Bennett and
Lee, 1979; Bennett, 1987; Jelinek et al., 1989; Cleveland and Bhatnagar, 1992;
Eaton and Groopman, 1994; Hall and Wild, 1994; Bhatnagar et al., 2002;
Bennett and Klich, 2003; Yu et al., 2007a). It is not only a serious food safety
concern, but it also has significant economic implications for the agricultural
industry worldwide because of restrictions limiting the trade of contaminated
crops. These concerns have lead to extensive studies on the occurrence,
biosynthesis, and toxicity of aflatoxins (Van Egmond, 1989; Yu ef al., 2004a; Yu
et al., 2004b; Yu et al., 2004c; Yu, 2004; Yu et al., 2006). Over the last two
decades a major focus has been on understanding the genetic basis of aflatoxin
biosynthesis. These studies began with mutagenesis and classical genetic
analyses which led to development of a series of strains having mutations in the
aflatoxin biosynthetic pathway (Papa, 1976; Papa, 1979; Papa, 1984).
Development of new technologies including those of molecular biology allowed
researchers to clone the specific genes that are directly involved in aflatoxin
biosynthesis (Chang et al., 1992; Skory et al., 1992; Chang et al., 1993; Yu et al.,
1993; Yu et al., 1995; Chang et al., 1995a; Chang et al., 1995c; Cary et al., 1996;
Yu et al., 1998; Chang and Yu, 2002; Yu et al., 2004c; Yu et al., 2004a). More
recently, technological breakthroughs in large scale DNA sequencing has made it
possible to study whole Aspergillus genomes (Yu et al., 2004d; Yu et al., 2005;
Machida et al., 2005; Kim et al., 2005; Yu et al., 2006; Payne et al., 2006; Price
et al., 2006; Yu et al., 2007a). Significant progress has been made in deciphering
the aflatoxin biosynthetic pathway, genes involved in aflatoxin biosynthesis, and
the 4. flavus genome structure (Payne and Brown, 1998; Yu ef al., 2004c; Yu et
al., 2005; Payne et al., 2006). In this chapter, we summarize the current progress
in understanding the genetics and genomics of 4. flavus.

Genetics of Aspergillus flavus

Genetic linkage groups

Genetic studies on A. flavus and A. parasiticus have been hindered by the
fact that these fungi do not have a known sexual stage. However, they are able to
undergo genetic recombination parasexually (Papa, 1973; Gussack et al., 1977;
Papa, 1978; Bennett et al., 1979). The property of parasexual recombination was
used in early genetic studies. of the aflatoxin-producing species 4. flavus and A.
parasiticus (Papa, 1973; Papa, 1976; Papa, 1978; Papa, 1979; Papa, 1984).
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In the early 1970s, numerous aflatoxin nonproducing mutants of A. flavus
(afl) were generated by chemical agents such as N-methyl-N'-nitro-N-
nitrosoguanidine. Over 36 genes were mapped to eight (8) linkage groups (LGs).
The identified aflatoxin (af7) mutants of 4. flavus were mapped to linkage group
VIL. These included afl-1, afl-15, afl-16, afl-17, afl-19, afl-20/afl-22, afl-21, afl-
25, arg-7 (arginine), leu-7 (leucine), afIR (afl-2), and nor-1 genes (Papa, 1984).
The mutant afl-4 was mapped to LG II and afIB2 mapped to LG VIII (Papa,
1977, Papa, 1979). All of these mutations were shown to be recessive except for
one dominant allele, the afl-1 (Papa, 1980). Later, this dominant mutant was
demonstrated to contain a deletion of about 120 kb, within which the 75 kb
aflatoxin pathway gene cluster resides (Woloshuk et al., 1995; Yu et al., 2004c;
Smith et al., 2007). Recent studies revealed that A. parasiticus is capable of
producing sexual spores through sexual recombination (Hom et al., 2009).
Crosses between strains with opposite mating-type genes MATI1-1 and MAT1-2
resulted in the development of ascospore-bearing ascocarps embedded within
stromata. A sexual cycle was also discovered in 4. fumigatus also believed earlier
to be a asexual species (O’Gorman et al., 2008). These discoveries are very
important for fungal biology and evolution.

Chromosome karyotypes

The A. flavus and A. parasiticus chromosome structures have been studied
by electrophoretic karyotyping (Keller et al., 1992; Foutz et al., 1995). Six LGs
as defined by Bennett and Papa (Bennett and Papa, 1988) were assigned to five
A. flavus chromosomes (Foutz et al., 1995). The two markers genes, arg7 and
leu7, and the important aflatoxin pathway gene (nor-/) and the pathway
regulatory gene (afIR) were mapped to a 4.9-Mb chromosome (Foutz et al,
1995). Electrophoretic karyotyping indicated that both A. flavus and A4.
parasiticus contain at least 7 large chromosomes (Keller et al., 1992; Foutz et al.,
1995) ranging from 3.0 to 7.0 Mb. The 7.0 Mb large chromosome was stained
more intensely than the rest implying an unresolved double chromosomes of
identical size. The genome size was estimated to be 36 Mb (Keller et al., 1992;
Foutz et al., 1995) These results are consistent with the currently assembled
genome sequence data, based on optical mapping, in that the 4. flavus genome
contains eight chromosomes and is about 36.8 Mb in size (Payne et al., 2006; Yu
etal.,2007a).

Genetics of aflatoxin biosynthesis

Aflatoxin biosynthetic pathway genes

Intensive research efforts have focused on elucidation of the pathway of
aflatoxin biosynthesis. This pathway is now one of the best-studied pathways of
fungal secondary metabolism. The establishment of aflatoxin biosynthetic
pathway was aided by the hallmark discovery of a color mutant that accumulates
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a brick-red pigment in A. parasiticus (Lee et al., 1971; Bennett et al., 1971;
Bennett et al., 1976). The colored compound in this mutant, norsolorinic acid,
turned out to be the earliest, stable aflatoxin precursor (Barnes et al., 1994;
Bennett er al., 1997). The major biochemical pathway steps and aflatoxin
pathway intermediates have been elucidated (Minto and Townsend, 1997; Payne
and Brown, 1998; Yu et al., 2004a; Yu, 2004; Yu et al., 2004c; Yu et al., 2005).
At least 23 enzymatic reactions are estimated to be involved in aflatoxin
formation. No less than 15 structurally-defined aflatoxin intermediates have been
identified in the aflatoxin/sterigmatocystin (ST) biosynthetic pathway (Bennett
and Klich, 2003; Yu et al., 2004c; Yu, 2004; Yu et al., 2005). Sterigmatocystin
(ST) or dihydrosterigmatocystin (DHST), the penultimate precursors of
aflatoxins, are produced by several species including Aspergillus versicolor and
Aspergillus nidulans. ST and DHST are toxic and carcinogenic as well. They
share common biochemical pathways, homologous genes, and regulatory
mechanisms to aflatoxin synthesis in A. flavus and A. parasiticus (Brown et al.,
1996; Yu et al.,, 2004a). The ST biosynthetic pathway and genes are also
discussed below where appropriate.

Aflatoxins are synthesized from malonyl CoA, first with the formation of
hexanoyl CoA, followed by formation of a decaketide anthraquinone ( Bhatnagar
et al., 1992; Minto and Townsend, 1997). There are two fatty acid synthases
(FAS) and a polyketide synthase (PKS) involved in the synthesis of the
polyketide from acetyl CoA (Watanabe and Townsend, 2002). Norsolorinic acid
(NOR) is the first stable aflatoxin intermediate identified in the pathway (Bennett
et al., 1981; Bennett et al., 1997). Aflatoxins are formed after a series of highly
organized oxidation-reduction reactions (Bhatnagar er al, 1992; Townsend,
1997; Yabe et al.,, 2003; Yu et al., 2004c). The general accepted aflatoxin
biosynthetic pathway scheme is: a hexanoyl CoA precursor = norsolorinic acid,
NOR - averantin, AVN - hydroxyaverantin, HAVN - Oxoaverantin, OAVN
- averufin, AVF - hydroxyversicolorone, HVN = versiconal hemiacetal
acetate, VHA - versiconal, VAL - versicolorin B, VERB - versicolorin A,
VERA - demethyl-sterigmatocystin, DMST - sterigmatocystin, ST > O-
methylsterigmatocystin, OMST -> aflatoxin B;, AFB, and aflatoxin G;, AFG;.
After the VHA step, there is a branch point in the pathway that leads to AFB, and

AFG; formation, as well as AFB, and AFG, (Yu et al., 1998; Yabe et al., 2003).

A total of 29 genes or open reading frames (ORFs) are involved in aflatoxin
formation (Yu ef al., 2004c). These genes have been cloned and most have been
characterized (Yu et al., 2004a; Yu et al., 2004c). The first aflatoxin pathway
gene aflD (nor-1), was identified by complementation studies that selected for
the characterisitic red color of norsolorinic acid. This gene encodes for a
ketoreductase in 4. parasiticus for the conversion of norsolorinic acid (NOR) to
averantin (AVN)(Chang et al., 1992; Bennett et al., 1997). Disruption or deletion
of the aflD (nor-1) gene lead to the accumulation of a -red pigment in the hyphae
and partially blocked the synthesis of all aflatoxins and their intermediates
beyond NOR (Lee et al., 1971; Bennett et al., 1971; Bennett et al., 1981). The
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afIM (ver-1) gene, encoding for a ketoreductase required for the conversion of
versicolorin A (VERA) to demethylsterigmatocystin (DMST) and versicolorin B
(VERB) to demethyldihydrosterigmatocystin (DMDHST) was the second gene
cloned in A. parasiticus (Liang et al., 1996) (Skory et al., 1992; Skory et al.,
1993). The third gene named afIP (omtA) encoding an O-methyl-transferase for
conversion of sterigmatocystin (ST) to O-methylster-igmatocystin (OMST) and
demethylsteri-gmatocystin  (DMST) to  dihydro-O-methylsterigmatocystin
(DHOMST) was cloned by antibody screening of a cDNA expression library
from A. parasiticus (Yu et al., 1993). A regulatory gene named afIR, present in 4.
parasiticus and A. flavus, as well as in A. nidulans (originally named afl-2 and
apa-2), was also cloned shortly thereafter (Chang et al., 1993; Payne et al.,
1993). This is a positive regulatory gene involved in both aflatoxin pathway gene
expression in A. flavus and A. parasiticus and sterigmatocystin (ST) pathway
gene expression in A. nidulans. The identification of these four genes for afla-
toxin or ST biosynthesis were milestone discoveries that lead to the identification
of the aflatoxin gene cluster by matching overlapping cosmid clones.

Genes involved in the early stages of aflatoxin biosynthesis include two
large genes (7.5-kb transcripts), afIB (fas-1) and aflA (fas-2), encoding beta
(FASB) and alpha-subunits (FASa) of a fatty acid synthase, respectively
(Watanabe et al., 1996; Trail et al., 1995a; Mahanti et al., 1996). Another large
gene in aflatoxin synthesis is the 7 kb afIC (pksA) gene encoding a polyketide
synthase (PKS) for the synthesis of the polyketide skeleton (Chang et al., 1995b;
Watanabe et al., 1996). Disruption of the afIC (pksA) gene results in non-
production of aflatoxin or any of its intermediates (Feng and Leonard, 1995). The
predicted amino acid sequence of this PKS reveals four typical conserved
domains common to other known PKS proteins: beta-ketoacyl synthase (KS),
acyltransferase (AT), acyl carrier protein (ACP), and thioesterase (TE) (Chang et
al., 1995b). To recapitulate, afl4, aflB, afIC genes are directly involved in the
conversion of acetate to norsolorinic acid (NOR).

The cloning of aflQ (ordA) and aflU (cypA) solved the major puzzle in the
latter stages of aflatoxin biosynthesis especially for the synthesis of the G-group
aflatoxins (Yu et al., 1998; Ehrlich et al., 2004). There are two separate pathways
leading to B-Group (AFB, and AFB;) and G-Group (AFG, and AFG,) aflatoxins
(Yabe et al., 1988). The gene named aflQ (ordA), encoding a cytochrome P-450
monooxygenase, was demonstrated to be responsible for the conversion of O-
methylsterig-matocystin (OMST) to AFB, and AFG,, and demethyldihydrost-
erigmatocystin (DMDHST) to AFB, and AFG, (Prieto and Woloshuk, 1997; Yu
et al., 1998) in A. parasiticus and in A. flavus. Expression and substrate feeding,
using a yeast system, demonstrated that an additional enzyme was required for
formation of G-group of aflatoxins (AFG, and AFG;) (Yu et al., 1998).
Functional studies demonstrated that the aflU (cypA) gene in A. parasiticus,
encoding a cytochrome P450 monooxygenase, was responsible for the
conversion of OMST to AFG; and DHOMST to AFG;, (Ehrlich et al., 2004). The
inability to produce G-group aflatoxins in A. flavus is thought to be due to a
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partial deletion of this gene during the evolution of A. flavus (Ehrlich et al.,
2004).

Aflatoxin biosynthetic pathway gene cluster

The aflD (nor-1) and afIM (ver-1) genes were found to be linked with the
regulatory gene afIR in a common cosmid clone (Skory et al., 1993; Trail et al.,
1995b). This provided the initial evidence indicating that aflatoxin pathway
genes were clustered. The aflatoxin pathway gene cluster was established when 9
cloned genes, including afID (nor-1), afIR, afIM (ver-1), and afIP (omtA), were
mapped to within 75 kb DNA region by overlapping cosmid clones in A.
parasiticus and A. flavus (Yu et al., 1995). The completed aflatoxin pathway
gene cluster was established when an 82 kb DNA sequence harboring a total of
29 aflatoxin biosynthetic pathway genes (or ORFs) and 4 sugar utilization genes
was reported (Yu et al.,, 2004c). The primary evolutionary advantage of gene
clustering may be for the purpose of coordinated gene expression. Interestingly, a
partially duplicated aflatoxin gene cluster was identified, in 4. parasiticus,
(Liang et al., 1996). The duplicated gene cluster consists of seven duplicated
genes, named aflR2, aflJ2,-adhA2, estA2, norA2, verlB, and omtB2 respectively
(Chang and Yu, 2002). The number “2” denotes the second copy of the gene. The
genes within this partially duplicated cluster are likely non-functional under
normal conditions, although some of the gene sequences are intact. Lack of
expression may be due to the chromosome location (Chiou et al., 2002), but this
remains uncharacterized.

Genetic regulation of aflatoxin biosynthesis

The afIR gene is a positive regulatory gene in both the aflatoxin and
sterigmatocystin gene clusters. This gene activates toxin pathway gene
transcription (Chang et al., 1993; Payne et al., 1993). Disruption of afIR results in
the loss of aflatoxin pathway gene expression and aflatoxin production. Inclusion
of an additional copy of afIR or elevated expression leads to overproduction of
aflatoxin biosynthetic intermediates (Chang et al., 1995c; Flaherty and Payne,
1997). The afIR gene, coding for a sequence specific zinc binuclear DNA-
binding protein, is required for transcriptional activation of most, if not all, of the
aflatoxin pathway genes (Woloshuk ez al., 1994; Chang et al., 1995c; Chang et
al., 1999b; Chang et al., 1999a). The AfIR protein has major domains typical of
fungal and yeast Gal4-type transcription factors (Chang et al, 1995¢): a N-
terminal cysteine-rich stretch, (Cysg-Zn,) DNA-binding domain (Woloshuk et al.,
1994; Chang et al, 1995c) an arginine-rich (RRARK) nuclear localization
domain; and a transcription activation domain in the C-terminus (Chang et al.,
1999a; Chang et al., 1999b). Aflatoxin pathway gene transcription is activated
when the AfIR protein binds to the palindromic sequence 5'-TCGN5CGA-3' (also
called AfIR binding motif) in the promoter region of structural genes ( Fernandes
et al., 1998; Ehrlich et al., 1999b; Ehrlich et al., 1999a) in A. parasiticus, A.
Sflavus and A. nidulans. A. sojae, a non-toxigenic species used in industrial
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fermentations, was found to contain a defective afIR transcription activation
domain due to early termination of 62 amino acids from its C-terminus
(Matsushima et al., 2001; Takahashi et al., 2002). Thus, with the absence of the
functional regulatory protein, no induction of aflatoxin can occur in this food
grade Aspergillus. Adjacent to the afIR gene in the aflatoxin gene cluster, a
divergently transcribed gene, afIS (aflJ), was also found to be involved in the
regulation of transcription (Meyers et al., 1998). The AflJ protein binds to the
carboxy terminal region of AfIR and may affect AfIR activity (Chang, 2003).
Disruption of afIS in 4. flavus resulted in a failure to produce any aflatoxin
pathway metabolites (Meyers et al., 1998).

An important newly described regulatory gene named laed4, (named such for
lack of afIR expression), was identified to reside outside of the aflatoxin pathway
gene cluster (Butchko et al., 1999; Bok and Keller, 2004). Disruption of laed
resulted in loss not only of afIR gene expression for ST synthesis, but also
expression of genes involved in penicillin biosynthesis in 4. nidulans, as well as
genes involved in gliotoxin biosynthesis in 4. fumigatus (Bok and Keller, 2004).
Thus it is becoming apparent that laed appears to be involved in the global
regulation in the biosynthesis of a number of different secondary metabolites in
several fungal species.

Biological regulation of aflatoxin biosynthesis

Aflatoxin biosynthesis is influenced by many biotic and abiotic factors,
including nutritional factors such as carbon or nitrogen source; environmental
effects such as water activity and temperature; physiological conditions such as
pH; and bioreactive agents such as plant and environmental chemicals. These
non-genetic parameters affect the physiology of aflatoxigenic molds in various
ways, thus these non-genetic factors can be considered as environmental or
biological regulation of aflatoxin formation. Some of these factors may work to
change expression of the aflatoxin regulatory gene, afIR, or alter the expression
of globally acting transcription factors that respond to external signals. To date,
the molecular mechanisms that mediate these effects are not clear (Payne and
Brown, 1998; Guo et al., 2005), the subject matter is under intensive study.
These studies offer promise of devising control strategies to shut down aflatoxin
production in aflatoxigenic A. flavus species through manipulations of
environmental conditions of the fungal response to these factors.

Nutritional factors such as carbon, nitrogen, amino acid, lipid, and trace
elements have long been observed to affect aflatoxin production (Payne and
Brown, 1998; Feng and Leonard, 1998; Cuero et al., 2003). The relationship of
carbon source and aflatoxin formation has been well established with simple
sugars such as glucose, sucrose, maltose (but not peptone, sorbose, or lactose)
supporting aflatoxin formation (Payne and Brown, 1998). However, the
molecular mechanism by which a carbon source is involved in the regulation of
aflatoxin pathway gene expression is poorly understood. Nitrogen source also
affects aflatoxin formation in varying ways (Payne and Brown, 1998). Aflatoxin
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production ceases on nitrate but not on ammonium containing media. Certain
amino acids can have opposing effects on aflatoxin production (Payne and
Hagler, 1983). Recent studies show that tryptophan inhibits aflatoxin formation
while tyrosine enhances aflatoxin production in 4. flavus (Wilkinson et al.,
2007b). Micronutrients (metal ions) also affect aflatoxin pathway gene
expression (Bennett et al., 1979; Cuero et al., 2003). Lipids have tremendous
effects on aflatoxin formation, not only as a nutritive source but as substrates
metabolized for acyl-CoA starter units (Maggio-Hall er al, 2005) and as
signaling molecules (Yu et al., 2003; Brodhagen and Keller, 2006).

Temperature, water activity (drought stress) and other stress elements are
external environmental factors that affect aflatoxin production (Cotty, 1988;
Keller et al., 1997; Payne and Brown, 1998; Guo et al., 2005; Kim et al., 2005;
Kim et al., 2006; OBrian et al., 2007) Studies suggest that afIR transcription is
responsive to a G-protein signaling cascade that is mediated by protein kinase A
(Hicks et al., 1997) (discussed later). The signaling pathway may respond to
external environmental signals and then mediate effects on aflatoxin biosynt-
hesis. Optimal aflatoxin production is observed at temperatures near 30°C (28°C
to 35°C) (OBrian et al., 2007). When temperature increases to above 36°C,
aflatoxin production in the fungus is nearly completely inhibited. This is
associated with a decrease in the expression of the aflatoxin pathway genes
(OBrian et al., 2007). Interestingly, temperature does not appear to significantly
affect the expression of the regulatory genes afIR or aflS (OBrian et al., 2007).
This may indicate that temperature affects the activity of AfIR or some other
unknown regulatory element.

Ambient pH and other environmental conditions are also important factors
affecting aflatoxin formation (Cotty, 1988). Aflatoxin biosynthesis in 4. flavus
occurs in acidic media, but is inhibited in alkaline media (Cotty, 1988; Price et
al., 2005). The presence of a putative PacC-binding site close to the afIR
transcription start site may play some role in pH regulation on aflatoxin
production (Tilburn et al., 1995; Keller et al., 1997) and the PacC and AreA
(Chang et al., 2000) binding sites in the afIR-afIS (afl)) intergenic region suggest
that gene expression is regulated by environmental signals (pH & nitrate).

Many fungal developmental stages are associated with secondary meta-
bolism such as sporulation and sclerotial formation (Bennett et al., 1986; Hicks et
al., 1997; Chang et al, 2002; Calvo et al, 2002), for example similar
environmental conditions are required for secondary metabolism and sporulation
with spore formation, and secondary metabolite formation occurs at about the
same time (Trail et al, 1995b; Hicks et al., 1997). Some mutants that are
deficient in sporulation are unable to produce aflatoxins (Bennett and Papa,
1988) and some compounds that inhibit sporulation in 4. parasiticus also inhibit
aflatoxin formation (Reiss, 1982). Moreover, chemicals that inhibit polyamine
biosynthesis in A. parasiticus and A. nidulans inhibit both sporulation and
aflatoxin/ST biosynthesis (Guzman-de-Pena et al., 1998). A more recent finding
reveals that the regulation of sporulation and ST production is through a shared
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G-protein mediated growth pathway in A. nidulans (Hicks et al., 1997; Yu and
Keller, 2005). Mutations in 4. nidulans flbA and fadA genes, early acting
members of a G-protein signal transduction pathway, result in loss of ST gene
expression, ST production, and sporulation (Yu et al., 1996; Hicks et al., 1997).
The regulation is partially mediated through protein kinase A (Shimizu and
Keller, 2001). This G-protein signaling pathway involving FadA in the regulation
of aflatoxin production also exists in A. parasiticus and A. flavus (Hicks et al.,
1997).

The relationship of oxidative stress and aflatoxin biosynthesis in 4. para-
siticus has long been reported (Jayashree and Subramanyam, 2000; Mahoney and
Molyneux, 2004; Reverberi et al., 2006; Kim et al., 2006). Jayashree et al.
(2000) were the first to report that oxidative stress induced aflatoxin biosynthesis
in A. parasiticus. Kim et al. (2006) showed that treatment of 4. flavus with tert-
butyl hydroperoxide, induced significant increases in aflatoxin production.
Similar treatment of A. parasiticus also induced aflatoxin production (Reverberi
et al., 2005; Reverberi et al., 2006). Hydrolysable tannins significantly inhibit
aflatoxin biosynthesis, with the main anti-aflatoxigenic constituents in these
tannins being gallic acid (Mahoney and Molyneux, 2004). Gallic acid reduces
expression of structural genes within the aflatoxin biosynthetic cluster, but
surprisingly not the aflatoxin pathway gene regulator, afIR. It appears that gallic
acid disrupts signal transduction pathway(s) for aflatoxigenesis somewhere
upstream of the gene cluster. When certain phenolics or other antioxidants, such
as ascorbic acid, are added to oxidatively stressed 4. flavus, aflatoxin production
significantly declines, with no effect on fungal growth (Kim ef al., 2006, 2008).
Caffeic acid is another antioxidant that inhibits aflatoxigenesis. Microarray
analysis of 4. flavus treated with caffeic acid identified a gene, named ahpC2, an
alkyl hydroperoxide reductase that is potentially involved in quelling the signal
for aflatoxin production. However, no notable effect on expression of laed, a
gene encoding a global regulator for secondary metabolism in Aspergillus (Bok
and Keller, 2004) was observed when under caffeic acid treatment. It is
becoming obvious that many different regulatory mechiams affect regulation of
aflatoxin production and other secondary metabolites.

Genomics of Aspergillus flavus

Genomics is the process of revealing the entire genetic contents of an
organism, by high throughput sequencing of the DNA and bioinformatics
identification of all of the open reading frames (ORFs). Recent technological
breakthroughs allow scientists to sequence and annotate genomes in a very short
time frame. A combination of Expressed Sequence Tags (EST), whole genome
sequencing, and microarray technologies provide high throughput capabilities
(Bennett and Arnold, 2001; Yu et al., 2004d; Kim et al., 2006; Payne et al.,
2006) that can be applied to the identification of genes involved in aflatoxin
production and for studying the regulatory mechanisms of gene expression (i.e.,
functional genomics).
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Aspergillus flavus expressed sequence tags

An A. flavus EST project was completed using the wild type strain NRRL
3357 (ATCC# 20026). Over 26,110 cDNA clones from a normalized cDNA
expression library were sequenced at The Institute for Genomic Research
(TIGR). A total of 19,618 A. flavus ESTs were generated, from which 7218
unique EST sequences were identified (Yu et al., 2004d). These EST sequences
have been released to the public at the NCBI GenBank Database
(http://www.ncbi.nlm.nih.gov/). The A. flavus Gene Index was constructed at
TIGR (http://www.tigr.org) which is currently maintained and curated by The
Dana Farber Cancer Institute (http://compbio.dfci.harvard.edu/tgi). From the EST
database, an additional four new transcripts (hypB, hypC, hypD, and hypE) were
identified in the aflatoxin biosynthetic gene cluster, which were not identified
during chromosomal walking. In addition, several categories of other genes
identified could potentially be involved, directly or indirectly, in aflatoxin
production, such as in global regulation, signal transduction, pathogenicity,
virulence, and fungal development (Yu et al., 2004d).

Whole genome sequencing of Aspergillus flavus

The 4. flavus whole genome sequencing project was funded by a USDA,
National Research Initiative grant awarded to Professor Gary A. Payne and Ralph
Dean, North Carolina State University, Raleigh, North Carolina. The Food and
Feed Safety Research Unit of Southern Regional Research Center, USDA/ARS,
provided funding for fine finishing and gene calling. The sequencing was
completed at The Institute for Genmic Research (TIGR) under the supervision of
Dr. William C. Nierman by a shotgun approach and Sanger sequencing protocol.
Primary assembly indicated that the 4. flavus genome consists of 8 chromosomes
and the genome size is about 36.8 Mb. Aided with the 4. flavus EST database,
the A. oryzae EST database, and the A. oryzae whole genome sequence,
annotation of the 4. flavus genome sequence data have been almost completed.
Preliminary results demonstrate that there are over 12,000 functional genes in the
A. flavus genome, a number similar to those of other Aspergillus species
(Nierman et al., 2005; Machida et al., 2005; Galagan et al., 2005; Payne et al.,
2006; Yu and Cleveland, 2007). Genes responsible for the biosynthesis of
secondary metabolites, such as aflatoxins, have been identified and include those
encoding PKSs, non-ribosomal peptide synthethases (NRPS), cytochrome P450
monooxygenases, fatty acid synthases (FAS), carboxylases, dehydrogenases,
reductases, oxidases, oxidoreductases, epoxide hydrolases, oxygenases, and
methyltransferases (Yu et al.,, 2004c). The availability of the 4. oryzae whole
genome sequence (Machida et al., 2005) provided not only the sequence data but
the chromosomal structure for comparison with 4. flavus. The sequence data
have been deposited with the NCBI GenBank database (http://www.ncbi.nlm.
nih.gov) and are also available through the Aspergillus flavus website
(http://www.aspergillusflavus.org).
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Microarrays as tools for functional genomics studies

Several types of microarrays have been constructed within the last few
years. The first cDNA amplicon microarray, consisting of 753 gene features,
including known aflatoxin pathway genes afID (nor-1) and afIP (omt4) and
regulatory gene afIR, was constructed by the laboratory of Gary Payne, North
Carolina State University. The unique ESTs identified from a cDNA library
constructed using 4. flavus RNA under aflatoxin-producing condition were
spotted on Telechem SuperAldehyde glass slide using an Affymetrix 417 Arrayer
(OBrian et al., 2003). A 5,002 gene-elements A. flavus EST based amplicon
microarray was constructed at TIGR by the Food and Feed Safety Research Unit,
USDA/ARS, Southern Regional Research Center. Using genomic DNA as
template, the specific gene sequences were amplified using primers synthesized
based on A. flavus unique EST sequences assembled. This microarray has been
updated to a 5031 gene-element array including genes of interest when their
sequences became available.

A comprehensive whole genome 4. flavus oligo microarray has also been
constructed at TIGR by the Food and Feed Safety Research Unit, USDA/ARS,
Southern Regional Research Center. All of the 11,820 4. flavus unique genes, the
unique genes present in 4. oryzae but absent in 4. flavus, and 10 genes cloned
from corn that show resistance against 4. flavus infection, have been represented
by this whole genome microarray. An additional Affymetrix GeneChip
microarray funded by a grant from USDA/NRI awarded to a Consortium led by
Gary Payne was designed and constructed by Affymetrix Inc. This Affymetrix
array contains all of the 4. flavus genes, A. oryzae unique genes, plus additional
genes of interest from corn, Fusarium species, mouse and human genomes.
Additionally, a peanut/4. flavus combined microarray, funded by Crop Protection
and Management Laboratory, USDA/ARS, Tifton Georgia, is under construction
at J. Craig Venter Institute (JCVI), the not for profit organization previously
named The Institute for Genomic Research (TIGR). This crop/fungus combined
array contains oligos representing over 10,000 peanut ESTs, and all of the
annotated 4. flavus and A. oryzae unique genes. Profiling of genes involved in
aflatoxin formation using these microarrays, performed at USDA labs, the labs of
North Carolina State University, TIGR and JCVI, identified hundreds of genes
that are significantly up or down regulated under various growth conditions of
the fungus (OBrian et al., 2003; Price et al., 2005; Kim et al., 2006, 2008; Price
et al., 2006; OBrian et al., 2007; Chang et al., 2007; Wilkinson et al., 2007a; Yu
et al., 2007b; Cary et al., 2007). Further studies using these microarray resources
for a genome-wide gene profiling and functional analysis in relation to aflatoxin
formation will surely reveal the processes that triggers aflatoxin production and
the regulation of the process. The knowledge will empower researchers to find
effective strategies for controlling aflatoxin contamination of food and feed.
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Future perspectives

Over 40 years of research and investigation have generated a wealth of
published information of fungal biology, toxicology and aflatoxin biosynthesis.
We now have a good understanding of the genetics of aflatoxin biosynthesis in 4.
flavus through studies by traditional genetic methods, modern genetic cloning
techniques, and use of high throughput genomic technologies. We have described
the aflatoxin pathway and the pathway genes, and we have shown that these
genes reside in a cluster as do genes for sugar utilization. With the rapid progress
in fungal genomics, we will master a vast amount of new information on gene
function, genetic regulation and signal transduction within these fungal systems
as well as their interactions with the environment. Several types of microarrays
with different formats are now readily available for these purposes. The genetic
and genomic resources will significantly enhance our understanding of the
mechanisms of aflatoxin production, pathogenicity of the fungus, and crop-
fungus interactions. The results stemming from research on 4. flavus genomics
are expected to provide valuable information for devising novel strategies to
eliminate aflatoxin contamination resulting in a safer, nutritious and sustainable
food and feed supply.

Conclusion

With the advancement in technological development, the wealth of
knowledge on aflatoxin formation, and the Aspergillus flavus genome data, we
will be able to better understand the mechanisms of genetic and biological
regulation of aflatoxin production. This information is vital for the reduction and
even elimination of aflatoxin contamination in food and feed. On the other hand,
fully understanding the genetics and genomics of Aspergillus flavus can turn the
detrimental fungus into a beneficial one. There are many secondary metabolites
produced by A. flavus that could be explored for potential use as pharmaceuticals
or industrial applications. The cellulosic enzymes from the fungus can be used
for bioenergy production through industrial fermentation.
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Introduction

Zygomycetes fungi, especially members of the order Mucorales and
Mortierellales are important from various biological, biotechnological and
medical aspects. They are used as model organisms to answer biological
questions in the fields of sexual differentiation (Sutter, 1975; Kuzina and Cerda-
Olmedo, 2006; Idnurm ez al., 2008), morphological dimorphism (Liibbehiisen et
al., 2003; Iturriaga et al., 2005), biosynthesis of carotenoids (Iturriaga et al.,
2000; Sanz et al., 2002; Kuzina et al., 2006; Almeida and Cerda-Olmedo, 2008)
or the light induction of gene regulation and metabolite production (Velayos et
al., 2003; Quiles-Rosillo et al, 2005; Idnurm et al, 2006). Phycomyces
blakesleeanus, Mucor circinelloides, M. mucedo, Rhizopus oryzae and Absidia
glauca are the best-studied species. Rhizopus, Mucor and Gilbertella species may
also be important causing post-harvest losses in agricultural products, or as
spoilage microorganisms of certain foods (Csernetics et al., 2005). Several
species belonging to the genera Rhizopus, Absidia, Rhizomucor, Mucor, Apophy-
somyces, Saksanea, Cunninghamella , Cokeromyces and Syncephalastrum are
known as causative agents of frequently fatal opportunistic fungal infections in
immunocompromised patients called as zygomycoses (Ribes et al, 2000;

*Corresponding author
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Chayakulkeeree et al., 2006; Papp et al., 2008). High mortality rates, difficulties
in the diagnosis and non-treatability with the most widely used antifungal drugs
are characteristic features of such infections. Studies on the molecular and
genetic background of the pathogenicity of these fungi started only a few years
ago (Papp et al., 2008).

Recently, there is an increasing interest in the exploitation of the
biotechnological potential of zygomycetes fungi. They are used as bio-
transforming agents in steroid production and as producers of hydrolytic
enzymes, organic acids and other valuable bioactive metabolites, such as
carotenoids or polyunsaturated fatty acids. Most significant species are R. oryzae
used for lactic acid production (Abe et al., 2003; John et al., 2007), Rhizomucor
miehei producing rennin-like aspartyl protease (Outtrup and Boyce, 1990; Rao et
al., 1998), Mortierella alpina (Shinmen et al, 1989) used for production of
arachidonic acid and other polyunsaturated fatty acids and Blakeslea trispora,
which is an industrial source of B-carotene and lycopene (Mehta et al., 2003;
Lopez-Nieto et al., 2004). Oriental soybean-based food fermentations (e.g.
production of tempeh and sufu) also involve some zygomycetes, like Rhizopus
oligosporus (Hachmeister and Fung, 1993).

Biological investigations, pathogenicity studies and biotechnological
developments require routinely applicable methods and useful tools for
functional gene analysis and manipulation including appropriate selection and
transformation procedures, well characterized molecular markers and expression
signals. During the past decade, molecular genetic studies on this fungal group
have been spectacularly progressed in all above-mentioned fields of research.
Recently, the genome sequences of three Zygomycetes model organis- ms (R.
oryzae: http://www.broad.mit.edu/annotation/genome/ rhizopus_oryzae/Home.
html, P. blakesleeanus: http://genome.jgi-psf.org/Phybl1/ Phybll.home.html and
M. circinelloides: http://mucorgen.um.es/) have been completed, which will
substantially facilitate the further exploration of knowledge. Considering all these
aspects, a point has been reached where it seems to be useful to summarize and
review the state-of-the-art methods for genetic manipulation of Zygomycetes.

Selection methods

Two types of selectable markers are used in transformation studies on
zygomycetes: dominant selection markers based on drug resistance or utilization
of a specific substrate and auxotrophic markers. A prerequisite for the usage of
auxotrophy complementation is the availability of a stable mutant from the strain
desired to transform, whereas dominant selection methods allow direct
transformation of wild-type strains without the need of a previous mutagenesis.
Table 3.1 contains an overview of the selectable markers which have been used
for the transformation of different fungi belonging to the zygomycetes.
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Table 3.1. Selection markers applied for the transformation of zygomycetes

fungi

Marker® Encoded function

Origin of the gene  Transformed species

Reference

Dominant markers

Drug resistance

hph hygromycin B
phosphotransferase

hpt hygromycin B
phosphotransferase

aphl aminoglycoside
phosphotransferase

nptl neomycin phospho-
transferase

nptll  neomycin phospho-
transferase

kan kanamycin
resistance

G418 geneticin resistance

chx® carboxin resitance

Zeo zeocin resistance

Specific substrate utilization

amdS  acetamidase

Auxotrophic markers

leuA a-isopropylmalate
(leul) dehydrogenase
met+  unknown

pyrF orotate

(ura5) phosphoribosyl-

transferase

Backusella
lamprospora

Escherichia coli

_Mucor circinelloides

Escherichia coli Mortierella alpina

Escherichia coli Rhizomucor miehei

Escherichia coli Phycomyces
blakesleeanus
Escherichia coli Absidia glauca

Parasitella simplex
Escherichia coli Mucor circinelloides
Mucor rouxii
Rhizomucor pusillus

Phycomyces
blakesleeanus

Escherichia coli Rhizopus niveus

Ustilago maydis Mucor circinelloides

pEM7/Zeo, Invirogen Mortierella alpina

Aspergillus nidulans Rhizopus oryzae

Mucor circinelloides Mucor circinelloides

Rhizopus niveus

Phycomyces Mucor circinelloides

blakesleeanus
Rhizomucor pusillus Rhizomucor pusillus
Rhizopus niveus Rhizopus niveus

Mucor circinelloides Mucor circinelloides

Mortierella alpina  Mortierella alpina

Rhizopus oryzae Rhizopus oryzae

Nyilasi et al., 2008

Nyilasi et al., 2005
Mackenzie et al., 2000

Monfort et al., 2003
Obraztsova et al., 2004

Wostemeyer et al.,
1987

Burmester, 1992

Appel et al., 2004
Appel et al., 2004
Appel et al., 2004
Amau et al., 1988

Yanai et al., 1990

Ortiz-Alvarado et al.,
2006
Takeno et al., 2005

Michielse et al., 2004

van Heeswijk and
Roncero, 1984

Liou ez al., 1992
Iturriaga et al., 1992

Wada et al., 1996
Takaya ez al., 1996

Anaya and Roncero,
1991

Takeno et al., 2004
Ibrahim et al., 2007b
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pyrG  orotidine-5- Blakeslea trispora  Mucor circinelloides Quiles-Rosillo et al.,
(pyr4) monophosphate 2003*
decarboxylase Mucor circinelloides Mucor circinelloides Benito et al., 1992

Rhizomucor miehei  Lukacs et al., 2009
Rhizomucor pusillus Rhizomucor pusillus Yamasaki et al., 1999
Rhizopus niveus Rhizopus delamar ~ Horiuchi et al., 1995

Rhizopus oryzae Michielse et al., 2004
Rhizopus oryzae Rhizopus oryzae Skory, 2002

3( ene designations are presented as published in the original works

Dominant selection methods

Drug resistance markers are genes (most commonly of bacterial origin)
providing resistance for the fungus to an appropriate drug present in the selection
medium. Unfortunately, zygomycetes are known to be poorly susceptible to the
majority of the commonly used compounds. Earlier, M. circinelloides was
reported to be resistant to hygromycin B, geneticin, neomycin, oligomycin and
benomyl (van Heeswijck et al., 1988). Different strains of the same species may
differ in their susceptibility to the commonly used drugs. For example,
Mackenzie et al. (2000) found only one hygromycin B sensitive strain among the
six Mo. alpina strains tested. Later, Takeno et al. (2004) did not find any
antibiotic or inhibitor which were applicable in transformation experiments of the
arachidonic acid producer Mo. alpina 1S-4 strain.

In some cases, the susceptibility of the fungus could be increased by
adjustment of the medium pH, selection in liquid medium or addition of specific
compounds to the selection medium (Yanai et al., 1990; Ibrahim and Skory,
2007a). Recently, Nyilasi et al. (2005) reported that susceptibility of Mucor to
hygromycin B could be increased by the addition of Rose Bengal and dichloran
to the culture medium. Fungal growth was completely blocked at 250 pg/ml
hygromycin B in the presence of 3 pg/ml dichloran and 100 pg/ml Rose Bengal.
In spite of these difficulties, there are some examples for more or less successful
application of such markers, most frequently hygromycin B phosphotransferase
and TnS5- or Tn903-derived kanamycin resistance genes (Table 3.1).

Applications of genes providing the ability to utilize specific substrates are
not well established for zygomycetes. Michielse et al. (2004) compared the
efficacy of the Aspergillus nidulans amdS gene as a dominant marker with that of
the auxotrophic marker pyr4 for R. oryzae (amdS encodes the acetamidase
enzyme that enables fungi to utilize acetamide as a sole nitrogen source). They
used a pyr4/amdS double selection vector and performed primary selection for
the pyr4 marker. Among the pyr4" transformants only a few proved to be amdS";
these strains contained autonomously replicating vector molecules with a very
low mitotic stability. It is worth to mention, that such genes often prove to be
weak markers of the transformation event, because majority of zygomycetes are
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able to grow on nutritionally restricted media. For example, in our tests,
Gilbertella persicaria, M. hiemalis, R. microsporus, R. oryzae and Rm. miehei
showed slight growth on different minimal media containing acetamide as the
sole nitrogen source (unpublished results). The possibility that the untransformed
strains may produce a “background-growth” on the selection medium makes
largely inconvenient the application of substrate utilization based markers.

Auxotrophic markers

Majority of transformation systems developed for fungi belonging to the
zygomycetes involve auxotrophy complementation to select for the transfor-
mants. Most frequently used selectable markers are the a-isopropylmalate
dehydrogenase (leud or leul) and the orotidine-5-monophosphate decarboxylase
(pyrG or pyr4) genes complementing leucine and uracil auxotrophy, respectively.
For Mo. alpina an overall transformation system was developed recently, where
the orotate phosphoribosyl transferase gene (ura$ or pyrF) complementing uracil
auxotrophy was used as selection marker (Takeno et al, 2004). Ibrahim et al.
(2007b) also used pyrF selection in expression analysis of the Rhizopus high-
affinity iron permease 1 gene.

Auxotrophic mutants of zygomycetous fungi are generally created by UV or
chemical mutagenesis. Such mutant strains must be examined before the
transformation experiments to exclude other possible mutations that change the
physiological characteristics of the fungus.

Transformation procedures

Polyethylene glycol (PEG) mediated protoplast transformation

Traditionally, the most common methodology for zygomycetes is the PEG-
mediated transformation. This technique requires protoplast formation prior to
the transformation when cells are treated with cell wall-degrading enzymes in a
buffer that provides an osmotically stable environment. There are strain to strain
differences with respect to the composition and amount of the digesting enzyme
mixture as well as the concentration of the osmotic buffers have to be used in
these experiments. According to the cell wall composition of zygomycetes, wall-
degrading enzyme mixtures generally contain chitinase and chitosanase. These
protoplast forming enzymes can be purchased from a commercial source or can
be prepared via culturing Streptomyces on purified cell wall of the appropriate
zygomycetous strain (“Streptozym”; Sudrez et al., 1987). In our laboratory, snail
enzyme (Helix pomatia gastric juice) in a concentration of about 1.5% has also
been used routinely to digest the cell wall of Mucoralean fungi (Somogyvari et
al., 1996; Nyilasi et al., 2008). Sporangiospores are highly resistant to lysing
enzymes, thus germinating spores or young hyphae are used for protoplast
formation. Germlings are generally obtained after incubation of spores in a
complete liquid medium for 3 to 6 h, depending on the species and the strain
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(Iturriaga et al., 1992; Ibrahim and Skory, 2007a). Alternatively, spores can be
inoculated onto cellophane sheets placed on solid complete medium. After
culturing for 20 h at the appropriate temperature, the young colonies formed can
be easily transferred into the protoplasting solution (Nagy et al., 1994; Nyilasi et
al., 2008).

Agrobacterium tumefaciens-mediated transformation (ATMT)

A. tumefaciens is a plant pathogenic bacterium that is able to transfer a part
of its DNA (T-DNA) flanked with two short direct repeats and located on a
tumor-inducing plasmid (Ti plasmid) into the infected cells, where it causes the
formation of crown gall tumors. The transfer depends on the expression of
virulence proteins encoded by the vir region of the Ti-plasmid; vir genes can be
induced by secreted compounds of wounded plant cells, such as acetosyringone.
This method has the advantages that it leads to the integration of homologous or
heterologous DNA fragments into the host genome, moreover, it potentially
allows the transfer of relatively high molecular weight foreign DNA (at least 150
kb; Hamilton et al., 1996).

ATMT is commonly used to transfer genes to a wide variety of plants and in
the past decade, it has been applied for the transformation of many fungal species
also; for a detailed review on the application of ATMT for fungal transformation
see Michielse et al. (2005). The method has recently been adapted for some fungi
belonging to the Zygomycetes, such as Rm. miehei (Monfort et el., 2003), R.
oryzae (Michielse et al, 2004; Ibrahim and Skory, 2007a), M. circinelloides
(Nyilasi et al., 2005) and B. lamprospora (Nyilasi et al., 2008).

Practically, ATMT is performed via the co-cultivation of the fungus with an
A. tumefaciens strain harboring the appropriately modified Ti plasmid. Protocols
are more or less different for all fungal species and successful transformation
requires the optimization of several factors such as the quality and the amount of
the fungal inoculum or the duration and temperature of the co-cultivation.
Various starting materials, e.g. protoplasts, spores, germlings and even fruiting
body tissues were used successfully for fungal transformation (de Groot et al.,
1998; Abuodeh et al., 2000; Chen et al., 2000; Michielse et al., 2004), however,
for ATMT of zygomycetes, protoplasts seem to be the most appropriate choice.
Although germlings have been successfully used for the transformation of Rm.
miehei (Monfort et al., 2003) and M. circinelloides (Nyilasi et al., 2005), in the
case of R. oryzae, only protoplasts could be transformed with Agrobacterium
(Michielse et al., 2004). Protoplast-based approach proved to be much more
efficient also for B. lamprospora than the direct transformation of
sporangiospores (Nyilasi et al., 2008). Moreover, in the latter case, co-cultivation
of protoplasts or spores with the bacterium in liquid induction medium resulted in
higher transformation frequency than co-cultivation on solid induction medium.
For ATMT it is crucial to properly balance the bacterial and fungal growth, thus
conditions of co-cultivation, especially the length of the co-cultivation period and
the incubation temperature, are essential factors of an efficient transformation.



Genetic Transformation of Zygomycetes Fungi 81

Other techniques

Although electroporation of protoplasts has been rarely applied for
zygomycetes, the technique was successfully used for 4. glauca (Schilde et al.,
2001): it seems to be a good alternative of the PEG-mediated method.

Another technique, the biolistic particle bombardment of sporangiospores is
well established for Mucor (Gonzéalez-Hernandez et al., 1997), Absidia (Bartsch
et al., 2002), Mortierella (Takeno et al., 2004) and Rhizopus (Skory, 2002;
Ibrahim and Skory, 2007a). The main advantage of this method is the possibility
to transform intact cells without the need of protoplast formation, while the need
for specialized equipment and high costs have to be mentioned as drawbacks.

The fate of the introduced DNA

Autoreplicative plasmids

In spite of the efficiency of the above-described methods in providing high-
frequency transformation, it is rather difficult to obtain a stable homokaryotic
transformant from zygomycetes fungi. Integration of the transforming DNA into
the host genome usually fails and much of the transformants prepared by the
PEG-mediated procedure, electroporation or microprojectile bombardment
maintain the introduced plasmids episomally (van Heeswijck and Roncero, 1984;
Revuelta and Jayaram, 1986; Wostemeyer et al., 1987; Suarez and Eslava, 1988;
Yanai et al., 1990; Burmester, 1992; Iturriaga et al.,, 1992; Benito et al., 1995;
Wolff and Amau, 2002; Quiles-Rosillo ef al., 2003a; Appel et al., 2004; Papp et
al., 2006; Ortiz-Alvarado et al., 2006). Rearrangements of the transforming
plasmids frequently occur in the transformants resulting in autonomously
replicating nicked, broken or concatenated forms of the original plasmids
(Burmester, 1992; Gonzalez-Hernandez et al., 1997; Schilde et al., 2001; Skory,
2002; Obraztsova et al., 2004). This phenomenon makes difficult the molecular
analysis of the transformants. Episomal plasmids and rearranged molecules have
the characteristics that they do not require a defined origin for the autonomous
replication; their copy number is generally low and maintenance of them is not
stable because of their poor segregation into the spores (Appel et al, 2004).
Therefore, such transformants frequently are mitotically unstable and they may
rapidly lose their plasmids under non-selective or even under selective conditions
(Wolff and Arnau, 2002; Appel et al., 2004; Papp et al., 2006; Ortiz-Alvarado et
al., 2006).

Efficient selection enhances the maintenance of the plasmid. Appel et al.
(2004) constructed a multicopy vector system for transformation of Mucor and
Rhizomucor species. This vector contained two selection markers, the TnS5-
derived kanamycin resistance gene and the /eud gene. Under selection for leucine
prototrophy the plasmid copy number was very low, whereas growth on geneticin
containing medium led to a remarkable increment in the copy number suggesting
more efficient selection for plasmid maintenance. Unfortunately, under non-
sclective conditions this vector also proved to be unstable.
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There are some reports on the isolation and application of sequences that
promote stable autonomous replication in different zygomycetes (Roncero et al.,
1989; Anaya and Roncero, 1991; Benito et al., 1992; Burmester et al., 1992).
Roncero et al. (1989) described an autonomous replication sequence (ARS)
element in M. circinelloides that is situated upstream from the Jeud gene. They
found that progressing removal of sequences from this region decreased the
stability of the transformants. However, in later studies, usage of the same
fragment built in the transforming vectors did not result in mitotically stable
transformants (Benito et al., 1995; Appel et al., 2004; Papp et al, 2006).
Burmester ef al. (1992) isolated a fragment named as seg/ from a neomycin
resistant plasmid of A. glauca transformant, which proved to be stable even under
non-selective conditions. This fragment originated from 4. glauca genome and it
was picked up by the transforming plasmid. In further transformation
experiments, seg/ also improved mitotic stability of the constructed plasmids
(Schilde et al., 2001).

Integrative systems

Autoreplicative transformation with circular plasmids can be efficient
technique, for example in complementation studies or for introduction of reporter
genes to analyze development-specific expression (Wostemeyer et al., 2004).
However, generation of stable integrative transformants is essential for several
purposes, for example, for strain improvement studies or to create null mutant
strains for functional analysis of genes. In contrasts to the most filamentous
fungi, achievement of the integration in zygomycetes is considered rather
problematic, as mentioned earlier.

In the nineties, successful integrations were reported in A. glauca
(Burmester et al, 1990); M. circinelloides (Amau et al, 1991; Amau and
Stroman, 1993); R. niveus (Yanai et al., 1990; Horiuchi et al., 1995; Takaya et
al., 1996) and Rm. pusillus (Wada et al., 1996; Yamazaki et al., 1999). In these
studies, circular plasmids were used as the transforming agent and most
frequently integration occurred by additive homologous recombination;
occasionally, ectopic integration and gene replacement were also observed. In
some cases, the introduced DNA was found to be present not only integrated into
the host genome, but also replicating episomally and rearranging with the host
DNA (Yanai et al., 1990; Takaya et al., 1996). Some of these earlier results are
difficult to explain and sometimes, misleading conclusions have been drawn
from the analysis of the transformants, because rearrangements of the introduced
DNA may lead to autonomously replicating, high-molecular-weight concatenated
structures comigrating with the genomic DNA (Ibrahim and Skory, 2007a).

The fate of the transforming DNA has been analyzed in detail in R. oryzae
(Skory, 2002, 2004, 2005). In these experiments, if the introduced DNA was a
circular plasmid, it was replicating autonomously in concatenated arrangements;
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integration at the homologous locus by additive integration or gene replacement
also occurred but with very low frequency (in about 1-5% of the transformants).
Cleavage of the vector sequence with one restriction enzyme had been repaired
by end-joining recombination and transformation led to similar result as using a
circular plasmid. When the plasmid was cleaved within a region homologous
with the genomic DNA, the percentage of the additive integration events
increased. If the homologous region was cut from the plasmid with two different
restriction enzymes, exclusively gene replacement occurred in the transformants.

Gene replacement via double crossing-over is a commonly used approach to
create gene disruption mutants for functional analysis of genes. As mentioned
above, gene replacement via double crossing-over can be forced by the use of
linearized DNA fragments containing homologous flanking regions to drive the
integration. This type of integration is a very rare event in Rhizopus that makes
the construction of gene knockout mutants rather difficult (Ibrahim and Skory,
2007a). In case of M. circinelloides there are several reports of successful
application of gene replacement to generate knockout mutants or simply to
achieve stable integration. Navarro et al. (2001) used the method to construct
crgA null mutants from M. circinelloides to examine the function of the crg4
gene that proved to be a negative regulator of the light-inducible carotene
biosynthesis. For gene knockout, they transformed a leucine auxotroph strain
with a DNA fragment that contained the leud gene flanked with the adjacent
regions of the crgA4 gene. The pyrG gene could also be used for construction of
knockout vectors (Quiles-Rosillo et al., 2003b; Silva et al., 2006). Silva et al.
(2006) characterized the function of three white collar genes (mcwce-1a; mewe-1b
and mcwc-Ic) that control different light-induced transduction pathways in M.
circinelloides. For this study, they designed three vectors, each harboring the
pyrG gene as a selectable marker, flanked by the adjacent sequences of the
appropriate gene. Fragments cut from these plasmids could be used to generate
knockout mutants by double crossover gene replacement. In another study, the
integration event following transformation of M. circinelloides with linear gene
replacement cassettes seemed rather variable (Larsen et al., 2004). To develop an
improved and constitutively expressing promoter able to drive heterologous
genes in M. circinelloides, Larsen et al. (2004) constructed several expression
vector that contained fragments from the promoter of the Mucor glyceraldehyde-
3-phosphate dehydrogenase 1 gene (gpdl) fused with the Aspergillus niger
glucose oxidase 1 gene (gox/). A leucine auxotroph strain was transformed with
different linear fragments that included the corresponding promoter sequence
fused with the gox/ gene; the leud gene as a selectable marker and appropriate
flanking regions for targeting the integration into the gpd2 or crgd loci. In
majority of transformants, the introduced DNA integrated ectopically (e.g. at loci
different from gpd2 or crgA4) and gene replacement occurred in only a few cases.

In some species, transformation with circular plasmids may also result in
stable integrative transformants with a convenient frequency. Such plasmids
generally include fragments that are homologous with repetitive regions of the
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host genome and the transformation event obviously occurs via a single
crossover (additive) integration. For example, from Mo. alpina, stable integrative
transfo-rmants can easily be generated with circular plasmids containing an
rDNA segment (Mackenzie et al.,, 2000; Takeno et al., 2004; 2005). Although
majority of the resulting transformants are stable containing the introduced DNA
integrated into the 18S rDNA locus, some portion of the transformants (20-40%,
depending on the experimental conditions) may be unstable harboring
autonomously replicating plasmids. In the case of 4. glauca, there is an early
report on stable integration of neomycin resistance that was mediated by
recombination via a highly repetitive DNA element (Burmester et al., 1990). This
element named as ragl (Wostemeyer and Burmester, 1986) corresponds to a
repetitive DNA sequence that is present on all chromosomes of 4. glauca.
Transformation with rag/ containing vectors led to transformants with integrated
multiple copies of plasmids (Burmester et al., 1990). Later, Schilde et al. (2001)
included the ragl element in gfp containing expression vectors to promote the
possible integration. However, integration even was not proven, moreover,
original transforming plasmids harboring the rag/ element was recovered by
retransformation of E. coli with bulk DNA from the transformants.

As mentioned earlier, Agrobacterium-mediated transformation is able to
efficiently transfer the foreign DNA into the host genome and the method has
been adapted to a number of fungi belonging to the Zygomycetes. However,
stable transformants have only been obtained from R. oryzae (Michielse et al.,
2004), while mitotic instability (e.g. complete loss of the introduced DNA) was
observed in the Rm. miehei, M. circinelloides and B. lamprospora ATMT
transformants even under selective conditions (Monfort et al., 2003; Nyilasi et
al., 2005, 2008). The main difference between the ATMT of R. oryzae and that
of the other species was the nature of the introduced DNA: for the transformation
of R. oryzae, the R. niveus pyr4 (pyrG) gene was used as a selectable marker,
whereas different bacterial genes providing antibiotic resistance were used to
transform Rhizomucor, Mucor and Backusella. 1t is suggested, that these fungi
have a defense mechanism eliminating exogenous DNA via rearrangements and
deletions and that stable integrative transformation can be achieved only through
the introduction of endogenous or closely related DNA (Monfort et al., 2003;
Obraztsova et al., 2004; Michielse et al., 2004; Nyilasi et al., 2005, 2008).

Zygomycetes fungi generally produce multinucleate spores and protoplast
and form coenocytic mycelia. Thus, in the most cases, primary integrative
transformants are heterokaryotic to the transferred DNA. Attainment of the
homokaryotic stage frequently requires some consecutive cultivation cycles on
selective medium. However, as zygomycetes have the characteristic to lose the
un-integrated plasmids rapidly under non-selective conditions, one sporulation
round on non-selective medium before the selective cultivation cycles may
facilitate the enrichment for stable integrative transformants (Arnau et al., 1991;
Ibrahim and Skory, 2007a).
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Expression of heterologous genes

Future exploitation of the biotechnological potential of zygomycetes (e.g.
ability to produce carotenoids, polyunsaturated fatty acids, various extracellular
enzymes or organic acids) urges the development of appropriate strain
improvement methods. Availability of heterologous gene expression systems is
crucial for various fields of biotechnological studies, such as recombinant protein
production or metabolic engineering of a producer strain.

Among zygomycetes, the organism most frequently used for heterologous
expression studies is M. circinelloides. This fungus is very amenable to
molecular techniques and a number of genetic manipulation tools, such as
transformation systems using autoreplicative plasmids; methods for gene
replacement and Agrobacterium-mediated transformation, have been developed
for it. Genes of related fungi can be easily expressed in M. circinelloides, and it
has been used to test the function of several genes isolated from other species
(e.g. from Phycomyces, Blakeslea and Rhizomucor), in which an appropriate
transformation system has not been available (Iturriaga et al, 1992; Ruiz-
Hidalgo et al., 1999; Quiles-Rosillo et al.,, 2003a; Rodriguez-Saiz et al., 2004;
Quiles-Rosillo ef al., 2005; Lukacs et al., 2009). This fungus has also been able
to efficiently express genes isolated from far-related fungi (e.g. from
Ascomycetes and Basidiomycetes) as well as genes from bacterial origin. For
example, M. circinelloides was successfully used for the production of the A4.
niger glucose oxidase 1 protein (Wolff and Arnau, 2002; Larsen et al., 2004); it
was able to express the Xanthophyllomyces denrorhous crtS gene leading to
increased B-cryptoxanthin and zeaxanthin production (Alvarez et al., 2006) and
carboxine resistance gene (cbx”) of Ustilago maydis also could be used as a
selectable marker for transformation of the fungus (Ortiz-Alvarado et al., 2006).
Heterologous expression of the B-carotene ketolase and hydroxylase genes (crtW
and crtZ, respectively) of the marine bacterium, Agrobacterium aurantiacum was
also successful: they were capable to force the production of oxygenated B-
carotene derivatives, such as astaxanthin and canthaxanthin, in M. circinelloides
(Papp et al., 2006). Functional expression of the rat adenosine A1 receptor gene
fused with the promoter and a segment of the Mucor glucoamylase gene in M.
circinelloides (Houghton-Larsen and Pedersen, 2003) has demonstrated that the
fungus maybe useful for production or analysis of even mammalian proteins.

To achieve the expression of an exogenous gene, it is usually necessary to
combine it with an adequate regulatory sequence of the host. Table 3.2 presents
an overview of the promoter sequences that have been used to ensure the
expression of exogenous genes in zygomycetes fungi. Although a number of
promoters have been identified in zygomycetes, majority of them have been used
primarily to develop new transformation systems, e.g. to enable the expression of
exogenous selectable markers (Wostemeyer et al., 1987; Mackenzie et al., 2000)
and only a few promoters has been analyzed in detail (Larsen et al., 2004). One
of them is the R. niveus 3-phosphoglycerate kinase 2 (pgk2) that was the first
promoter analyzed using a heterologous expression system (Takaya et al., 1995).
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Derivatives of the promoter region harboring deletions were fused to the
Escherichia coli B-glucuronidase gene (uidA), and introduced into R. niveus to
determine the intracellular glucuronidase activities of the transformants. In this
way, a short sequence was determined that was suggested to be a glucose-
inducible transcriptional activator.

Table 3.2. Promoters proved to be useful to drive exogenous genes in

zygomycetes fungi
Species® Promoter” Expressed gene Reference
Absidia glauca  Absidia glauca, act  Escherichia coli, nptll ~ Wostemeyer et al., 1987
Absidia glauca, tef ~ Escherichia coli, neo” Burmester et al., 1992
Absidia glauca, act  green fluorescent protein Schilde et al., 2001
gene (gfp)
Absidia glauca, tef  green fluorescent protein Schilde ef al., 2001
gene (g/p)
Backusella Mucor circinelloides, green fluorescent protein Nyilasi et al., 2008
lamprospora gpdl gene (g/p)
Mucor circinelloides, Escherichia coli, hpt Nyilasi et al., 2008
gpdl
Mortierella Mortierella alpine,  Escherichia coli, hpt Mackenzie et al., 2000
alpina his H4.1
Mortierella alpine,  Zeo (Invitrogene) Takeno et al., 2005
his H4.1
Mucor Mucor circinelloides, Aspergillus niger, cox] ~ Wolff et al., 2002
circinelloides gpdl Escherichia coli, kan Appel et al., 2004
Agrobacterium Papp et al., 2006
aurantiacum, crtW
Agrobacterium Papp et al., 2006
aurantiacum, crtZ
Aspergillus nidulans, Escherichia coli, hpt Nyilasi et al., 2005
trpC
Mucor circinelloides, rat adenosine Al receptor Houghton-Larsen and
glaM gene Pedersen, 2003
Phycomyces Phycomyces Escherichia coli, npt Obraztsova et al., 2004
blakesleeanus blakesleeanus, pkpA
Rhizomucor Ashbya gossypii, tef  Escherichia coli, aphl Monfort et al., 2003
miehei

Rhizopus niveus

Rhizopus oryzae

Rhizopus niveus pgk2

Rhizopus oryzae,
amyA

Escherichia coli, iudA
Escherichia coli, G418

Rhizopus niveus, pgk2 Aspergillus nidulans,

Rhizopus oryzae,
amyA

amdS

Takaya et al., 1995
Yanai et al., 1990

Michielse et al., 2004

green fluorescent protein Mertens et al., 2006

gene (g/p)
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Rhizopus oryzae, green fluorescent protein Mertens et al., 2006
pdcA gene (gfp)

Rhizopus oryzae, green fluorescent protein Mertens et al., 2006
pgkl gene (g/p)

Rhizopus oryzae, green fluorescent protein Ibrahim ez al., 2007b
rFTR gene (gfp)

*Name of the host organism
*Promoters are represented by designation of the corresponding gene

One of the best-characterized promoter is that of the M. circinelloides gpdl
gene, which proved to be useful to drive the expression of both homologous and
heterologous genes in Mucor (Wolff and Amau, 2002; Larsen ef al., 2004; Appel
et al., 2004; Papp et al., 2006). Transcription of gpd! is regulated by the carbon
source: expression of the gene is significantly stronger when growing the fungus
in glucose, compared with glycerol or ethanol (Wolff and Arnau, 2002). Larsen
et al. (2004) constructed and analyzed several derivatives of the promoter. As a
result of this analysis, a 361-bp derivative was found that is able to drive the
expression of exogenous genes in a constitutive manner providing high
expression level regardless of the carbon source used. Thus, this promoter seems
to be a promising tool for constitutive heterologous gene expression in M.
circinelloides. The functionality of the M. circinelloides gpdl promoter was also
demonstrated in M. rouxii and R. pusillus (Appel et al., 2004) arising the
possibility of a broader application of this sequence.

In R. oryzae, promoters of glucoamylase A (amyA), pyruvate decarboxylase
WpdcA) and phosphoglycerate kinase (pgkl) have been characterized (Takaya et
al., 1995; Gao and Skeen, 2002; Skory, 2003; Mertens et al., 2006). Recently,
Mertens et al. (2006) tested the_applicability of these promoters to drive the
expression of heterologous proteins in R. oryzae. They constructed expression
vectors containing the promoters of amyA, pdcA and pgkl each fused with the
green fluorescent protein gene (gfp) It was found that their potential to drive the
expression of the gfp gene correlated with the choice of promoter with pdc4 >
amyA > pgkl.

Conclusions

Molecular analysis and manipulation of zygomycetes fungi have been
considered especially difficult due to their unique ability to replicate the
introduced DNA autonomously from the host genome. A consequence of this
feature is that the majority of the transformation protocols developed for this
fungal group only allow the generation of mitotically unstable transformants.
Although such transformation systems can be used for some analysis (e.g.
complementation analysis or expression studies), this phenomenon has hampered
molecular research of zygomycetes. Functional analyses of genes, pathogenicity
studies or metabolic engineering require the application of gene disruption or
generation of mitotically stable transformants. During the past decade, a
promising advance has been made in the development of new manipulation tools.



88 Progress in Mycology

With the better understanding of the molecular mechanisms determining the fate
of the introduced DNA, transformation techniques allowing the generation of
stable integration have been successfully established in some zygomycetes model
organisms, such as in M. circinelloides (via gene replacement using linearized
fragments), Mo. alpina (using circular plasmids containing repetitive elements)
and R. oryzae (by the adaptation of the ATMT method). Currently, an accele-
ration of molecular genetic studies on zygomycetes can be observed especially in
fields related to possible biotechnological applications that inspire the further
improvement of the genetic manipulation tools including heterologous expression
systems.
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Introduction

Aspergillosis is a large spectrum of diseases caused by members of the
genus Aspergillus. The principal entity is invasive aspergillosis (IA), however
Aspergillus species can also produce a wide range of chronic, saprophytic, and
allergic conditions. IA currently constitutes the most common cause of infectious
pneumonic mortality in patients undergoing hematopoietic stem cell
transplantation (HSCT), and is an important cause of opportunistic respiratory
and disseminated infection in other immunocompromised patients as in solid
organ transplantation (SOT), especially in lung transplantation (LT) patients. The
other forms of aspergillosis, such as allergic bronchopulmonary aspergillosis
(ABPA), allergic sinusitis, and saprophytic infection, are also causes of
morbidity and seldom life-threatening. The clinical manifestation and severity of
the disease depend on the immunologic state of the patient. Lowered host
resistance due to factors as underlying debilitating disease, neutropenia,
disruption of normal flora, and due to the use of antimicrobial agents and
steroids, can predispose the patient to colonization, invasive disease, or both.
Aspergillus spp. infection is frequently a secondary opportunistic pathogen in
patients with chronic respiratory diseases, such as bronchiectasis (particularly in
cystic fibrosis patients), chronic obstructive pulmonary disease (COPD) and LT.

Infectious complications after LT are frequent as a direct consequence of the
aggressive immunosuppression employed in these receptors, as well as the
presence of impaired mucociliary clearance, ischemic airway injury, altered
alveolar macrophage phagocytic function, and direct communication of the
transplanted organ with the environment.
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Fungal infections (FI) are associated with a high mortality rate in LT
recipients for several reasons: the difficulty of establishing an early diagnosis, the
lack of effective treatment for infections by some filamentous fungi, the toxicity
and interactions of some antifungal agents with immunosuppressive drugs, the
scarce published experience about the use of prophylaxis with antifungal drugs in
this setting, and finally the loss of grafts as the result of reducing immuno-
suppression to cure these infections.

FI occur in 15-35% of patients after LT and over 80% are caused by
Candida spp. and Aspergillus spp., with an overall mortality rate of nearly 60%
(Alexander and Tapson, 2001; Singh and Husain, 2003; Kotloff, 2004; Solé,
2005; Marik, 2006; Segal and Walsh, 2006; Iversen et al, 2007). Unusual
moulds as Scedosporium spp. are increasingly recognized as important
opportunistic pathogens in LT; other moulds as Zygomycetes and species of
Fusarium have a less relevant role in LT, but in all cases their infection is
associated with a high rate of dissemination and poor outcome (Husain et al.,
2003; Almyroudis et al., 2006). Fungal pneumonia constitutes the 14% of all
causes of pneumonia in lung transplant recipients, as it is observed in a recent
study of the Spanish group RESITRA (Aguilar-Guisado et al., 2007). In this
series Aspergillus spp. (8,8%) was the most frequent organism in this etiological
group, but the incidence of Aspergillus pneumonia was lower than previously
reported, probably due to the spread of universal prophylaxis.

The fungus Aspergillus can be found worldwide, with preferential tropism
for humid soil. Numerous species have been reported, few are pathogenic and
Aspergillus  fumigatus accounts for 90% of human infections. Although
Aspergillus spp. causes various diseases in humans, the present chapter will focus
mainly on LT patients with aspergillosis. However, due to the increasing
frequency of other entities, we will also discuss some aspects of invasive
pulmonary aspergillosis (IPA) in COPD, and the ABPA in asthma and cystic
fibrosis (CF) patients.

Epidemiology

Aspergillus is a filamentous, cosmopolitan and ubiquitous fungus found in
nature. It is commonly isolated from soil, plant debris, and indoor air
environment.

Aspergillus is a large genus, containing over 200 species, to which humans
are continuously exposed (Soubani and Chandrasekar, 2002). However, only a
small number of these species have been associated with invasive infections, and
over 95% of all infections are caused by no more than three species: A.
fumigatus, A. flavus and A. niger. Other species typically reported in relation with
aspergillosis including A4. nidulans, this species of aspergillus (oryzae) is
repeated, to eliminate one of them A. terreus (resistant to amphotericin B), 4.
ustus (resistant to amphotericin B, echinocandins, and azole derivatives), and 4.
versicolor. Less frequently, A. alliaceus, A. candidus, A. chevalieri, A. clavatus,
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A. flavipes, A. glaucus, A. granulosus, A. hollandicus, A. japonicus, A.
ochraceus, A. oryzae, A. restrictus, A. sydowii or A. tamarii have been isolated in
cases of IA, mainly in immunocompromised hosts.

The physiological characteristics of Aspergillus spp., particularly growth
rates and the production of metabolites (extrolites), often show differences that
reflect phylogenetic species boundaries, and greater emphasis should be placed
on extrolite profiles and growth characteristics in species descriptions. In the last
years, multilocus sequence-based phylogenetic analyses have emerged as the
primary tool for inferring phylogenetic species boundaries and relationships
within subgenera and sections.

In 2004, A. lentulus was recognized as being separate from A. fumigatus
using a multigene-approach. It has the appearance of a smaller, somewhat
degenerate A. fumigatus with decreased conidiation, but in contrast to that
species it is unable to grow at 48°C (Balajee et al., 2005). This species has been
reported as cause of invasive mycosis in haematopoietic stem cell recipients and
has decreased in vitro susceptibilities to multiple antifungals, including
amphotericin B (AmB) [introducing the abbreviarure] itraconazole, voriconazole,
and caspofungin (Balajee et al., 2004; Balajee et al., 2005). More recently, A.
alliaceus was recovered as the etiological agent of invasive pulmonary
aspergillosis (IPA) and had reduced in vitro susceptibilities to AmB and
caspofungin, which correlated with clinical failure of therapy (Balajee et al.,
2007). In the last years some new species have been differentiated from the
original species, like A. insuetus or A. calidoustus, that differ from A. ustus in
producing different metabolites or molecular characters and have diverse patterns
of antifungal susceptibility (Houbraken et al., 2007).

Identification of Aspergillus spp. in the laboratory

The identification of species of Aspergillus is not easy. For identification of
aspergilli, macroscopic and microscopic characteristics of the colony are
important. To aid in the identification of the medically important Aspergillus
species, it is recommended to consult some of the excellent available guides (de
Hoog et al., 2000; Dupont et al., 2000).

Macroscopic features. Growth rate, colour of the colony, and thermotole-
rance are the major macroscopic characteristics remarkable in species
identification. Except for 4. nidulans and A. glaucus, the growth rate is rapid to
moderately rapid. Aspergillus colonies are velvety to powdery in texture and the
surface colour may vary depending on the species. A. fumigatus is a
thermotolerant fungus and grows well at temperatures over 40°C.

Microscopic features. Aspergillus spp. are filamentous organisms that
reproduce by asexual spores termed “conidia”. Conidia are produced in a
basipetal fashion, forming chains of asexual conidia, with the youngest conidium
at the base and the oldest at the tip of the chain. In the early stages of fungal
growth, certain cells of the vegetative mycelium enlarge and form a heavy wall.
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These particular cells, the foot cells, will form a branch at a right angle to the
parent cells. The branch formed, which develops into a conidiophore, terminates
in a swollen head known as a vesicle. The length of conidiophore and the nature
of its wall are considered important characteristics of the species. The vesicles
vary in size and shape depending on the species. Certain areas of the vesicle
surface become fertile and give rise to a layer of conidium producing cells: the
phiallides. In some species these phiallides cover the entire surface of the vesicle,
whereas in others the may cover the upper half or three quarters of the surface.
Furthermore, they may vary in color in different species. The cylindric body of
the phiallides narrows at the apex to form a conidium-producing tube. Conidia
are usually globose with a rough surface and variable sizes. The length of
conidial chains, density of packing and orientation around the vesicle vary from
species to species and are considered part of the distinctive characteristics to
identification.

Risk factors of Aspergillosis

The incidence of IA in non-neutropenic patients is probably underestimated,
and it is due to the poor sensitivity of clinical and radiological investigations and
diagnostic tests. Some reports about the incidence of IA in patients who were
hospitalized for underlying diseases, such as COPD, asthma, rheumatoid
polyarthritis, giant cell arteritis, and vasculitis have been recently published
(Meersseman et al., 2004; Comillet et al., 2006). Receiving high-doses of
corticosteroids or continuous corticosteroid therapy were the only identified risk
factors for 22% of patients. However, low steroid doses (15 mg of prednisone per
day or equivalent) were sufficient for IA to develop when the medication was
administered continuously. In these moderately immunosuppressed patients,
Aspergillus colonization may contribute to the onset of IA, particularly in
patients with chronic pulmonary disease. Besides, corticosteroids, intercurrent
bacterial, cytomegalovirus, and P. jiroveci pneumonia are frequent, particularly
among non-neutropenic patients, underlining that the presence of Aspergillus in
respiratory samples (in addition to another infectious agent) should not be
systematically considered to represent simple colonization (Garnacho-Montero et
al., 2005). In summary, a wide range of risk factors must be taken into account,
including continuous corticosteroid therapy (even at low doses), co-infections
and Aspergillus colonization of the respiratory tract.

Environmental factors may also increase the risk of infection with
Aspergillus and other filamentous moulds in low-risk patients. Such factors
include demolition and construction in the vicinity of the hospital, and
contamination or malfunction of the air-conditioning system near patient care
areas (Bouza et al., 2002).

It is also possible that hospital water supplies may be a potential source of
Aspergillus spp. (Anaissie et al., 2002). In fact, an invasive mycosis in an
otherwise low-risk patient should trigger an investigation into environmental
factors and the use of widespread prophylaxis until the problem is solved.
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On the other hand, in SOT, invasive mycoses are concentrated in specific
subpopulations of transplant recipients. A complicated postoperative course,
repeated bacterial infections, concomitant cytomegalovirus (CMV) infection, and
renal replacement therapy seem to significantly increase the risk for early (within
the first 3 months after transplantation) IA infections. Risk factors for late onset
fungal infections include advanced age, renal failure, and an increased
immunosuppressive state due to chronic rejection (Cahill et al., 1997; Gordon
and Avery, 2001; Gavalda et al, 2005; Singh and Paterson, 2005). Patients
receiving LT seem to be particularly susceptible to infection by Aspergillus spp.
Risk factors for Aspergillus infection include colonization prior or post
transplant, single LT, CMV infection, chronic rejection, and the type of
antifungal prophylaxis. Regarding Aspergillus colonization, it has been proven
that prior colonization does not imply the development of invasive pulmonary
aspergillosis (IPA). In fact, in our experience, patients suffering from CF
colonized by Aspergillus before transplantation do not have a higher incidence of
pulmonary or disseminated disease after LT. However, they are at increased risk
of anastomotic infections in the early post-transplantation period (Solé et al.,
2005). Nevertheless, Aspergillus colonization before LT has been associated with
a higher incidence of invasive infection. Studies report that 6% (range 3% to
20%) of patients with colonization before transplantation develop invasive
disease (Singh and Husain, 2003; Gavalda et al., 2005; Singh and Paterson,
2005).

It has been demonstrated that LT patients colonized with Aspergillus in the
first 6 months after transplantation were 11 times more likely to develop invasive
disease than were non-colonized patients (Cahill et al., 1997). CMV disease is
another risk factor for IA infection in LT recipients. In fact, a large number of the
LT with IA have concurrent CMV disease (Alexander and Tapson, 2001).

Additionally, some studies have shown a direct relation between the use of
some immunosuppressive drugs and invasive mycoses (cryptococcosis,
aspergillosis), mainly when they are used as antirejection (Silveira et al., 2007)
or post transplant lymphoproliferative disorder (PTLD) therapy (Martin et al.,
2006). In our series we have not found any association with immunosuppressive
therapy, neither with the use of high corticosteroid doses nor with the use of
tacrolimus, being chronic rejection the only significant association which we
have found (Solé et al., 2005).

Diagnosis

The diagnosis of invasive mycoses in immunosuppressed patients poses
significant clinical challenges. In fact, neither radiological findings (patchy
infiltrates or consolidation) nor respiratory samples have a high specificity.
Symptoms of invasive mycoses are non-specific, and initially about a 30% of
cases are asymptomatic. Besides, Aspergillus is cultured from sputum in only 8-
34%, and from bronchoalveolar lavage (BAL) fluid up to 62% of patients with
invasive disease. Moreover, post LT airway colonization arises up to 55% (false



100 Progress in Mycology

positive). In fact, data revisions about aspergillosis in lung transplant have
demonstrated the paucity sensibility of an airway culture positive for Aspergillus
in evidencing IA (Singh and Husain, 2003; Segal and Walsh, 2006).

Laboratory diagnosis

Microscope and Culture

The diagnosis of aspergillosis could be improved with the microscopic
observation of sputum, since septate mycelium with dichotomous branching is
usually seen in this clinical sample. Microscopic examination using a wet mount
or calcofluor white stain of BAL, biopsies or sinus washings is often rewarding
in patients with suspected invasive aspergillosis. However, the definitive
diagnosis of IA requires the isolation of the etiologic agent in culture, but since
Aspergillus spp. are commonly found in the air, their isolation in the upper
respiratory tract samples must be interpreted with caution. Aspergillus isolation
from sputum is more suggestive of IA if multiple colonies are recovered in a
plate or if the same fungus is recovered on several occasions. In contrast,
isolation of an Aspergillus from a BAL is often an indicative of infection but,
unfortunately, it is positive in less of 60% of cases (Nalesnik et al, 1980;
Delvenne et al., 1993; McWhinney et al., 1993).

Immunodiagnostic

Given that diagnosis of IA can be challenging, recent efforts have focused
on non-culture-based methods to establish a rapid diagnosis. Immunological
techniques have been described years ago for diagnosis of aspergillosis.
Procedures based on antibody detection have been successful in aspergilloma and
allergic aspergillosis, and those used for detection of fungal antigen have great
potential for the diagnosis of invasive aspergillosis.

Currently, detection of specific precipitating antibodies to Aspergillus spp.
are used for the diagnosis of ABPA, and the presence of one or more weak
precipitins bands is one of the diagnostic criteria accepted for diagnosis of this
entity (70-100% of patients with ABPA are positive for IgG-precipitating
antibodies against Aspergillus spp.) (Nelson et al, 1979). But antibody
production in the immunocompromised patient with IA is habitually difficult to
detect. Therefore, methods for diagnosing this infection that would rely on the
measurement of fungal cell components and thus be independent of the host’s
response have been required. During infection, Aspergillus galactomannan (GM),
a polysaccharide cell wall component, is actively released and could be detected
in serum; however, GM is quickly cleared by Kupffer’s cells and its levels in
serum are irregular. The detection of GM by sandwich-enzyme immunoassay
(EIA) has been approved by the U.S. Food and Drug Administration (FDA) for
use in HSCT recipients, but there is few data in SOT (Zaas and Alexander, 2005;
Pfeiffer et al., 2006). In a study of 70 lung transplant recipients, the sensitivity of
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serum GM for the diagnosis of IA was low (Husain et al., 2004). The test
detected only 30% of the cases of IA and none of the cases of tracheobronchitis
(cut-off value of 2 0.66). In a meta-analysis its sensitivity and specificity for SOT
was 0.41 (range 21-64) and 0.85 (range 80-89), respectively (Pfeiffer et al.,
2006). Thus, the test has demonstrated excellent specificity, but a low sensitivity
for the diagnosis of aspergillosis in this patient population.

Transplanted CF or COPD patients may transiently have a GM positive test
in the early post-transplant period. Given that, alternate specimens such as BAL
may prove to be advantageous in this population. The presence of GM in the.
BAL fluid is therefore likely to be a better diagnostic indicator for hyphal growth
than routine mycological culture. The unique study about the role of GM antigen
in BAL for the diagnosis of IA has been assessed recently in LT recipients
(Husain et al., 2007). At the index cut-off value of 20.5, the sensitivity was 60%;
specificity was 95%. Increasing the index cut-off value to 21.0 yielded a
sensitivity of 60%, a specificity of 98%. Hence, an index 21.0 in the BAL fluid
in a LT recipient with a compatible clinical illness may be considered as
suggestive of IA. However, patients with IA receiving antifungal prophylaxis
(voriconazole, itraconazole) could have false-negative results. False-positive GM
tests have also been reported in patients receiving piperacillin-tazobactam in
serum and BAL (Husain et al., 2007). The value of GM in BAL fluid in the
diagnosis of IPA among solid-organ transplant recipients has been recently
reported (Clancy et al., 2007). Sensitivity, specificity, and positive and negative
predictive values for BAL GM being tested at a cutoff of > 1.0 were 100%,
90.8%, 41.7%, and 100%, respectively. The sensitivity of BAL GM testing was
better than that of conventional tests such as serum GM or BAL cytology and
culture. Moreover, a positive BAL GM test diagnosed IPA several days to 4
weeks before other methods for three patients. Among LT recipients, 41.7%
accounted for false-positive results, reflecting frequent colonization of airways
among this population. Excluding lung transplants, the specificity and positive
predictive value for other solid-organ transplants increased to 92.9% and 62.5%,
respectively (cutoff > 1.0). Therefore, BAL GM testing facilitated more-rapid
diagnoses of IPA and the institution of antifungal therapy among non-lung solid-
organ transplant recipients, and helped to rule out IPA. However, multicenter
studies are needed to establish the diagnostic value of GM in IA in SOT
recipients.

Other non-culture based techniques

The cell wall of Aspergillus hyphae and other pathogenic fungi consist of
mannans and glucans. (1-3)-B-D-glucan is a cell wall polysaccharide found in
fungi, except zygomycetes and cryptococci, that may be a marker of invasive
fungal infection (IFT) with the most common pathogens such as Aspergillus and
Candida. Sensitivities reported in the literature of the (1->3)-B-D- glucan assay
(Glucatell®) are variable, and controlled clinical trials regarding its use in patients
at risk for IA in LT patients are unavailable. But there are some studies that
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include a few SOT (majority cancer and allogenic HSCT) which show (cut-off >
80 pg/ml) a sensitivity of 0.71 and specificity of 0.86 for invasive mycoses
diagnosis (Koo et al., 2006). Although a positive result does not indicate the
specific cause of IFI, this approach is encouraging and warrants more extensive
investigation in selected patient populations. Hence, detection of (1—3)-8-D-
glucan may be useful in diagnosis of IFI but it must be join to other identity
fungal tools.

Finally, the appearance of new molecular techniques lays a new way in the
diagnosis of the fungal infection: the nucleic acid detection. The use of
polymerase chain reaction (PCR) to detect invasive fungal pathogens has been
reported, but false positive results have limited its clinical use. The ubiquitous
nature of some fungi in patient samples and in the air has resulted in false-
positive results. Thus, further evaluation of this molecular assay is needed. A
recent meta-analysis to obtain an overview of the diagnostic accuracy of PCR
techniques (real-time PCR, PCR-ELISA and nested PCR) for the diagnosis of IA
has been performed in immunosuppressed patients (mostly with haematological
disorders). The analysis concluded that PCR had a sensitivity and specificity of
0.70 and 0.90, respectively. But, despite these good results, the paucity of
standardized methods decreases their use because of the difficulty to compare the
obtained results (Cruciani et al., 2006). The fundamental disadvantages of these
techniques are high cost, necessity of specialized personnel, lack of standardized
commercial tests, and lack of studies that demonstrate what type of sample and
procedure is indicated (Gadea et al., 2007). In summary, studies of the sensitivity
and specificity of PCR assays for IA in SOT patients are required to establish
their diagnostic value.

Radiology

With regard to radiology IPA may appear as single or multiple nodular
opacities, cavities, or alveolar consolidation (Fig. 4.1, 4.2, 4.3). In fact, plain
chest x-rays and computed tomography (CT) scan are insensitive and non
specific in lung transplant patients. The halo sign, considered a highly
characteristic radiographic early feature in neutropenic patients, is infrequently
encountered and considerably less specific in SOT populations (Vilchez et al.,
2002; Brodoefel et al., 2006; Greene et al., 2007). Recently, in a retrospective
analysis of a large cohort of SOT patients (Copp et al, 2006) it has been
demonstrated that several radiological findings and patient characteristics are
independently associated with a specific etiology of pulmonary nodules (PNs).
Therefore, radiological feature of consolidation was strongly associated with
infectious etiology regardless of the organ transplanted, and that Epstein-Barr
virus (EBV) seronegativity and LT (compared with other organ transplant type)
were strongly associated with PTLD. In addition, PNs found early in the post-
transplant period (less than 90 days) were much more likely to be due to
Aspergillus than those that were diagnosed after 90 days. Besides, radiographic
features (nodule characteristics or size, distribution) were poorly correlated with
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the ultimate PNs etiology. These findings have the potential for assisting in the
selection of empiric therapy in the SOT recipient with PNs, at least until the
results of definitive diagnostic studies become available.

Fig. 4.1: Pattern of alveolar consolidation due to invasive pulmonary aspergillosis. Thoracic
CT-scan.

Fig. 4.2: Pattern of nodular cavities due to invasive pulmonary aspergillosis. Thoracic CT-
scan.
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Fig. 4.3: Pattern of “air crescent” due to invasive pulmonary aspergillosis (right side).
Thoracic high resolution computed tomography scan (HRCT-scan).

Other method as positron-emission tomography with 18-fluoro-2-
deoxyglucose (‘|FDG PET) for the diagnosis of invasive mycoses has been
investigated recently in immunocompromised patients with proven IFI. BFDG
PET revealed an increased uptake which corresponded to infected areas
visualized by conventional radiographic tools, and it even disclosed small lesions
unapparent on the CT scan. This study concluded that '"*FDG PET is useful for
the diagnosis and staging of IFL; but whether or not '*FDG PET might be useful
for assessing duration of IFI therapy should now be assessed on a larger scale
basis (Hot et al., 2006).

Aspergillus spp. infection in LT recipients

Aspergillus infections remain among the most significant opportunistic
infections after LT. 4. fumigatus, the most pathogenic species, produces the
majority of infections; however, 4. flavus, terreus and niger, have been
increasingly reported in IFI. Data from the compilation and synthesis of existing
studies give a variable incidence of Aspergillus infection of 6% in the published
series (ranged from 2.2% to 30%). These wide ranges translate the differences in
definition criteria for Aspergillus infections, immunosuppressive therapy and
antifungal prophylaxis existing in each LT programme. It is known that infection
by Aspergillus may manifest in LT recipients in three different forms: (i)
colonization, (ii) tracheobronchitis/anastomotic infections, or (iii) invasive
pulmonary/disseminated aspergillosis (Nicod et al., 2001). Although cases of
ABPA have been reported, this is a rare entity that only occurs in transplant
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patients with CF (Helmi et al., 2003). To avoid confusion about Aspergillus
infection, the following definitions are used in this review:

1. Aspergillus airway colonization: patients with Aspergillus cultured from
the airway specimens in the absence of IA or tracheobronchitis.

2. Tracheobronchial aspergillosis or anastomotic infections: isolation of
Aspergillus in culture with histopathological evidence of tissue invasion or
necrosis, ulceration or pseudomembranes on bronchoscopy.

3. Invasive pulmonary aspergillosis: IFI of the lung caused by Aspergillus
spp., with clinical, radiological and or histological findings of pulmonary tissue
invasion by Aspergillus, together with isolation of the fungus from respiratory
samples. IPA is considered to be disseminated when the infection is documented
histopathologically at two or more non-contiguous organ sites.

Aspergillus colonization usually occurs in up to 30% of patients during the
first six months after transplantation and it is considered a risk factor to develop
IPA. In a single-center study the isolation of Aspergillus spp. from respiratory
samples was reported to precede acute rejection, and could be an early marker of
graft dysfunction or airway inflammation (Solé et al., 2005).

Regarding airways lesions, three different patterns of Aspergillus
tracheobronchitis have been described: (i) Obstructive bronchial aspergillosis, a
condition in which thick mucous plugs filled with Aspergillus are found in the
airways, with little mucosal inflammation or invasion; (ii) Ulcerative
tracheobronchitis, in which there is focal fungal invasion of the tracheobronchial
mucosa and/or cartilage; (iii) and finally pseudomembranous tracheobronchitis,
which is characterized by extensive inflammation and invasion of the
tracheobronchial tree with a pseudomembrane composed of necrotic debris and
Aspergillus hyphae overlying the mucosa. In LT patients, Aspergillus has a
propensity for invading bronchial anastomoses, which leads to endobronchial
complications such as excessive granulation, bronchial stenosis, dehiscence,
necrosis and bronchoarterial fistula in up to 18% of LT patients (Fig. 4.1).
Affected patients tend to present prominent dyspnoea, cough, and wheezing; they
occasionally expectorate intraluminal mucous plugs. The chest radiograph may
be normal or reveal areas of atelectasis. Isolated tracheobronchitis and bronchial
anastomotic infections are different entities than Aspergillus pneumonia. In one
study, although the early mortality of patients with bronchial anastomotic
Aspergillus infections did not differ significantly from patients without these
infections, their long-term survival was reduced (Hadjiliadis et al., 2000). In our
experience, anastomotic infection was associated with a significant reduction of
survival rate in single LT (4/5 cases, 80%). In fact, close monitoring and pre-
emptive antifungal therapy is recommended for patients with bronchial airway
mechanical abnormalities and persistent Aspergillus colonization, because of
their progression to invasive pulmonary forms.

Pulmonary involvement is the most common presentation of IA in LT
patients. The major manifestation is fever. Fever is unresponsive to broad
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spectrum antibiotics and often is also unresponsive to amphotericin B, which is
empirically prescribed when patients remain persistently febrile. Chest pain,
cough, and haemoptysis may also appear. The combination of pleuritic chest
pain, dyspnoea, and haemoptysis may suggest the presence of vascular invasion
due to fungal infection. However, this typical presentation is not frequent in non-
neutropenic patients. The chest X-ray may be normal or reveal nodular lesions,
patchy infiltrates, or cavitary lesions. CT imaging may be particularly useful in
the course of IPA, when chest X-ray results are normal.

Fig. 4.4: Endobronchial bronchoscope view. Anastomotic bronchial infection due to
Aspergillus fumigatus.

The incidence of IPA forms in LT is around 5 to 10%, and although it
depends on several factors, in general they appear in severely immunosuppressed
patients. Infection may disseminate beyond the respiratory tract in patients who
are seriously immunocompromised (Fig. 4.5). Common clinical manifestations
include fever, signs of sepsis, and infection of any organ. However, these
recipients may not manifest fever despite the invasive infection. Infection of any
organ can virtually occur, but most commonly, kidney, liver, spleen, and central
nervous system are involved. Pathology and clinical manifestations in these areas
also reflect the vascular tropism of the fungus. Skin lesions are less common.

Time of onset differs for various types of Aspergillus infections. IPA or
disseminated aspergillosis occurred significantly later than tracheobronchitis.
Usually, of the AI occurring within 3 months of transplantation, 75% are
tracheobronchitis or bronchial anastomotic infections, 18% are invasive
pulmonary infections and 7% are disseminated invasive infections (Singh and
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Husain, 2003). Historically, the vast majority of Al in LT occurred within 90
days of transplantation (Mehrad et al., 2001). In a previous report (Singh and
Husain, 2003), AI occurred in 72% of cases within 6 months of LT, and only
12% were documented after 12 months of transplantation. Nowadays,
characteristics of transplant recipients developing IA and immunosuppressive
regimens are continuing to evolve. Thus, nearly one-half of the Al in transplant
recipients in the current era are late-occurring (Singh et al., 2006b; San Juan et
al., 2007). In fact, in our experience invasive forms were late onset (16/19) and
the main risk factor was chronic rejection (Solé et al., 2005). These data have
relevant implications for prophylactic strategies and guiding clinical management
of transplant recipients which presented pulmonary infiltrates. In our large
single-centre cohort of LT, the time of onset was strongly related to the clinical
form of aspergillosis. All tracheobronchitis or bronchial anastomotic infections
occurred within 3 months of transplantation. In contrast, invasive or disseminated
aspergillosis was significantly later (33.7 £ 19.6 months post-transplantation). All
the early invasive pulmonary forms (25%) were simultaneous with
tracheobronchial Aspergillus infection.

A: Pelvic aspergillosis B: Cerebral aspergillosis

Fig. 4.5: Disseminated aspergillosis. A: Pelvic infection at hip joint (pelvic magnetic
resonance imaging). B: Cerebral abscess (cerebral magnetic resonance imaging)

With respect to mortality, IA accounts for 9% of deaths in LT recipients
(Husain et al., 2006a). Overall mortality in LT recipients with Al is between 52%
- 80% and varied significantly with the site of infection. While mortality rate is
around 23% for patients with tracheobronchial or bronchial anastomotic
infections, it is up to 82% for patients with IPA. Patients with late onset Al had
significantly higher mortality than those with early onset infections. However,
when only patients with IA were analyzed, the mortality rate did not differ for
those with late versus early-onset AI (Singh and Husain, 2003). In a large series
in LT, Al was associated with a reduction in the 5-year survival rate, especially
in single LT recipients with bronchial anastomotic infection, and in those with
late onset infections and chronic rejection.
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With regard to the treatment, voriconazole, an extended spectrum highly
lipophilic triazole, is actually the first choice for initial therapy of IA in LT
patients and other immunosuppressed hosts. Other potentially effective therapies
include lipid formulation of AmB and echinocandins. Combination therapy using
a triazole and an echinocandin has been evaluated in SOT with a significant
reduction in mortality in those patients with renal failure and infected by A.
Sfumigatus (Singh et al., 2006a).

Aspergillosis and Immune Reconstitution Inflammatory Syndrome

All too often in the treatment of fungal infections, therapeutic failure is
identified as our inability to kill the invading yeasts or moulds. Our therapeutic
focus has been to provide as rapid and as effective as possible an immune
reconstitution in immunosuppressed patients with refractory fungal infections.
However, although host immunity is crucial in the eradication of infection,
immunological recovery can also be detrimental and may contribute to worsen
the disease (Singh and Perfect, 2007). For instance, soon after the advent of
potent antiretroviral therapy, successful immune restoration in HIV-infected
patients became associated with an exuberant inflammatory response and
worsening clinical manifestations of opportunistic infections. This entity, known
as immune reconstitution inflammatory syndrome (IRIS), is also seen in other
immunocompromised hosts, and even in immunocompetent individuals (Cheng
et al., 2001). IRIS is best characterised as a collection of localised and systemic
inflammatory reactions of varying degrees that have both beneficial and noxious
features during an invasive mycosis.

However, the concept of IRIS and its precise diagnosis in the context of
opportunistic mycoses remains poorly characterised for health-care providers.
Occurrence of IRIS is almost always construed as failure of therapy or a relapse
caused by inability to eliminate the fungus, often leading to unwarranted or
inappropriate changes in specific antifungal treatment (Jenny-Avital and Abadi,
2002). Accordingly, its management is driven by sophisticated image studies and
non-specific clinical signs and symptoms of inflaimmation rather than precise
gauging of immunological recovery. Development of IRIS also contributes to
increased health-care costs and resource use.

IRIS has been observed in 5% of the solid-organ transplant recipients, a
median of 5.5 weeks after the start of antifungal therapy. Transplant recipients
with IRIS are more likely to have received a potent immunosuppressive regimen
than those without IRIS. After reduction of immunosuppressive therapy, a
relative increase in Thl response may occur in patients receiving more potent
immunosuppression and therefore a higher risk for the occurrence of IRIS. IRIS
illustrates the complex host—parasite interactions in the evolution of opportunistic
mycoses. IRIS in fungal infections has existed for years. However, the use in
current medical practice of potent immunomodulators with their ability to rapidly
alter immunological status has heightened its relevance.
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Cytokine-secreting effector T cells play a major part in mediating immune
responses to self and foreign antigens. Th1 cells, characterised by the production
of interferon-Y, elicit proinflammatory responses. Th2 cells produce
antiinflammatory and immunosuppressive cytokines (eg., interleukin 10). The
cells that secrete transforming growth factor B are termed Th3 cells. These, in
concert with Th2 cells, inhibit the development and function of Thl cells. A
normally functioning immune system is the result of fine balance between Thl
and Th2 or Th3 cells. An imbalance characterised by an inadequate or excessive
expression of either response can be detrimental to the infected host. Thl
cytokines are also the primary mediators of allograft rejection and are the main
targets of immunosuppressive agents in transplant recipients. Corticosteroids,
although less potent inhibitors of Thl than calcineurin inhibitors, are also
associated with a decrease in inflammatory responses. Thus, iatrogenic immuno-
suppression in transplant recipients is associated with a dominant anti-
inflammatory response. Reduction or withdrawal of these potent immunosup-
pressive agents can rapidly lead to a shift towards a proinflammatory phenotype,
particularly if an invading pathogen is established in host tissue during immune
suppression. :

In “the world of mycoses”, although IRIS has been reported in HIV patients
with Histoplasma capsulatum (Breton et al., 2006), Pneumocystis jiroveci (Koval
et al., 2002), and Aspergillus infections (Sambatakou and Denning, 2005), the
syndrome is best characterised, in context of C. neoformans infection (Broom et
al., 2006). An IRIS-like illness associated with Cryptococcus neoformans
infection in SOT recipients has been best characterized and recently described by
Singh et al. (2005). The proposed basis of this phenomenon is reversal of a
predominantly Th2 response at the onset of infection to a Thl proinflammatory
response as result of a reduction or cessation of immuno-suppressive therapy.
This study demonstrated that an IRIS-like entity occurs in organ transplant
recipients with C. neoformans infection. In the future, it is possible that an IRIS-
like process can be described in more high frequency in SOT patients with other
IF1, as aspergillosis.

The optimum management of IRIS is dependent on the awareness of its
existence by health-care providers. Recognition that IRIS is a manifestation of a
poorly controlled inflammatory response rather than direct treatment failure of
antifungal agents to eradicate or kill the fungus- is crucial for avoiding
unnecessary modifications in therapy. Currently, there are no readily available
markers that can reliably establish the diagnosis of IRIS. Rationale strategies can
also be applied to the management of immunosuppression in transplant recipients
with these infections. Withdrawal of immunosuppression in transplant recipients
with opportunistic infections is a common practice and is intuitively logical.
However, concurrent withdrawal of immunosuppression and initiation of
antifungal therapy has been shown to predispose not only to IRIS, but also to
allograft loss (Singh et al., 2005). Thus, it is plausible that spacing or separating
the reduction in post-transplant immunosuppression and initiation of antifungal
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therapy is a more prudent approach to the management of transplant recipients
with cryptococcosis or aspergillosis. There is no proven therapy for IRIS.
However, empirical treatment of symptomatic IRIS in case reports or case series
has been attempted using anti-inflammatory agents (Cheng et al., 2000; Garcia et
al., 2005).

On the basis of preliminary data and until definitive studies are done, the use
of tapering doses of corticosteroids over 6-8 weeks is a reasonable option. The
role for immunomodulatory therapies targeted towards neutralization of
suppressive cytokines, enhancement of Thl responses with interferon-y, and
transfer of adoptive cellular immunotherapy has also been supported (Pappas et
al., 2004).

In summary, IRIS exists and we must take it into account. Characterization
of clinical variables predisposing to IFI-associated IRIS, and identification of
diagnostic markers merit future studies. The treatment of IRIS remains empirical,
with little precision for agent, dose, or duration. Immunomodulatory therapies are
potentially promising and necessary as adjuncts in the management of fungal inf-
ections, but a balance in the modulation of the immune response will be essential.

Aspergillus and Chronic Obstructive Pulmonary Disease

Aspergillus spp. cultured in specimens from the airways of COPD patients is
frequently considered as a contaminant. However, growing evidence suggests
that severe COPD patients are at higher risk of developing IPA, although IPA
incidence in this population is poorly documented. Some data report that COPD
is the underlying disease in 1% of patients with IPA. There are some topics still
answered in COPD, as in LT receptors, so future research is needed to better
identify Aspergillus infection in COPD patients as: Incidence of IPA versus
Aspergillus colonization in COPD population, role of steroids in predisposing to
IPA, diagnosis, treatment, and possible prevention.

An early diagnosis therefore seems crucial to improve outcome. In fact, IPA
should be considered in COPD, in particular in severe (Global Initiative for
Chronic Obstructive Lung Disease (GOLD) stage IV) steroid-dependent patients
with antibiotic-resistant pneumonia and exacerbated dyspnoea with or without
Aspergillus airway colonization. The term tracheobronchitis is used when
Aspergillus organisms invade the tracheobronchial tree. This has several degrees
and ranges: from only inflammation of the mucosa without invasion and with
secretions containing Aspergillus spp., to more invasive bronchial aspergillosis,
such as pseudomembranous tracheobronchial aspergillosis and ulcerative
tracheobronchial aspergillosis (Hope et al., 2005).

Epidemiology

Assessing the incidence of IPA in this population is not easy due to the lack
of a consistent case definition and the absence of infection surveillance measures.
Moreover, colonization by Aspergillus spp. is often difficult to distinguish from
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IPA, particularly at an early stage. However, there is growing evidence to suggest
that COPD patients are at risk of IPA (Rodrigues et al., 1992; Patterson et al.,
2000). Steroids are believed to play a role in the emergence of IA, and some
authors have investigated the correlation between the daily dose of
corticosteroids and the probability of developing IA. Although precise dosages or
durations of corticotherapy cannot be extrapolated from the literature, data
support the fact that COPD patients are at risk for [IPA when they have received
high doses of corticosteroids or when steroids have been administered for a long
time (Muquim et al., 2005). Recently, some reports have suggested that high
doses of inhaled corticosteroids may also be a risk factor for IPA (Barouky et al.,
2003). Moreover, viral infection, such as influenza or cytomegalovirus may
precede IPA, suggesting a role in causation (Rello et al., 1998; Bulpa et al.,
2001; Ader et al., 2005).

Clinical features of IPA in COPD

The main clinical sign in COPD patients with IPA is a non-specific
antibiotic-resistant pneumonia associated with exacerbated dyspnoea. A
significant bronchospastic component is documented in 79% of patients. As
described in the literature (Bulpa et al., 2007), fever is present in only 38.5% of
patients. Chest pain and haemoptysis were rarely described in COPD patients.
Therefore, in severe steroid-dependent COPD patients, the presence of a
dyspnoea exacerbation and poor clinical status, despite the use of broad-spectrum
antibiotics and high doses of steroids, is highly suggestive of IPA, especially
when a recent pulmonary infiltrate appears on chest radiograph and/or when
Aspergillus species is retrieved in the sputum. In the case of a high-probability,
but not confirmed, IPA, a diagnostic procedure must be performed to confirm the
presence of the disease, and treatment should be strongly considered.

Diagnostic procedures

Respiratory samples

Although COPD patients may be colonised with Aspergillus spp, its
presence in the sputum must not be trivialised, especially in cases of antibiotic-
resistant pneumonia. Direct examination of the sputum for Aspergillus spp. can
be rapidly performed, but its positivity reaches 48% in the case of IPA (Kahn et
al., 1986; Segal and Walsh, 2006). It remains unclear why some patients are only
colonised by Aspergillus while others develop IPA without positive sputum.
Colonization may correspond to a temporary passage of Aspergillus in the
tracheobronchial tree, a long-term benign carriage, or the sign preceding invasive
disease (as the incubation period before IPA is unknown). In contrast, the
absence of positive sputum culture during IPA may be due to the low sensitivity
of the diagnostic method, to the presence of only few Aspergillus and mostly in
their non germinated form in the lesions, or to the tendency of Aspergillus to
invade the vessels and to induce lung infarction (Latge, 1999). When no sputum
is available, material for culture should be obtained by bronchoscope
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(endotracheal aspirate, BAL, or bronchial washings or brushings). The yield of
cultures has ranged 46—77% (Segal and Walsh, 2006). BAL-positive microscopy
for Aspergillus is highly suspicious of active disease, although it is unable to
definitively differentiate between colonization and infection. While definitive
confirmation of infection requires biopsy, immediate initiation of antifungals
should be considered. Unfortunately, despite its usefulness, performance of
flexible bronchoscopy in COPD patients is sometimes difficult due to their poor
lung status and function. Moreover, due to its poor yield, transbronchial lung
biopsies must be performed only when the infection does not respond to adequate
antifungal therapy.

Serology

The current GM antigen test (ELISA test, Platelia Aspergillus; Sanofi
Diagnostics Pasteur, Marnes-La-Coquette, France) has been demonstrated to be
useful in haematological malignancies, in which it demonstrated a benefit as the
diagnosis could be achieved before the appearance of clinical signs. However,
there are only few reports in COPD. Recently, antigenaemia was tested in
critically ill COPD patients with suspected IPA. Its sensitivity was 48%. In view
of these scarce results no firm conclusions could be drawn (Meersseman et al.,
2004). Besides, the Platelia® test has several limitations related to false-positive
results. In fact, false positives have been reported in patients receiving
piperacillin/tazobactam or amoxicillin/clavulanate (Viscoli et al., 2004) and
cross-reactions with other fungi. Finally, it is unknown whether the results
observed in haematological malignancies could be extrapolated to patients with
other underlying diseases, such as COPD. In addition to serological tests, other
blood analyses are under development, including PCR tests and dosage of plasma
concentration of the b-D-glucan, but there are no results in COPD patients.

Radiology

Chest radiographs may be normal in the early stages of IPA. When present,
multiple radiological signs have been described as being associated with IPA,
such as consolidation nodules, the ‘‘halo sign’’, and the ‘‘air-crescent sign’’. The
latter two signs are almost pathognomonic of IPA in neutropenic haematological
patients. Although these signs are well described during neutropenia, it seems
they are less frequently observed in COPD and solid organ-transplant patients
(White, 2005; Segal and Walsh, 2006), where nonspecific consolidations are
more frequently seen than the specific features mentioned.

Lung biopsy

Only histology can confirm IPA, and although transbronchial lung biopsies
can provide lung tissue, the best way to obtain a good lung sample is through an
open lung biopsy (by either classical thoracotomy or thoracoscopy).
Nevertheless, in the COPD population, surgery is often precluded due to the poor
lung function. In addition to its use as a diagnostic tool, lung resection may be
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also therapeutic (Caillot et al., 2001). Lung tissue can also be obtained by
percutaneous needle biopsy, with a yield in the range of 50%; thus, negative
results do not exclude the diagnosis. Lung biopsy should be performed when
there is a doubt in the diagnosis of probable IPA.

Therapy

Currently, voriconazole is the first therapy line. It is also possible to think
about combination therapy in severe cases to look for increasing fungicidal
activity. However, further clinical studies with combined therapy are needed
before the concept can be validated (see treatment section).

Prognosis

Despite treatment, the IPA mortality rate remains high (Lin ef al., 2001). In
patients with chronic obstructive pulmonary disease, a favourable response (both
complete and partial) to treatment has been reported in 56% of patients with
pulmonary diseases (Patterson et al., 2000). However, in COPD mortality
occurred in 77%, and intensive care unit admission did not seem to modify this
poor prognosis. The delay between symptoms and diagnosis may, at least parti-
ally, explain this very high mortality (Patterson et al., 2000; Lin et al., 2001).

Although Aspergillus colonization is frequent in COPD patients, IPA can
occur and prompt diagnosis is important to provide the maximum chance of
successful treatment. The first clinical signs are often protracted bronchospam
and/or antibiotic-resistant-lower respiratory tract infection. In this context, the
presence of Aspergillus spp. in the sputum must be regarded as the first clue of
infection. As the chest radiograph may be normal early on in the course of the
disease, a prompt CT scan is required to visualize mild alterations of the lung
parenchyma. When possible, bronchoscopy is required to demonstrate mucosal
modifications and allow biopsies, as well as BAL. There are insufficient data to
support the use of serological tests. If the patient’s status is severe, prompt
therapy should be implemented to give the patient optimal chance of cure and,
thereafter, diagnostic procedures must be conducted to confirm the clinical
suspicion of IPA. Although amphotericin B deoxycholate (AmB-d) has been
most extensively studied, the results of more recent studies suggest that
voriconazole should be the first therapy choice. Patients receiving chronic steroid
therapy should be provided with information on how to prevent contact with
environmental sources of Aspergillus spp. Clearly, more work needs to be carried
out in order to better identify Aspergillus infection in COPD patients, and to
decrease mortality from this devastating disease.

Aspergillus in asthma and cystic fibrosis — Allergic Bronchopulmonary
Aspergillosis

ABPA is a disease resulting from a hypersensitivity response to A.
Sfumigatus. Although A. fumigatus is the primary causative pathogen in ABPA,
the disease can be caused by several other members of the Aspergillus spp,
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including 4. flavus, A. nidulans, A. niger, as well as other fungi (Nelson et al.,
1979; Mastella et al., 2000; Stevens et al., 2003). Patients with asthma and CF
are predisposed to developing ABPA, with an estimated prevalence of 1 and 6-
8% respectively (Stevens et al, 2003). The pathogenesis of the disease is
unknown, although it is postulated that 4. fumigatus spores are inhaled, trapped
in the mucus of the large segmental bronchi, and subsequently germinate to form
hyphae, which release antigens to elicit an immune response. The hypersens-
itivity reaction is characterized by the production of immunoglobulin IgG and
IgE antibodies specific for A. fumigatus, as well as a rise in total IgE. ABPA is
defined through 7 primary diagnostic criteria: episodic bronchial obstruction
(asthma), peripheral eosinophilia, immediate scratch test reactivity to Aspergillus
antigen, precipitating antibodies to Aspergillus antigen, elevated serum IgE
concentrations, history of pulmonary infiltrates (transient or fixed), and central
bronchiectasis. Secondary diagnostic criteria include repeated detection of
Aspergillus species in sputum samples using stain and/or culture, a history of
expectoration of brown plugs or flecks, elevated specific IgE concentration
directed against Aspergillus antigen, and Arthus reaction (late skin reactivity) to
Aspergillus antigen. Validated criteria for the diagnosis of ABPA have been
established in patients with asthma, but not yet in CF. In CF, diagnosis relies
principally on immunological evidence (in particular a positive, immediate skin
reactivity to A. fumigatus and on the in vitro demonstration of specific serum
IgE, IgG and precipitating antibodies). The recommended combination of
immunological evidence and clinical manifestations is important. Positive
immune parameters and elevated total serum IgE levels in a CF patient
experiencing increased cough or wheezing, pulmonary infiltrates, or a decrease in
pulmonary function that are unresponsive to aggressive therapy (increased
antibiotics and bronchodilators) may suggest a diagnosis of ABPA. However,
sensitization to A. fumigatus is very common in these patients. In fact, in a study
of 51 adult CF patients, the immune response to A. fumigatus was present in 66%
of patients, but only one patient was considered to have ABPA (Geller et al.,
1999). Therefore, 4. fumigatus sensitization, in the absence of clinical features of
ABPA, does not suggest an ABPA diagnosis. One of the most relevant problems
is the contribution of ABPA to disease progression in CF. This is a poorly
documented and little understood issue for which no epidemiological studies
have been performed to date. In spite of this, ABPA is considered to be a serious
complication in patients with CF. ABPA is associated with higher rates of
microbial colonization, pneumothorax, massive haemoptysis, higher IgG serum
levels and poorer nutritional status. However, pulmonary lung function decline is
not substantially different in ABPA patients compared with non-ABPA patients
for any subgroups based on age or disease severity (Mastella et al., 2000).

Treatment

The corticosteroids and antifungal drugs as itraconazole are recommended
(see treatment).
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In conclusion, ABPA is a pulmonary hypersensitivity disease mediated by
an allergic response to A. fumigatus. ABPA occurs in up to 8% of CF patients
and 1% in asthma. Despite the gold-standard Nelson criteria, diagnosis of ABPA
in CF patients remains difficult (Nelson et al., 1979). The wide variation in
diagnostic practices between clinics, different estimates of prevalence and a
delay in recognition lead to under treatment. The main reason for the difficulties
in diagnosis of ABPA and exacerbations in CF patients is the overlap of
diagnostic criteria for ABPA with common manifestations of CF. Pulmonary
infiltrates, obstructive lung disease and bronchiectasis occur regularly in CF
patients, due to the bacterial chronic infection and thus these findings are not
specific to ABPA. Furthermore, lung colonization with 4. fumigatus occurs in
20-25% of CF patients. Therefore, as stated in the most recent consensus
document on diagnosis and therapy of ABPA in CF patients, serological findings
should contribute strongly to the confirmation or exclusion of clinically
suspected ABPA. Treatment of APBA should consist of a combination of
corticosteroids and itraconazole (A-I) (Walsh et al., 2008).

Prophylaxis aspergillosis (in LT patients)

Nowadays, there is not a universal approach about antifungal prophylaxis in
patients with respiratory diseases at high risk of aspergillosis, only in LT
recipients. Several prophylactic strategies with antifungal drugs have been
reported to result in a decreased incidence and mortality of fungal disease in LT
recipients (Covarrubias and Milstone, 2005; Husain et al., 2006b; Magill and
Dropulic, 2006). However, data are limited, and there is a considerable variation
in antifungal prophylaxis practices among LT centres throughout the world. The
majority of LT programmes are using universal antifungal prophylaxis in the
postoperative period; about 30% use a pre-emptive approach for patients with
pre- and/or post-transplant fungal airway colonization. It is clear that there is a
considerable uncertainty to which approach (prophylaxis or pre-emptive therapy)
is most appropriate, which agent is the best, and what duration of prophylaxis or
pre-emptive therapy is needed. Antifungal prophylaxis in LT recipients should be
taken into account, as well as the incidence of colonization, anastomoses healing,
chronic rejection, and the time of LT, thus providing a rationale for the duration
of therapy.

To prevent IPA, multiple strategies and antifungal drugs have been utilized,
such as oral itraconazole, voriconazole or aerosolized AmB used alone or in
combination. Aerosolized medication regimens are an attractive option, as drug
interactions and systemic toxicities are likely to be limited (Drew, 2006). Several
centers have reported on the safety of aerosolized AmBd with a variety of dosing
regimens (Reichenspurner et al., 1997; Calvo et al., 1999; Monforte et al., 2003),
and others with aerosolized amphotericin B lipid formulations ( Palmer e al.,
2001; Drew et al., 2004; Monforte et al., 2005; Lowry et al., 2007). Our
institution has used aerosolized AmBd as part of the post-LT protocol since 1994
(Calvo et al, 1999). For the past three years we have also been using
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amphotericin B lipid complex (ABLC), with the same respiratory tolerability and
safety that aerosolized AmBd, but ABLC use is more comfortable for long
periods of time (50 mg inhaled/weekly), and patients have better adherence to
treatment. Regarding oral prophylaxis, a recently study (Husain et al., 2006a) has
been published. This study examined the efficacy and toxicity of a strategy of
universal de novo antifungal prophylaxis with voriconazole compared to targeted
antifungal prophylaxis. The main finding of this study was that the overall rate of
aspergillosis at 1 year decreased to 1.5% with universal voriconazole prophylaxis
as compared to 23.5% with a targeted prophylaxis strategy. Interestingly, the rate
of Candida colonization, particularly non-albicans species, in the voriconazole
group was significantly higher (Husain et al, 2006a). In the voriconazole
prophylaxis cohort, 27% of the LT recipients had normal liver enzymes
throughout the course of the study. The main handicap of this azole therapy is the
strong interaction with immunosuppressors that forces to monitoring calcineurin
inhibitors in order to avoid toxicity or rejection. Other interesting finding was
that universal voriconazole prophylaxis did not increase the rate of non-
Aspergillus fungal infections (specially, zygomycosis).

Newer azoles (voriconazole, posaconazole) with predictable bioavailability
should be preferred over the azole (itraconazole) with erratic bioavailability.
Available echinocandins (caspofungin, micafungin, anidulafungin) may have an
important role in antifungal prophylaxis because of their antifungal profile,
pharmacokinetics and security; however, they are expensive and need
intravenous administration. Lipid preparations of AmB appear to be ideal for
inhalational administration; however, there are not rigorous pharmacokinetic
studies in LT recipients to determine the appropriate dose and schedule of their
administration. Monforte and colleagues have demonstrated that aerosolized
AmBd and lipid preparations of AmB are safe and achieve high concentrations in
BAL fluid for the first 24 hours and 14 days, respectively, following nebulization
(Monforte et al., 2003, 2005). These lipid formulations let a delayed adminis-
tration (every 7-14 days), which is rebounded in a better accomplish by patient.
Although the incidence of IFI seems to be reduced with aerosolized AmB
prophylaxis, the efficacy of this approach has not been determined in a large
prospective clinical trial. Furthermore, without detectable levels of AmB in the
circulation, extrapulmonary fungal infections may not be prevented by this
strategy. Besides, it is important to take into consideration the type of delivery
systems used for inhaled drugs (Corcoran et al., 2006; Hagerman e al., 2006). In
addition, contamination of the nebulization systems used in the prophylaxis with
AmB nebulized in LT has been described (Monforte et al., 2005).

Another question is how long should be prophylaxis maintained? The
majority of centers agree to apply universal prophylaxis during first period post
transplant (3 months) after this time, each center use a tailored prophylaxis.
Besides, it is recommended to use nebulized antifungal prophylaxis and/or
preemptive therapy with antifungal agents (voriconazole) in patients with chronic
rejection and respiratory samples positive for Aspergillus, even without clinical
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or radiological signs, mainly in single LT patients due to the high risk of IA. This
preemptive treatment should last for at least 6 months, the time period over
which colonization has been shown to precede disseminated infection, and in
some cases for life.

Treatment

It is recommended to start antifungal therapy promptly in a patient who
shows clinical signs and symptoms compatible with IA. Considering the
association between early onset of systemic antifungal treatment and improved
clinical outcome in many patients, the diagnosis of IA will never be proven
because treatment has led to complete or partial regression of these findings, or
because the patient dies and autopsy is refused. Although prospective studies
have never been conducted on the optimal time to start systemic antifungal
therapy after the appearance of the first clinical signs and symptoms, it is
generally accepted that early onset of treatment with systemic antifungal agents
results in significantly higher survival rates (von Eiff et al., 1995; Stevens et al.,
2000a; Bohme et al., 2003). The mainstay of treatment is drug therapy
supplemented, when indicated or feasible, by reversal of underlying immuno-
suppression, surgery and, rarely, immune modulation. The drugs currently avai-
lable that are effective against Aspergillus species are amphotericin B (including
liposomal forms), itraconazole, voriconazole, posaconazole, caspofungin,
anidulafungin and micafungin. Pharmacological considerations may be important
for the clinical choice of an antifungal agent for treatment of IA. In vitro
susceptibility testing may not be reliable to predict clinical response in patients
with IA, because for many antifungal drugs, a standardised susceptibility testing
system for Aspergillus spp. has not yet been established. However, 4spergillus
may occasionally be resistant to some of these drugs; for example, A. terreus has
a high incidence of resistance to AmB, and A4. lentulus has a wide and extensive
panresistance to AmB, voriconazole and caspofungin. More recently multiple
triazole resistant A. fumigatus isolates have been described (Mellado et al., 2007,
Verweij et al., 2007). In most cases, however, failure of these drugs is caused not
by drug resistance but by the immune status of the patient. Length of therapy has
not been established and it is not well standardized, but mariy courses continue
for 10 to 12 weeks or several weeks after clinical and radiographic resolution.

This expanded antifungal armamentarium offers the clinician a number of
new therapeutic choices but also raises questions about where each new agent fits
clinically. Clinicians must understand the advantages and limitations of each
drug and drug class in order to optimally utilize these agents to manage patients’
invasive mycoses. Excellent, comprehensive reviews of the pharmacology,
microbiology, and mechanisms of action of these agents have been published
elsewhere (Ashley et al., 2006; Catalan and Montejo, 2006; Pachon ef al., 2006;
Petrikkos and Skiada, 2007). Furthermore, recently the new guidelines of the
Infectious Diseases Society of America (IDSA) for treatment of aspergillosis
have been published (Walsh ez al., 2008) and replace the practice guidelines for
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Aspergillus published in 2000 (Stevens et al., 2000a). This new document
summarizes the current evidence for treatment of different forms of aspergillosis.
We will refer to the latter in the following paragraphs. Finally, outcome of the IFI
is associated with immune reconstitution and neutrophil recovery in case of
neutropenia associated to transplantation. This section presents (Table 4.1) recent
clinical evidence on the efficacy and limitations of these new agents, and
includes our personal opinions.

Table 4.1. Antifungal agents against Aspergillus infections and other
opportunistic and systemic mycoses

Agent Class Spectrum and Mechanism Advantages Limitations Preferential  Cost
Clinical of action toxicity and
Indications adverse
reactions
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Azole Serious fungal Viainhibi- invasive asper- toxicities; azole
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AmBd has been the gold standard antifungal therapy for opportunistic
mycoses for more than four decades. However, it is associated with unacceptable
toxicities and is frequently in effective, particularly in those patients with
advanced immunosuppression. In addition, outcomes of salvage therapy
following progression of infection or toxicity after initiation of AmB are
extremely poor. For these reasons, antifungal agents with better tolerability and
efficacy have been urgently needed. In the last decade, several new agents have
been introduced, including the lipid formulations of AmB, which significantly
reduce the toxicity of AmB-d and enhance its therapeutic index; extended-
spectrum azoles, with improved activity against moulds; and echinocandins, a
new class of antifungal with a novel mechanism of action against the cell wall.
Despite the expansion of antifungal armamentarium over the past decade, the
mortality rate for IFI remains high in severely immunocompromised patients.
Three classes of antifungals (polyenes, extended-spectrum azoles, and echinoca-
ndins) are now available for treating systemic fungal infections. Guidance for the
appropriate use of this expanded variety of antifungals may come from recent
clinical trials. Extended-spectrum azoles have excellent in vitro activity against
Aspergillus and have been shown to improve clinical outcomes. These new
agents offer less toxicity and potentially improved efficacy in these difficult
infections.

There are few randomized trials on the treatment of IA. AmB has been the
main antifungal drug in use for Aspergillus infection, but voriconazole is now
considered a first-line therapy and is being used increasingly. In a largest
randomized, controlled, prospective trial comparing voriconazole with conve-
ntional AmB in 277 immunocompromised patients (including 79 HSCT and 14
solid organ transplant recipients) with confirmed or probable invasive
aspergillosis, the use of voriconazole was associated with a greater likelihood of
complete or partial response at 12 weeks, lower mortality, and less likelihood of
needing other drugs (Herbrecht er al., 2002). Voriconazole showed, in patients
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with IA, superiority in clinical response, survival, and toxicity. These results
have placed voriconazole as the preferred drug for primary therapy of IA.
Voriconazole is recommended for the primary treatment of IA in most patients
(scored as category/grade A-I for the quality of evidence) (Walsh et al., 2008).
Although IPA accounts for the preponderance of cases treated with voriconazole,
this drug has been used in enough cases of extrapulmonary and disseminated
infection to allow us to infer that voriconazole is effective in these cases
(Schwartz et al., 2005).

A randomized trial comparing two doses of AmB-L showed similar efficacy
in both arms, suggesting that liposomal therapy could be considered as
alternative primary therapy in some patients (Cornely et al., 2007) (A-I). For
salvage therapy, agents include lipid formulations of AmB (A-II), posaconazole
(B-II), itraconazole (B-II), caspofungin (B-II), or micafungin (B-II). Salvage
therapy for IA poses important challenges with significant gaps in knowledge. In
patients whose aspergillosis is refractory to voriconazole, a paucity of data exist
to guide management. Therapeutic options include a change of class using an
AmB formulation or an echinocandin, such as caspofungin (B-II); further use of
azoles should take into account host factors and pharmacokinetic considerations.
Refractory infection may respond to a change to another drug class (B-1I) or to a
combination of agents (B-II).

Data on the efficacy of posaconazole for clinical treatment of patients with
IA are sparse. A study that analyzed the efficacy of posaconazole in patients with
refractory or intolerant IA was recently published. Complete response was noted
in 7% versus 9%, partial response in 36% versus 16%, stable disease in 9%
versus 8%, and non-response in 36% versus 60% of patients compared with
controls (Walsh et al., 2007). Limited data are available on the use of therapeutic
drug monitoring, but in the latter study, improved efficacy occurred with higher
posaconazole drug levels. It is an inhibitor of CYP3A4, which is responsible for
a considerable spectrum of drug-drug interactions (Wexler et al., 2004);
however, these are less pronounced than those observed for voriconazole.

Micafungin and anidulafungin have activity against Aspergillus species but
are not approved for that indication, and optimal doses for aspergillosis have not
been established. As with caspofungin, no results are available from prospective,
randomised studies on the use of micafungin for the treatment of IA. There is a
multinational nonrandomised trial on 331 patients with IA treated with
micafungin as primary treatment or as salvage therapy. More than 30% of
patients showed partial or complete response. Combination with other antifungals
had no obvious benefit, and higher daily doses were not reported to be associated
with more favourable response rates. The profile of safety and security was
similar to caspofungin (Denning et al., 2006). Anidulafungin is the third licensed
echinocandin antifungal. It is not yet approved for treatment of IA in any
country. Safety analyses have been performed in neutropenic children at risk for
IFI (Benjamin, Jr. et al., 2006) and in adults with IA treated with anidulafungin
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in combination with AmB-L (Herbrecht er al., 2004), but data on therapeutic
efficacy in patients with documented aspergillosis have not been published to
date.

Tracheobronchitis

There are no good studies reporting results of strategies for treating
Aspergillus tracheobronchitis. A common practice at some centres is to use
aerosolized AmB combined with some systemic antifungal therapy, typically
intravenous AmB or an oral azole (Kotloff er al., 2004; Singh and Paterson,
2005). Anecdotal reports of success with single drug or various combination drug
regimens have been described (Kramer et al., 1991; Monforte et al., 2003; Solé
et al., 2005). Stents may need to be placed for postinfectious bronchial stenosis.

Voriconazole and itraconazole have been used successfully in the treatment
of this form of PA (Denning et al., 2002). Direct instillation of AMB has been
also administered in association with systemic therapy (Boettcher et al., 2000;
Hadjiliadis et al., 2000).

In the recent guidelines of IDSA (Walsh er al., 2008), voriconazole is
recommended as initial therapy in the treatment of tracheobronchial aspergillosis
(B-II). Little experience is available with caspofungin or other echinocandins in
treating this infection. Because the use of AmBd may result in increased
nephrotoxicity in association with calcineurin inhibitors, a lipid formulation of
AmB is recommended if a polyene is considered in the lung transplant recipient
(B-III). Bronchoscopic evaluation is the most important aspect of initial
diagnosis; CT will assess the lack of progression to the remainder of the
pulmonary tree. Reduction of immunosuppression, where possible, is an
important element in improving therapeutic outcome. Aerosolized AmB-d or
lipid formulations of AmB may have some benefit for delivering high
concentrations of polyene therapy to the infected (often anastomotic) site;
however, this approach has not been standardized and remains investigational (C-
).

Aspergillus infection in patients with COPD

Although published data specific for COPD patients are lacking, it seems
reasonable to recommend a thoracic CT scan as soon as pulmonary involvement
is suspected. In case of compatible lesion(s), treatment must be initiated
promptly. However, it is reasonable to apply antifungal therapy as in other lung
diseases. Currently, voriconazole is the first line therapy, and it is also possible to
think about combination therapy in severe cases when looking for increasing
fungicidal activity. However, further clinical studies with combined therapy are
needed before the concept can be validated.

Although antifungal drugs represent the first choice in treatment of IA,
eradication is rare as residual lesions are often present, and therefore potential
recurrence is possible in the case of a new increase of immunodepression. To
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obviate IPA relapse, some authors have suggested the resection of residual
lesion(s) in addition to medical therapy (Walsh et al., 2008). In COPD patients,
surgical resection of IPA is generally excluded due to their poor pulmonary
function. Surgery could theoretically be considered in selected cases and minimal
resection due to the functional defect (Habicht et al., 2000; Matt et al., 2004).
However, no recent study has been published to support this strategy.

Allergic Bronchopulmonary Aspergillosis

The corticosteroids, taken initially in high doses, and then over a long period
of time in lower doses, may prevent progressive lung damage. Although
corticosteroid therapy is the mainstay of therapy for ABPA, there are only few
studies of corticosteroid therapy for ABPA, which, in addition, have involved
small numbers of patients and were neither double-blind nor controlled.
Nevertheless, the current findings support the usefulness of corticosteroids in the
management of acute ABPA, with improved pulmonary function and fewer
episodes of recurrent consolidation. However, chronic administration of cortico-
steroids causes severe immune impairment and multiple metabolic abnormalities.

The antifungal drugs as itraconazole or newer azoles usually are used in
addition to corticosteroids to help eliminate the fungus from the lung. To avoid
side effects of chronic administration of corticosteroids, alternative approaches to
management of ABPA have been developed. An example of such an approach is
to eradicate Aspergillus species from the airways by using itraconazole as a
corticosteroid sparing agent. The mechanism of this effect is to diminish the
antigenic stimulus for bronchial inflammation.. Two double blind, randomized,
placebo-controlled trials for ABPA demonstrated that itraconazole (200 mg twice
daily orally for 16 weeks) resulted in significant differences in ability to
ameliorate disease, as assessed by the reduction in corticosteroid dose, increased
interval between corti-costeroid courses, eosinophilic inflammatory parameters,
and IgE concentration, as well as improvement in exercise tolerance and
pulmonary function (Stevens et al., 2000b; Wark et al., 2003). Similar benefits of
itraconazole have been observed in patients with cystic fibrosis and ABPA (Skov
et al., 2002). Other azoles (voriconazole and posaconazole) have not been studied
in this context. The benefits of short-term corticosteroid treatment of ABPA
include reduced frequency of acute exacerbations, preservation of pulmonary
function, and improved quality of life. However, the long-term adverse effects of
corti-costeroid therapy may result in profound immunosuppression and
debilitating metabolic abnormalities, including diabetes mellitus, hyperlipidemia,
and osteoporosis. Corticosteroid-induced immuno-suppression may very rarely
result in progression of ABPA to invasive pulmonary aspergillosis. The benefits
of the addition of itraconazole outweigh the risks of long-term administration of
high-dose prednisone.

Owing to the fact that the lung damage may worsen gradually without
causing any noticeable changes in symptoms, chest X-rays, pulmonary function
tests, levels of eosinophils in the blood, and amounts of immunoglobulin E
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antibody are regularly monitored during treatment. As the disease is controlled,
the eosinophil and antibody levels usually fall, but they may rise again as an
early sign of flare-ups.

Combined antifungal treatment

Because of the increasing incidence of invasive Aspergillus infections and
their associated morbidity and mortality, better therapeutic approaches are
needed to treat IA. The availability of new antifungal agents with unique
mechanisms of action and improved tolerability has widened the possibilities for
the use of combination antifungal therapy for difficult-to-treat opportunistic
mycoses (Chamilos and Kontoyiannis, 2006). An important advance in the
antifungal armamentarium is the availability of the newer broad spectrum azoles
voriconazole and posaconazole, which have been studied for IA (Raad et al,
2007; Walsh et al., 2007). Researchers have studied the echinocandin class as a
salvage therapy in IA, and results have been encouraging, making potential
combination therapy with these drugs attractive (Maertens et al., 2004; Denning
et al., 2006; Maertens et al., 2006).

Generally, for in vitro studies, combinations of AmB and azoles against
Aspergillus spp show indifference or antagonism (Denning et al., 1992;
Meletiadis et al., 2006). Studies of AmB in combination with echinocandins have
ranged from indifference to synergy (Arikan et al., 2002). Combinations of the
echinocandins with triazoles range from synergistic activity to indifference, but
importantly, no antagonism has been reported (Perea et al., 2002). Animal
models of IA generally confirm results predicted by in vitro combination tests.
Antagonism is often seen in the combination of AmB plus azoles (Polak et al.,
1982; Clemons et al., 2005). Recently, several important in vivo studies
evaluating newer azoles and echinocandin combinations have suggested that
combination therapy is superior to single therapy by clinical parameters such as
survival, GM antigenemia, and reduced colony counts in tissues (Kirkpatrick et
al., 2002; Petraitis et al., 2003). Importantly, no antagonism was demonstrated in
these studies. Other studies have evaluated AmB and echinocandin combinations
with favourable results (Clemons et al., 2005), showing that combination therapy
resulted in reduced kidney burden of organisms, increased survival, and
improved histopathologic findings with combination therapy. However, a study
by Petraitis et al. (1999) found neither synergy nor antagonism with the
combination of micafungin and AmB. These in vivo studies demonstrated that
combinations of expanded-spectrum triazoles plus an echinocandin or AmB plus
an echinocandin have clinical potential and warrant further clinical investigation.

Antifungal combinations are increasingly used in clinical practice to
improve outcomes for refractory mycoses because of the suboptimal efficacy of
current antifungal agents. However, the use of this therapy is largely governed by
empiricism, especially in patients with invasive mould infections, given that there
is a tremendous need to improve outcomes (Kontoyiannis and Lewis, 2004). The
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benefits of combination antifungal therapy have been difficult to prove for IFI
other than cryptococcal meningitis. The recent introduction of several new
antifungal agents has renewed interest in studying those combinations for
difficult-to-treat aspergillosis. The majority of the studies evaluating antifungal
combinations are still performed in the laboratory or using animal models of
infection. The methods used to assess combined antifungal effects in vitro and in
animals are poorly standardized, and there is little evidence that data generated
from these studies can be translated in treating human mycotic infections,
specially in patients with SOT and HSCT (Leather and Wingard, 2006; Munoz et
al., 2006). Despite the empiricism of combination antifungal therapy, certain
principles help in guiding the use and study of these regimens (Johnson and
Perfect, 2007). In view of the evolving epidemiology of IFI, combination
antifungal therapy could be most valuable in preemptive management of
carefully selected high-risk patients; however, this should be studied in
appropriate trials.

Most information on combination therapy for the treatment of aspergillosis
is derived from retrospective case series and reviews, especially in
haematological patients (Aliff et al., 2003; Kontoyiannis et al., 2003) or HSCT
recipients, which do not allow for appropriate critical analyses. There is only a
small number of clinical studies which report on the use of combination therapy
of expanded-spectrum triazoles plus echinocandins or AmB preparations plus
echinocandins for IA (Marr et al, 2004). Most studies are limited by
retrospective evaluation, use of historical controls, and use of combination
therapy as salvage treatment. Nevertheless, these studies, reviewed below, bring
attention to toxicity concerns and important design issues that are necessary for
future successful combination therapy clinical trials.

No single randomized study on antifungal combination therapy in SOT
patients has been performed (Baddley and Pappas, 2005). Existing information
does not support the use of combination therapy in invasive candidiasis in SOT
patients. Indeed, initial combination therapy with AmB and flucytosine is
recommended for SOT patients with central nervous system cryptococcosis,
mainly with increased white blood cell counts in the cerebrospinal fluid or with
altered mental status. No impact over the outcome was observed with
combination therapy in Scedosporium infections in SOT patients. The combin-
ation of voriconazole and terbinafine may be an attractive option for S.
prolificans infections. A prospective study of voriconazole plus caspofungin as
initial therapy for IA in SOT patients found that combination therapy was
independently associated with reduced mortality in patients with renal failure and
in those with A. fumigatus infection, even when adjusted for other predictive
factors of mortality in the study population (Singh et al., 2006a). This study was
important because it included many solid organ transplant recipients, but it was
limited by the use of a historical control group.

Due to the previously mentioned limitations, responses with combination
therapy must be interpreted with caution. Importantly, these studies suggest that
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combination therapies are relatively safe and lack antagonism, but superiority of
combination therapy has not yet been determined. Moreover, drug interactions
and health care costs associated with combination antifungal therapy have not
been fully elucidated. Considering the in vitro, in vivo, and available clinical data
for AmB plus echinocandins and triazoles plus echinocandins, these important
clinical research questions require a randomized clinical trial. In summary,
combination therapy should be considered for severe forms of invasive fungal
infections and IA in SOT patients; however, multicenter studies of such patients
are urgently needed. A large clinical trial studying combination therapy for IA is
feasible but would require a collaborative international effort and substantial
support from both the pharmaceutical industry and clinicians.

Surgery

Surgical debridement, excision of localized infections (lung, sinuses, eye,
brain, soft tissue, and bone), and removal of infected intravenous catheters is
required in patients with localized infections to delay or stop dissemination.
Surgical resection of pulmonary lesions due to Aspergillus species can provide a
definitive diagnosis and can potentially completely eradicate a localized
infection. Surgery is also used for the control of massive haemoptysis if the cause
is focal disease. It has also been suggested that, for patients who have one or two
focal lesions, surgery with resection added to primary medical therapy may
improve outcomes (Habicht et al., 1999). The theory is that radical surgical
removal of necrotic and poorly perfused lung tissue will clear IPA more quickly.
This approach is used more commonly in infections caused by Mucor than in
those caused by Aspergillus. Multiple studies have shown that resection can be
performed with acceptable mortality, but the exact setting in which surgery
should be performed is unclear. Data from controlled clinical trials is not
available, and the effect on patient survival must be critically reconsidered in the
light of new diagnostic tools for early detection of IA and the broad spectrum of
effective new antifungal agents available today.

Decisions concerning surgical therapy should be individualized to account
for a number of variables, including the degree of resection (e.g., wedge resection
vs. pneumonectomy), potential impact of delays in transplantation, comorbidities,
performance status of the lung diseases, the goal of immunosuppressive therapy,
and unilateral versus bilateral lesions.

Immunotherapy and adjunctive drug treatment

Decreasing the level of immunosuppression is an important factor for a
successful treatment of IPA. Acute or chronic rejection of the transplanted organ
and persistent neutropenia are two of the most important variables for poor
outcome in IA. Failure to recover from neutropenia is often associated with a
fatal outcome of IPA, and withdrawal of corticosteroids or reduction of dosage is
often critical for successful outcome in IA. The failure to reduce an



128 Progress in Mycology

immunosuppressive dosage of systemic corticosteroids usually results in
relentless IFI. However, because a control of underlying diseases such as organ
rejection- may only be achieved by intense immunosuppression, corticosteroid-
sparing immunosuppressive strategies are being used increasingly.

Cytokines, such as granulocyte colony-stimulating factor, granulocyte-
macrophage colony-stimulating factor, and IFN-y, also augment functional
properties of phagocytic cells through upregulation of chemotaxis, phagocytosis,
oxidative metabolism, and/or degranulation of neutrophils. Granulocyte colony-
stimulating factor, granulocyte-macrophage colony-stimulating factor, and IFN-y
upregulate phagocytosis and the respiratory burst of monocytes and macrophages
(Stevens, 2006). The clinical data suggest a potential role of IFN-y in selected
hosts for prevention or treatment of invasive aspergillosis (Ezekowitz, 2000).
Although clinical data supporting its use specifically for aspergillosis are sparse,
IFN-Y is widely used for prevention of bacterial and fungal infections in patients
with chronic granulomatous disease (CGD) (The International Chronic
Granulomatous Disease Cooperative Study Group, 1991). Individual case reports
suggest a role for IFN-Y as adjunctive antifungal therapy for IA in immunocom-
promised nonneutropenic patients, particularly those with CGD.

Fungi have developed complex and coordinated mechanisms to survive in
the environment and in the mammalian host. Fungi must adapt to “stressors” in
the host (including scarcity of nutrients, pH, and reactive oxygen and nitrogen
intermediates) in addition to evading host immunity. Awareness of the
immunopathogenesis of fungal infections has paved the way to promising
strategies for immunotherapy. These include strategies that increase phagocyte
number, activate innate host defense pathways in phagocytes and dendritic cells,
and stimulate antigen-specific immunity (e.g., vaccines). Immunotherapy must be
tailored to specific immunocompromised states. Challenges exist in bringing
promising immunotherapies from the laboratory to clinical trials.

Conclusion

Aspergillosis is a large spectrum of diseases caused by members of the
genus Aspergillus. The principal entity is invasive aspergillosis (IA). However,
Aspergillus species can also produce a wide range of chronic, saprophytic, and
allergic conditions. This review highlights the spectrum of Aspergillus infections
in several respiratory diseases, mainly invasive aspergillosis in lung transplan-
tation recipients and COPD, and also ABPA in asthma and cystic fibrosis (CF)
patients. One issue of IFI is the difficulty in making a definitive diagnosis; the
treatment is sometimes delayed or is not prescribed (post-mortem diagnosis).
Serological and molecular detection of Aspergillus antigens or fungal DNA, in
blood and/or BAL samples, may improve the diagnosis of pulmonary invasive
aspergillosis, but the sensitivity is variable and more studies are needed. ABPA
poses a high diagnostic difficulty in CF patients, because there is an overlap
between the diagnostic criteria of ABPA and common manifestations of CF. In
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fact in CF, diagnosis relies principally on immunological evidence; however, in
asthma, bronchiectasis, and CF, a combination of immunological evidence and
compatible clinical findings for diagnosis of ABPA is recommended. Another
pendent issue is antifungal prophylaxis for respiratory diseases at risk of invasive
aspergillosis; it is unknown which is the best agent or the time duration.

The last decade has seen the development of newer agents to treat IFI,
which have revolutionised the care of patients with invasive mycoses. Treatment
combining AmB preparations, newer antifungal drugs, early surgical resection of
infected tissue, and discontinuation or modulation of immunosuppressive
treatment may be necessary in selected patients and in certain occasions, and all
of them may improve prognosis of IFI. However, there are two main handicaps
in the management of IFI in respiratory diseases: firstly, to establish an early
diagnosis; secondly, delays in applying early treatment with antifungal drugs.
The important work for the next years will be the development of new and fnhore
precise early diagnostic tools, and a better design of multicentre evaluations of
diagnostic methods and therapeutic regimens that are currently available.
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Introduction

There are four main causes of infections of the central nervous system
(CNS). These include bacterial, viral, fungal, and protozoal agents. Bacterial
infections can be caused by pyogenic organisms, or may be due to mycobacteria
or spirochetes. Bacterial infections, particularly those due to pyogenic organisms,
may lead to meningitis, brain abscess, epidural or subdural abscesses. Viral
infections may also lead to meningitis, or can cause encephalitis, or myelitis.
Protozoal infections that may affect the brain include toxoplasmosis, malaria, and
amoebiasis.

While the majority of infections in the CNS are caused by bacteria and
viruses, fungi are increasingly being recognized as important pathogens. Two
main factors contribute to this steady increase of fungal infections, namely the
widespread use of antibacterial agents and a rapid increase in the numbers of the
immuno compromised population. Fungal infections often follow the use of
antibiotics, which kill nonpathogenic as well as pathogenic bacteria, thereby
providing a free field in the body for, fungal invasion. Modern therapeutic
modalities such as cancer chemotherapy and organ transplantation have greatly
increased the immunocompromised population who are also at a risk.

With improved therapies, patients with cancer survive longer. Both the acute
complications of intensive therapies and the risks of chronic immunosuppression
have led to an increased incidence of CNS infections. The presentation and
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course of common infections may be different from those in patients without
cancer, and new syndromes related both to the underlying diseases and to their
treatment have complicated the differential diagnosis (Pruitt, 2003, 2004).

New fungal pathogens are being discovered and new syndromes are being
described for both known and emerging fungal pathogens. Opportunistic fungal
infection occurs when a fungus that is normally non-pathogenic in normal hosts,
enters a compromised host, as in patients with acquired immunodeficiency
disease (AIDS), resulting in a disease process (Cunha, 2001).

Fungal infections of the CNS are life threatening, and almost always a
clinical surprise. Their presentation is subtle, often without any diagnostic
characteristics, and they are frequently mistaken for tuberculous meningitis,
pyogenic abscess, or brain tumor. Granulocytopenia, cellular and humoral
mediated immune dysfunctions are predisposing factors to the development of
CNS infections in immunosuppressed patients.

Environmental factors in tropical countries such as India play a significant
role in the pathogenesis of CNS fungal infection. There are several published
large series and reviews from India about various fungal organisms involving the
CNS, including aspergillosis, zygomycosis, and phaeohyphomycosis (Murthy ez
al.,, 2001; Nithyanandam et al., 2003; Sundaram et al., 2006; Shankar et al.,
2007)

In general, fungal invasion of the CNS may produce one or more of the
following clinical syndromes:

e Sub-acute or chronic meningitis.

¢ Encephalitis.

e Parenchymal brain abscesses or granulomas.

e Vasculitis.

e Vascular thrombosis leading to infarction or stroke, or myelopathy.

The most common pattern of the disease is basal meningitis or
intraparenchymal abscesses due to fungal pathogens.

Fungal diseases in the brain are usually secondary to infections elsewhere in
the body, particularly the lungs, less often in other extracranial sites. In the vast
majority of the cases, spread of infection is through the bloodstream. Intracranial
seeding occurs during dissemination of the organism or only occasionally by
direct extension from an area anatomically adjacent to the brain.

There are two main groups of fungal organisms that can affect the CNS:
L. Pathogenic fungi: Capable of infecting healthy hosts

1. Cryptococcus neoformans

2. Histoplasma capsulatum

3. Coccidioides immitis
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4. Paracoccidioides brasiliensis
S. Sporothrix schenckii
6. Blastomyces dermatides

I1. Opportunistic fungi: Usually cause infections in immune compromised
host.

1. Aspergillosis

2. Zygomycosis (Mucormycosis)

3. Cerebral Phacohyphomycoses

4. Candidiasis (C. albicans, C. tropicalis, C.lusitaniae, C. viswathii)
5. Penicillioses

All the major fungal pathogens can produce meningitis. On a fungus-
specific basis, meningitis ranges from the relatively common cryptococcal
meningitis to the rare meningitis due to dimorphic or filamentous fungi.
Cryptococcus, Candida, Aspergillus and a series of molds can produce life-
threatening CNS infections. These infections require immediate and precise
diagnosis, as well as carefully selected management approaches to optimize
outcomes.

Many of the etiologic agents of fungal meningitis may cause brain
abscesses. Candida spp. had emerged as the most prevalent etiologic agents
followed by Aspergillus spp., but also Cryptococcus neoformans and other fungi
can be causative agents. In addition, many other fungi have also been reported to
cause brain abscesses less frequently; these include Scedosporium apiospermum,
Paracoccidioides brasiliensis, Cladophialophora bantiana, Bipolaris hawaiie-
nsis, Bipolaris spicifera, Exophiala dermatitidis, Ochroconis gallopava,
Ramichloridium mackenziei and Curvularia pallescense. Unfortunately, the
diagnosis of fungal brain abscesses is often unexpected and many cases are not

discovered until autopsy (Dotis et al., 2007).

CNS fungal infections may present as a mass (brain abscess) typically in the
course of aspergillosis or zygomycosis, or may primarily involve the meninges
(meningitis), as can be observed in patients with candidiasis or cryptococcosis.
Cryptococcus neoformans and the endemic fungi are the most common causes of
CNS infections in immunocompetent patients, whereas Candida, Aspergillus
species, and zygomycetes are among the most frequently cited causes of such
infections in immunocompromised patients.

CNS fungal infections in hematological malignancies

In patients with hematological malignancies, opportunistic infections with
Candida, cryptococcosis, or Aspergillus remain the most common infections
affecting the CNS; however, opportunistic infections with less well-known fungi
are becoming more common and must be considered in the differential diagnosis.
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CNS aspergillosis is observed particularly in acute leukemia and allogeneic
hemopoietic stem cell transplantation patients. Usually, aspergillosis is localized
in the lungs and secondarily spreads to the brain. It develops only in a few cases
as a solitary localization of CNS. In these conditions, diagnosis is very difficult
because signs and symptoms can be completely nonspecific. Diagnosis can often
be performed only through aggressive procedures such as stereotactic puncture.
Members of Zygomycetes are the second most frequent cause of brain abscesses.
CNS involvement is higher than in the course of invasive aspergillosis, and this
fungal complication is also characterized by a high mortality rate. Studies
demonstrated that only posaconazole and lipid formulations of amphotericin B
present some possibility of success in the treatment of zygomycosis, but the
pharmacologic approach should always be associated with surgery. Among
molds, other agents such as Fusarium and Scedosporium may also be responsible
for fungal abscess (Pagano et al., 2005; Mattiuzzi et al., 2005).

CNS fungal infections in transplant patients

Central nervous system (CNS) infections, account for 4-29% of CNS lesions
in transplant recipients and are a significant post-transplant complication. Focal
CNS infectious lesions or brain abscesses have been documented in 0.36-1% of
the transplant recipients (Singh et al, 2000). Mycelial fungi, particularly
Aspergillus, are by far the most frequent etiologies of post-transplant brain
abscesses. Most CNS complications occur early following orthotopic liver
transplant but may be seen even after one year (al Hedaithy et al., 1988; Bonham
et al., 1998; Bronster et al., 2000).

Fungal brain abscess is an unusual but serious complication associated with
solid organ and hematopoietic stem cell transplantation. One study reviewed
cases of fungal brain abscess diagnosed in 1,620 adult patients who underwent
allogeneic or autologous stem cell, liver, heart, lung, or renal transplantation.
Seventeen cases of fungal brain abscess were identified that occurred a median of
140 days post-transplantation. Fungal brain abscess was more common among
allogeneic stem cell transplant recipients. Aspergillus species were most
commonly isolated, but unusual opportunistic molds were also identified.
Multiple brain lesions were commonly seen on imaging studies. Although fungal
brain abscess is an uncommon disease in this population, the outcome was poor,
suggesting that early recognition of this disease might be helpful (Baddley et al.,
2002).

Another study assessed the autopsy findings of CNS infections in bone
marrow transplant (BMT) recipients on 845 patients. 180 patients had autopsy
with review of their medical records. Twenty-seven (15%) patients had brain
parenchyma infection. Fungi were isolated in approximately 60% of the cases.
Mean survival time was 153 days (0-1,264 days) and the majority of the patients
died during the first 3 months after BMT (18 cases; 67%). Aspergillus sp. were
the most prevalent fungi (30%), followed by Candida sp. infection (18%). There
was one case of Fusarium sp. infection and two cases of unidentified fungus. All



Fungal Infections of the Central Nervous System 145

patients with fungal infections had documented involvement at widespread sites.
Toxoplasma gondii encephalitis was demonstrated in 8 patients (30%). Bacterial
abscesses were responsible for approximately 11% of the findings. Eleven (41%)
of the 27 patients died secondary to cerebral causes. These results demonstrated
that infectious involvement of the CNS following BMT is a highly fatal event,
caused mainly by fungi and T. gondii. Furthermore, they provide a likely guide to
the possible causes of brain abscesses following BMT (de Medeiros et al., 2000).

Infection represents the most frequent neurological complication in kidney
transplant recipients. Acute meningitis usually caused by Listeria monocyto-
genes, sub-acute and chronic meningitis caused by Cryptococcus neoformans,
focal brain infection caused by Aspergillus fumigatus, Toxoplasma gondii or
Nocardia asteroids, and progressive dementia caused by polyoma J virus or other
viruses are the most frequent types of neurological infections (Ponticelli et al.,
2005).

The epidemiological features of brain abscess formation after solid organ
transplantation suggest 2 populations of patients exist that differ in timing,
clinical setting, and response to therapy. For the chronically immunosuppressed
outpatient, an established abscess should be empirically treated with
sulfonamides until tissue diagnosis is confirmed. On the other hand, the acutely
immunosuppressed post-transplant recipient, with defined risk factors, should
receive full-dose therapy with amphotericin B and concomitantly had
immunosuppression lowered (Selby et al., 1997).

CNS Fungal infections in Acquired Immunodeficiency Syndrome (AIDS)
patients

Opportunistic infections of the central nervous system (CNS) are common
complications of advanced immunodeficiency in individuals with human
immunodeficiency virus type 1 (HIV-1) infection. Neurological disease is the
first manifestation of acquired immunodeficiency syndrome (AIDS) in 10% to
20% of symptomatic HIV-1 infection (Mamidi et al., 2002).

The range of opportunistic infections occurring in association with HIV-1 is
very broad. These infections develop most frequently in the background of
marked immunosuppression. There is no part of the CNS that is immune to these
complications. The concurrence of more than one infectious disease should
always be considered (Wright et al., 1997).

Histopathologic findings in the central nervous system in 100 autopsy cases
of acquired immunodeficiency syndrome (AIDS), from the USA, gave evidence
of a variety of opportunistic infections including CMV, toxoplasmosis, cryptoco-
ccosis and Candida (Rhodes, 1987). In a similar autopsy study from India, the
spectrum of neuropathological brain lesions in HIV/AIDS cases between 1988
and mid-1996 at a tertiary level public hospital revealed opportunistic infections
in 33 cases. These included toxoplasmosis (11 cases, 13%), tuberculosis (10
cases, 12%), cryptococcosis (seven cases, 8%), and cytomegalovirus infection
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(six cases, 7%) (Lanjewar et al.,1998). In a study from Berlin, Germany, 200
patients who died with AIDS were examined retrospectively. A significant
incidence of opportunistic infections was found particularly cerebral toxoplas-
mosis in 68 patients (34%). Cerebral cryptococcosis was found in three patients.

A high index of suspicion of intracranial fungal infection should exist for
immunocompromised patients with intracranial lesions and diabetic patients with
intracranial and rhinocerebral mass lesions (Dubey et al., 2005).

Therapy of fungal central nervous system (CNS) infections is influenced by
multiple factors including the pathogen and its drug susceptibility and by drug
activity in the CNS, brain and spinal cord. Central nervous system drug levels are
affected by the blood-brain barrier and the potential effect of efflux transporters
that can modulate drug concentrations in the cerebrospinal fluid (CSF) and neural
tissues. Early diagnosis, surgical decompression, and a complete course of
promptly initiated antifungal therapy are associated with better prognosis.

Specific Fungal Infections

Aspergillosis

Aspergillus is an ubiquitous mold that can cause a wide variety of clinical
syndromes ranging from mere colonization to fulminant invasive disease.
Invasive aspergillosis is the most severe presentation of aspergillosis. The lung is
usually the portal of entry, from which the pathogen may disseminate to almost
any organ, often the brain and skin. The diagnosis remains a significant
challenge. It is usually based on a combination of compatible clinical findings in
a patient with risk-factors and isolation of the microorganism, radiological data,
serological detection of antibodies or antigens, or histopathological evidence of
invasion.

CNS aspergillosis is an uncommon infection, with high mortality, that most
frequently occurs as an opportunistic fungal infection (Garcia et al., 2006; Cho et
al., 2007). Craniocerebral aspergillosis can occur in immunocompetent hosts. In
such hosts, it has three patterns of presentations that seem to correlate with
clinical outcomes (Siddiqui et al., 2004).

* Type 1: Intracerebral aspergillosis is associated with the worst clinical
outcome.

* Type 2: Intracranial extradural aspergillosis remains intermediate
outcome.

* Type 3: Cranial base and orbital aspergillosis has good recovery.

CNS aspergillosis may result from two different mechanisms most
commonly through hematogenous dissemination of primary hematogenous
aspergillosis and less often via direct extension from anatomically adjacent areas
such as sinuses, ears, and orbits. In comparison with cerebrum, the cerebellum
and brainstem are less commonly affected. The mechanism of invasiveness of
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this organism remains unclear. It is probably caused by cellular or subcellular
immunodeficiency. CNS aspergillosis is favored by working in agriculture, craft
work, and by tropical climate (Murthy et al., 2001; Sood et al., 2007).

Risk factors for invasive aspergillosis include major or prolonged
neutropenia, bone marrow or solid organ transplant (Torre-Cisneros et al., 1993),
AIDS (Mylonakis et al., 2000; Vidal et al., 2005), steroids and immuno-
suppressive therapy (Okamoto et al., 1996; Stankovic et al., 2006), idiopathic
thrombocytopenic purpura (Tsai et al., 2006), hematologic malignancies (Pagano
et al., 1996, 2005), hepatic failure, burns, intravenous drug abuse, diabetes
mellitus, postoperative nosocomial infections complicating neurosurgical
operations, and alcoholism (Torre-Cisneros et al., 1993; Chandler et al., 1997,
Murthy et al., 2001; Siddiqui et al., 2004).

CNS aspergillosis is a life-threatening disease that carries a mortality rate
approaching 100% in immunocompromised patients. Little is known about this
serious infection in the pediatric population. CNS aspergillosis most commonly
presents as single or multiple brain abscesses. While prematurity is the
predominant underlying condition among infants, leukemia is the most frequent
underlying disease in children. Aspergillus fumigatus is isolated from 75% of the
cases. Children contracting CNS aspergillosis while undergoing systemic
chemotherapy for leukemias represent a particularly unfortunate prognostic
group (Middelhof et al., 2005). CNS aspergillosis in infants and children
predominantly presents as brain abscess(es) and has significantly better outcome
compared to published adult data (Dotis et al., 2007).

CNS aspergillosis is a relatively uncommon cause of brain expansile lesion
in AIDS patients. In- one study in which authors reported 6 new patients and
reviewed 33 cases of AIDS who developed CNS aspergillosis. Aspergillus was
found to most commonly involve the lungs, sinuses, ears, and orbits, while in
one-fourth of the cases CNS was the only site of Aspergillus infection. The final
diagnosis was made on autopsy in more than half these cases. CNS aspergillosis
should be included in the differential diagnosis of HIV-infected patients who
present with nonspecific neurologic symptoms and signs. In HIV-infected
individuals it occurs more often as a result of direct extension from the sinuses,
orbits, and ears than through hematogenous spread from the lungs (Mylonakis et
al., 2000; Vidal et al., 2005).

In addition to the expected post-transplantation and hematological
malignancy cases, other risk groups identified included those with chronic
asthma and steroid use, acquired immunodeficiency syndrome, thermal burn,
hepatic failure, and postoperative infection. Unusual cases manifested with
basilar meningitis, myelitis, proptosis caused by sino-orbital disease, or epidural
and subdural Aspergillus abscesses. The extent of gross neuropathologic disease
ranged from subtle abscesses to massive hemorrhagic necrosis causing herniation
and death. In addition to the expected hemorrhagic necrosis, extensive
hemorrhage, focal purulent meningitis, and subtle bland infarctions were also
seen. Distinctive microscopic findings encountered included one case with
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numerous meningeal granulomas and multinucleated giant cells and four cases
showing the Splendore-Hoeppli phenomenon (Kleinschmidt-DeMasters et al.,
2002).

Aspergillosis of the CNS should be considered patients with clinical features
of headache, multiple cranial nerve palsies and alteration of consciousness
accompanied by sinusitis, especially in elderly and diabetic patients. It remains a
catastrophic opportunistic infection in spite of the current intensive and
aggressive treatment (Dotis et al., 2007). Aspergillus flavus has been reported to
be the most frequently isolated species from cultures of invasive aspergillosis of
nasal and paranasal origins (Alrajhi et al., 2001). Aspergillus fumigatus is more
frequently implicated as a cause of invasive aspergillosis in immuno-
compromised patients (Siddiqui et al/, 2004; Sood et al., 2007).

Aspergillus fumigatus is the most common human pathogen in the genus
Aspergillus. Maxillary sinusitis of dental origin or the lungs are the most
common sites of primary Aspergillus infection. Infection reaches the brain
directly from the nasal sinuses via vascular channels or is blood borne from the
lungs and gastrointestinal tract. Single or multiple abscess formation with blood
vessel invasion leading to thrombosis is a characteristic feature of Aspergillosis
on neuropathologic examination. Aspergillosis should be considered in cases
manifesting with acute onset of focal neurologic deficits resulting from a
suspected vascular or space-occupying lesion especially in immunocompro-
mised hosts. It can be diagnosed on direct examination of smear and culture;
however, the diagnosis of aspergillosis of the CNS is difficult. Diagnosis of an
intracranial mass lesion is best confirmed with a computed tomography or
magnetic resonance imaging of the head with or without intravenous contrast.
Aggressive neurosurgical intervention for surgical removal of Aspergillus
abscesses, granulomas, and focally infracted brain; correction of underlying risk
factors; Amphotericin B combined with flucytosine and treatment of the source
of infection should form the mainstay of the management (Murthy et al., 2000;
Nadkarni et al., 2005).

Cerebral aspergillosis presents three principal neuroimaging findings: areas
consistent with infarction; ring lesions consistent with abscess formation
following infarction; and dural or vascular infiltration originating from paranasal
sinusitis or orbital infiltration. Recognition of these three patterns of aspergillosis
in immunosuppressed patients may lead to more effective diagnosis and
treatment planning (Ashdown et al., 1994; DeLone et al.,1999; Yamada et al.,
2002; Siddiqui et al., 2006; Tempkin et al., 2006; Gabelmann e al., 2007).

A preoperative diagnosis of aspergillosis is very difficult, but a perioperative
squash smear/frozen section can identify the pathology (Alapatt et al., 2006).
Recent studies have found that the galactomannan antigen enzyme-linked
immunosorbent assay and Polymerase chain reaction (PCR) test may be useful
for early diagnosis (Musher e al., 2004).
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Conventional antifungal agents like amphotericin-B (Schwartz e? al., 2007)
and itraconazole (Saulsbury et al., 2001) are almost ineffective in cerebral
aspergillosis. Newer azoles have been shown to penetrate the blood,
cerebrospinal fluid barrier and achieve effective fungicidal concentrations. These
newer azoles such as Variconazole may change the outlook of this fatal condition
(Kerkmann et al., 1994; Schwartz et al., 2003, 2005; Wandroo et al., 2006).

Antifungal medications prove ineffective for treating CNS aspergillosis in
patients immunocompromised because of their chemotherapy regimens. In
contrast, withholding chemotherapy to reverse immunosuppression, thereby
improving the efficacy of antifungal medications, allows for progression of the
primary leukemic disease. There is crucial role of stereotactic neurosurgery for
the intelligent treatment of immunocompromised children suspected of harboring
a CNS aspergilloma and abscesses. The goal for successful treatment in these
patients should be gross-total resection of the abscess, its wall, and its capsule
(Middelhof et al., 2005). Post transplant studies have also shown poor
penetration of amphotericin B into the brain and cerebrospinal fluid. One way to
achieve therapeutic levels of the agent near the abscess is through the direct
introduction of the agent into the abscess site via an indwelling catheter
(Camarata et al., 1992).

Treatment methods for aspergillosis include surgery, amphotericin B, lipid-
associated amphotericin B, itraconazole, and newer antifungal agents, such as
voriconazole or caspofungin. In general, treatment of invasive aspergillosis with
antifungal agents has a high failure rate.

Although the best approach regarding the use of antifungal agents has not
yet been determined, the most generally accepted approach is to administer the
highest possible dose of amphotericin B. Recent published data show that
voriconazole is highly effective compared with amphotericin B for the treatment
of invasive Aspergillus infection (Dubey et al., 2005).

Zygomycosis/Mucormycosis

Zygomycosis is a unifying term that encompasses various diseases caused
by fungi of the class Zygomycetes. These are ubiquitous saprophytic organisms
found on bread, soil, air, and decaying vegetation, especially in tropical countries
(Gartenberg et al.,1978; Sundaram et al., 2005).

The human pathogens in this class belong to the orders Mucorales and
Entomophthorales, and the corresponding diseases are Mucormycosis and
Entomophthoromycosis respectively (Chandler et al., 1997b). These are non-
septate fungi. Pathogenic fungi in the family Mucorales include Apophysomyces
(Garcia-Covarrubias et al., 2001; Schtz et al., 2006; Liang et al, 2006),
Cunninghamella (Brennan et al., 1983), Saksenaea (Gonis et al., 1997), Rhizopus
(Riefler et al., 1991; Hofman et al., 1993; Attapattu,1995), Absidia (Eucker et al.,
2000), Mucor, Syncephalastrum, Rhizomucor, and Mortierella. Entomopht-
horales include Basidiobolus, and Conidiobolus (Chandler et al., 1997b).
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There are distinct clinical and pathologic differences between Mucor-
mycosis and Entomophthoromycosis. Mucormycosis is a sporadic disease
worldwide occurring mainly as an opportunistic infection in patients with
acidosis, and immunosuppression. On the other hand, Entomophthoromycosis is
not an opportunistic infection and is predominantly seen in Africa, Southeast
Asia, and South America. It results from percutaneous implantation of the fungus
(Chandler et al., 1997b).

Zygomycosis is an opportunistic infection that may be localized to the site
of entry such as sinuses, lungs, and skin, or can be disseminated. The infection
usually occurs in patients with underlying disorders such as diabetes mellitus
with ketoacidosis but may occur in otherwise healthy individuals (Fairley et al.,
2000; Sharma et al., 2001; Sridhara et al., 2005). Other predisposing conditions
are seen in approximately 38% of cases, including: immunosuppressive therapy,
leukemia, lymphoma, burns (Rabin et al., 1961), trauma (Cocanour CS et al.,
1992), desferrioxamine therapy (Kaneko et al., 1991; Boelaert et al., 1993; Wu et
al., 2006), liver cirrhosis (Hofman et al., 1993; Abbas et al., 2007), aplastic
anemia (Srensen et al, 2006), myelodysplastic syndrome (Kubota et al., 2003),
renal failure (Ray et al., 2002), AIDS (Hejny et al., 2001), intravenous drug users
(Yoshiura et al., 2001), leukemia, Non-Hodgkin lymphoma, renal transplant,
systemic necrotizing vasculitis, gastroenteritis, glomerulonephritis, and hemodi-
alysis (Berenguer et al., 1990; Chandler et al., 1997b; Sundaram et al., 2005).

Rhino-orbital mucormycosis (ROM) is uncommon in patients with AIDS.
When ROM occurs, a careful search for an underlying metabolic derangement
such as neutropenia is required (Hejny et al., 2001). Also in patients with
hematological diseases, the infection most frequently occurs in neutropenic cases
(Eucker et al., 2001). Rhinocerebral mucormycosis (RCM) infrequently occurs in
the pediatric population, and when it involves thrombosis of an internal carotid
artery (Simmons et al., 2005), it has been almost uniformly fatal (Pillsbury et al.,
1977; Meyers et al., 1979, Kaneko et al., 1991; Ray et al., 2002; Kubota et al.,
2003; Khor et al., 2003; Srensen et al, 2006 ; Mohindra et al., 2007; Abbas et al.,
2007).

Rhino-orbital-cerebral mucormycosis (ROCM) is an acute, fulminant, often
fatal, fungal infection. The infection progresses rapidly and causes necrosis and
infarction of bony structures in and near the nasal cavities. Rhizopus accounts for
most cases of ROCM. The rhinocerebral form of the disease, which comprises
nearly one half of recently reported cases, is most often found in uncontrolled
diabetics or profoundly dehydrated children. Carotid artery occlusion and
cavernous sinus thrombosis are potential complications of RCM (Smith ef al.,
1986; Johnson et al, 1988; Quattrocolo et al., 1990; Inamasu et al., 2000;
Delbrouck et al., 2004; Gelston et al., 2007). In patients who had both ROCM
and diabetes (Bhansali et al., 2004; Simmons et al., 2005), ROCM was the
presenting manifestation in one fourth of the patients.

The disease is characterized by fungal hyphal invasion of blood vessels
resulting in thrombosis and infarction of the nasal, paranasal sinus, orbital, and
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cerebral tissues. ROCM may have seasonal incidence peaking in the fall and
early winter (Talmi et al., 2002). Phycomycosis is the preferred terminology to
define a fungal disease that may be devastating and fatal. A C.T. scan is very
helpful for establishing orbital and intracranial extension. When intracranial
involvement is present, the prognosis is dismal (Maniglia et al., 1982; Mnif et al.,
2005).

Chronic presentations of rhinocerebral mucormycosis (CRM) have also
been described. In this form of infection, the disease course is indolent and
slowly progressive, often occurring over weeks to months. CRM occurs
predominantly in patients with diabetes and ketoacidosis. The most common
presenting features of CRM are ophthalmologic and include ptosis, proptosis,
visual loss, and ophthalmoplegia. The incidence of internal carotid artery and
cavernous sinus thrombosis is higher in CRM patients than in those with the
acute disease, although the overall survival rate for CRM patients is 83%. CRM
is clinically distinct from chronic Entomophthorales infection (Harril et al., 1996;
Rumboldt et al., 2002; Bhansali et al., 2004).

The following factors are related to a lower survival rate:
(1) Delayed diagnosis and treatment.

(2) Hemiparesis or hemiplegia.

(3) Bilateral sinus involvement.

(4) Leukemia.

(5) Renal disease.

(6) Treatment with deferoxamine.

The association of facial necrosis with a poor prognosis fell just short of
statistical significance, but appears clinically important (Yohai et al., 1994). The
term zygomycosis is preferred to mucormycosis when the diagnosis is made on
tissue sections without culture confirmation.

Definitive diagnosis is made by demonstration of fungal hyphae in tissue
specimens. Preoperative cytology is an effective technique to establish a
diagnosis of mucormycosis and obviates the need for a preoperative biopsy.
Frozen section is a specific and sensitive method to make a quick initial
diagnosis of RCM (Deshpande et al., 2000; Hofman et al., 2003; Safar et al.,
2005).

The mainstay of treatment is aggressive surgical debridement of infected
tissue and administration of amphotericin B. ROCM has a mortality rate of 40-
50%; 70% of survivors are left with residual defects. Early diagnosis and
treatment are imperative in the successful management of patients afflicted with
this devastating sight- and life-threatening disease (Warwar ef al., 1998).

Rhinocerebral mucormycosis should be suspected in diabetic patients with
ketoacidosis who do not respond to antibiotic therapy. Treatment begins with
correction of the underlying condition and is followed by surgery. Because
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zygomycosis is intrinsically resistant to most antifungal agents, the preferred
medical therapy is amphotericin B.

Hyperbaric oxygen suppresses fungal growth in vitro and has theoretical
value in treating mucormycosis because it reduces the tissue hypoxia and
acidosis that accompany vascular invasion by the fungus. Adjunctive hyperbaric
oxygen appears to be a promising clinical modality for the treatment of
rhinocerebral mucormycosis and warrants further investigation (Ferry et al,
1983; Ferguson et al., 1988; Yohai et al., 1994; Peterson et al.,1997; Talmi et al.,
2002; Nithyanandam et al., 2003; Dubey et al., 2005; Sundaram et al., 2006).

Early diagnosis is critical in the prevention of intracranial extension of the
infection, which is the cause of death in 80% of cases. Therefore, a high index of
clinical suspicion is essential in immuno-compromised or diabetic patients with
acute sinus infection. A team approach to management is recommended for early
surgical debridement, correction of diabetic ketoacidosis, and systemic antifungal
agents. Timely medical-surgical treatment proves extremely important for
prognosis (Ochi et al., 1988; Blzquez et al., 1996; Raj et al., 1998; Alobid et al.,
2001; Kofteridis et al., 2003; Barron et al., 2005; Safar et al., 2005).

Phaeohyphomycosis

Phaeohyphomycosis comprises a heterogenous group of fungal infections
caused by a wide variety of dematiaceous (phaeoid or naturally pigmented) fungi
that develop as black molds in culture and as dark walled moniliform fungal
elements in tissue. The etiologic agents of this mycosis include more than 80
recognized genera and species of opportunistic fungi. The fungi contain melanin
in their cell walls, imparting a characteristic dark color to their conidia and
hyphae. It may also play an important role in the pathogenesis of these fungi.
Melanin is a known virulence factor in other fungi. It remains unclear why these
fungi preferentially affect the CNS. An intriguing possibility is that melanin itself
may be responsible for this CNS localization (Kantarcioglu et al., 2004). The
infection is characterized by the basic development of dark colored filamentous
hyphae in the invaded tissue. These fungi exist in hyphal to yeast forms in the
tissue and have been variously referred to as dematiaceous, phaeoid, or darkly
pigmented. Other synonyms include chromomycosis, cerebral dematiomycosis,
and phaeosporotrichosis (Brandt et al., 2003; Revankar ez al., 2004, 2006, 2007).

Many species of dematiaceous fungi are associated with human disease
though only a few are responsible for most cases. There are two major clinical
forms: subcutaneous form called phaeomycotic cyst, and a systemic form with
involvement of CNS.

The subcutaneous form is the commonest form and is caused by either
dematiaceous pigmented or eumycotic non-pigmented fungi present in soil,
wood, and decaying plant material. These fungi gain access to the tissue via a
wooden splinter or thorn. The most frequently encountered fungi include
Exophiala jeanselmei, Phialophora parasitica, P. richardsiae, Wangiella
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dermatitidis, Bipolaris spicifera, Alternaria alternata and Curvularia (Sheikh et
al., 2007).

In the systemic form involving CNS, the route of infection is usually
through inhalation of fungal elements that are growing as a mycelium in the
environment.

The most frequently encountered agents include Cladophialophora bantiana
(C. bantiana C. trichoides) (Binford et al., 1952; Dixon et al.,1989; Deb et al.,
2005; Roche et al., 2005; Tunuguntla et al., 2005) which is the most common
species affecting humans followed by Ramichloridium mackenziei. The latter is
seen exclusively in patients from the Middle East. Other agents include Bipolaris
hawaiiensis, B. spicifera (Adam et al, 1986), Dactylaria constricta var
gallopava (Vukmir et al., 1994), Fonsacaea pedrosi (al Hedaithy et al., 1988;
Nbrega et al., 2003), and F. monomorpha (Surash et al., 2005; Takei et al.,
2007), W. dermatitidis (Chang et al., 2000), and Curvularia (Carter et al., 2004)
among others (Yoshimori et al., 1982; Chandler et al., 1997c; Filizzola et al.,
2003; Revankar et al., 2004; Takei et al., 2007).

There are three main clinical types ‘of CNS infections by pigmented fungi
(Kantarcioglu et al., 2004):

1- Primary cerebral infection where the first symptoms and localizations
are of a neurologic nature. This is predominantly caused by fungi of the
order Chaetothyriales, comprising the black yeasts and related species
such as Exophiala, Cladophialophora, and Ramichloridium.

2-  Secondary cerebral infections extending from adjacent tissues such as
sinuses. This is usually caused by grass-inhabiting fungi “Pleosporales”
comprising Bipolaris, Dissitimurus, and Exserohilum.

3- Extra-cerebral infections with cells being present in cerebrospinal fluid
(CSF). It is most commonly caused by essentially non-pigmented
fungus Pseudallescheria, a member of Microascales.

4- Meningitis had been practically absent in pigmented fungi but was
observed repeatedly in recent years.

Cladophialophora bantiana (Deb er al, 2005; Roche et al, 2005;
Tunuguntla et al., 2005), Exophiala dermatidis (Tintelnot et al, 1991),
Ramichloridium mackenziei (Kanj et al., 2001), and Ochroconis gallopavum
(Sides et al, 1991; Wang et al, 2003) are considered to have a strong
predilection for the nervous system and thus truly neurotropic pigmented fungi.
Bipolaris spicifera Bipolaris hawaiiensis, and Curvularia pallescens are only
rarely involved in CNS infections (Chandler et al., 1997¢).

Cladophialophora bantiana has several older names in literature including
Cladosporium trichoides (Binford ef al., 1952), Cladosporium bantianum (Roche
et al., 2005; Tunuguntla et al., 2005), and Xylohypha bantiana (Dixon et al.,
1989; Lee et al., 2003). It was first isolated by Binford et al. (1952) in a patient
with cerebral hyphomycosis (Binford er al, 1952). It is almost exclusively
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pathogenic to humans and neurotropic. Although reported worldwide there is a
general preference for warmer climates with higher humidity. Most commonly
seen in young male immunocompetent patients, however approximately 40% of
cases have an underlying factor such as organ transplant (Salama et al., 1997;
Silveira et al., 2003), or drug abuse (Walz et al., 1997). Some patients may
present with multiple brain abscesses (Tunuguntla et al, 2005) or in children
(Trinh et al., 2003) posing a diagnostic challenge. Occasional cases are reported
that clinically mimic cerebral aspergillosis (Lee et al., 2003).

Ramichloridium mackenziei has only been reported from Middle East region
reflecting a limited geographic range for this organism. It is the only neurotropic
fungus reported from that area, and in Saudi Arabia it is one of the most common
causes of CNS fungal infection. Cerebral phaeohyphomycosis by R. mackenziei
was first reported in an immunocompetent host (ur Rahman et al., 1988). Several
cases are reported, most involving the cerebrum, with one third of the patients
being immunocompetent while the other two third are immunocompromised or
had been subjected to a surgical procedure (Kantarcioglu et al., 1999; Kanj et al.,
2001). Several patients have underlying disorders such as Diabetes (Amr et al.,
2007), renal failure (Podnos et al., 1999), chronic myelomonocytic leukemia
(Kanj et al., 2001), systemic lupus erythematosus (Amr et al., 2007),
myelofibrosis with Hodgkin’s lymphoma (Sutton et al, 1998), and renal
transplant recipient on immunosuppressive therapy (Campbell et al., 1993).
Mortality is 100% without surgery, but 65% when the lesion is excised (Jamjoom
et al., 1995; Kanj et al., 2001; Khan et al., 2002; Kashgari et al., 2002).

Rare cases of CNS infection by other pigmented fungi are reported.
Examples include B. spicifera most probably causing secondary infection to
preceding acoustic neuroma, and Curvularia clavata cerebritis following sinusitis
(Ebright et al., 1999; Latham et al., 2000). Infection caused by Bipolaris and
Aspergillus show many clinical and pathologic similarities despite the lack of
taxonomic relationship between these fungi. Both can cause disseminated disease
in immunocompromised patients that is characterized by tissue necrosis and
vascular invasion. Both cause CNS disease, osteomyelitis, and sinusitis, and are
associated with allergic bronchopulmonary disease (Adam et al., 1986).

Other organisms that may lead to cerebral phaeohyphomycosis include
Chaetomium (Abbott et al., 1995; Thomas et al., 1999), Scopulariopsis (Guppy
et al., 1998; Thomas et al., 1999; Baddley et al., 2000; Teixeira et al., 2003) ,
and Scedosporium apiospermum, the anamorph or the asexual forms of
Pseudallescharia boydii . Disseminated mycosis due to Scedosporium species (S.
apiospermum and S. prolificans) have been reported in patients with underlying
hematologic malignancies such as Burkitt lymphoma (Nenoff et al., 1996), acute
lymphoblastic and myelogenous leukemias (Marin et al., 1991; Alvarez et al.,
1995; Berenguer et al., 1997), chronic granulomatous disease (Bhat et al., 2007),
transplant recipients (Husain et al., 2005), AIDS patients (Nenoff et al., 1996),
and occasionally in non-immunocompromised hosts especially children (Barbaric
et al., 2001). Several cases of CNS mycosis caused by Scedosporium
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apiospermum Pseudallescharia species have been reported after drowning or
near-drowning incidences in polluted waters of streams or ponds with still water
(Dworzack et al., 1989; Rchel et al., 1995; Kowacs et al., 2004; Buzina et al.,
2006; Panichpisal et al., 2006; Mursch et al., 2006).

Cerebral phaeohyphomycosis almost always evokes a granulomatous
response with many giant cells (Kanj et al., 2001; Deb et al., 2005). The overall
survival rate in patients with this infection is 28-35%. Although most cases
involve cerebrum, a few cases are reported to involve cerebellum and ventricles.
In 25% of cases the patients present with symptoms of meningitis.

The diagnosis of phaeohyphomycosis can be difficult because dematiaceous
fungi are commonly soil inhabitants and are often considered contaminants when
identified in culture. Identification of these fungi is based mostly upon
morphology. Important structures include septation and germination, annellides,
phialides, differentiation of conidiophores and conidial hilum, adelophialides,
and phialides (Dixon et al., 1991). Early recognition is highly significant and the
requirements for successful therapy are complete resection supplemented with
adequate antifungal therapy. The clinical outcome of cerebral and other deep-
seated forms of phaeohyphomycosis is dismal. An aggressive therapeutic
approach is required given the high mortality rate associated with these infections
(Kantarcioglu et al., 2004).

Cryptococcosis

Cryptococcosis, known in the past as torulosis, is systemic mycosis,
described for the first time over 100 years ago in 1894, caused by an
encapsulated basidiomycetous, yeast-like fungus, Cryptococcus neoformans.
There are two variants and four major serotypes of this organism, namely
Cryptococcus neoformans, var. neoformans (Serotypes A and D) and
Cryptococcus neoformans var. gatti (Serotypes B and C) (Mitchell et al., 1995).
C. neoformans was found by Kwon-Chung to represent the asexual or
anamorphic form of a heterothallic basidiomycete, which she named
Filobasidiella neoformans (Kwon-Chung et al., 1976), C. neoformans var.
neoformans is an ubiquitous saprophyte of soil and avian habitats, particularly
those heavily contaminated with pigeon excreta (Halde ef al., 1966; McDonough
et al.,1966). C. neoformans var. gatti had been associated with eucalyptus trees
which grow in tropical areas (Ellis et al., 1990). There are 16 other species of the
genus Cryptococcus, but they are not pathogenic to man. A thick polysaccharide
capsule is characteristic of C. neoformans, although on rare occasions, minimal
or no capsular material is found. This thick capsule is the basis of the India ink
test on cerebrospinal fluid for the detection of this organism (Fujita et al., 1980).

Although the fungus is pathogenic for those with competent immunity, it is
more often encountered as an opportunistic infectious agent and is the most
common cause of fungal meningitis. It has become increasingly prevalent in
immunocompromised patients. Given the rarity of this organism infecting an
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immunocompetent host it is considered a unique manifestation in healthy
individuals. Factors that predispose to opportunistic cryptococcosis include AIDS
(Dismukes et al., 1988; Chuck et al., 1989; Dixon et al., 1991; Collazos, 2003),
prolonged treatment with corticosteroids (Wilson et al., 1970; Schulman et al.,
1988), lupus erythematosus (Speller et al., 1977; Zimmermann et al., 1992;),
sarcoidosis (Botha et al., 1999; Ross et al., 2002; Kanaly et al., 2007), diabetes
mellitus, organ. transplantation (Tilney et al., 1982; Husain et al, 2001;
Akamatsu et al., 2005), malignancy, particularly Hodgkins disease (Korfel et al.,
1998), and other conditions known to impair cell-mediated immunity. Invasive
cryptococcal infection is rare in healthy immunocompetent individuals. It is an
extremely neurotropic organism.

Clinically, cryptococcosis occurs in two basic forms, pulmonary
cryptococcosis and cerebro-meningeal cryptococcosis. The former is considered
as the initial primary site of infection being the site of portal of entry through
inhalation of the yeast forms of the organism. The latter is acquired by
hematogenous or lymphatic dissemination from a primary pulmonary focus.
Careful assessment of the CNS is required in cryptococcosis to rule out occult
meningitis. It is not a contagious disease that is acquired by inhaling aerosolized
cells of C. neoformans that are produced in the environment.

The majority of the patients (70-90%) present with the usual signs and
symptoms of subacute meningitis or meningoencephalitis, with headache being
the most common symptom, but patients may also present with meningeal signs,
confusion, seizures, blurred vision, lethargy, personality changes and memory
loss; and rarely, focal deficits. Unlike bacterial meningitis, nuchal rigidity may be
mild or absent. Lumbar puncture is a useful initial diagnostic test that shows
increased CSF pressure and may show mild-to-moderate leukocytosis, decreased
glucose levels, and elevated protein levels. The India ink test is more specific and
helps in demonstrating the fungus. The level of antigen titer corresponds to the
severity of disease (Fujita et al., 1980).

Besides the immune status of the patient, the size of the inoculum is
considered to be an important factor in determining the pathogenesis of this
disease. Infection usually starts as meningitis. Parenchymal involvement is seen
as cryptococcomas (also known as toruloma), dilated Virchow-Robin spaces, or
enhancing cortical nodules. It is believed that the meningeal infection along the
base of the skull may involve the adjacent brain parenchyma, giving rise to
cryptococcomas or may extend along the Virchow-Robin spaces. These are
perivascular spaces seen accompanying the lenticulo-striate, perforating branches
of the middle cerebral arteries in the basal ganglia. As the infection spreads along
the Virchow-Robin spaces, the perivascular spaces may dilate with mucoid
gelatinous material produced by the capsule of the organism. These cysts have,
therefore, also been called “gelatinous pseudocysts.” In patients with AIDS and
other profound immunodeficiencies, proliferating cryptococci may produce large
extracellular aggregates or “yeast lakes” that efface the normal architecture of an
organ. In otherwise healthy immunocompetent patients, C. neoformans usually
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elicits a mixed suppurative and granulomatous inflammatory cellular reaction or
a purely granulomatous reaction with varying degree of necrosis (Chandler et al.,
1997d; Dubey et al., 2005).

Imaging tests may provide useful diagnostic information (although the
findings are not pathognomonic and other infectious processes may simulate
cryptococcal infection in the brain). A communicating hydrocephalus may occur
because of the acute meningeal exudate and also may occur late in the course of
the infection because of meningeal adhesions (Cornell et al., 1982).Gelatinous
pseudocysts are seen as multiple CSF-equivalent round or oval cysts in the basal
ganglia, thalami, midbrain, cerebellum, and the periventricular regions (Popovich
et al., 1990). On MR imaging, these are seen as multiple hypointense T1 and
hyperintense T2 lesions. Demonstration of clusters of these cysts in the basal
ganglia and thalami is fairly specific and strongly suggestive of this infection. It
has been recommended that longer duration of treatment and combination
therapy, with multiple antifungal agents, might be needed not only in HIV-
infected and resistant cases but also in infected immunocompetent patients. In
conclusion, the appearance of a Cryptococcus central nervous system infection in
an immunocompetent patient may be different from that commonly encountered
in the immunocompromised. Cryptococcosis should be considered when multiple
cystic lesions are noted in the basal ganglia, even in an immunocompetent
patient. Marked ring enhancement of the basal ganglia lesions may be seen; this
enhancement probably represents the patient’s ability to mount an immune
response, which would be uncommon in an immunocompromised patient.
Marked surrounding edema may also be a feature of this infection (Chandler et
al. , 1997d ; Saag et al., 2000; Pruitt, 2003, 2004; Saigal et al., 2005).

Rare cases of cryptococcal meningitis developing encephalopathy,
secondary to Amphotericin therapy are reported in the literature. Even more rare
is the development of encephalopathy in cryptococcal meningitis patients
unrelated to Amphotericin treatment, possibly as an immune response to the
organism (Liu et al., 1995; Wilcox et al., 2007).

Candidiasis

Candida organisms are readily detectable as harmless commensals in the
flora of the mouth, pharynx, vagina, and skin. In normal hosts these organisms
are usually not invasive. In immunocompromised patients they are capable of
invading and causing severe disease. Candida species are the fifth most common
primary bloodstream organisms and the seventh most common cause of nosoc-
omial infections. Cerebral candidiasis is the result of hematogenous dissemi-
nation. The gastrointestinal tract is the most common source of systemic
infection in patients with hematological malignancies and neutropenia, as a result
they have a high incidence of hepatic and splenic involvement. Patients with
adequate neutrophil counts who develop disseminated candidiasis after
abdominal surgery or from intravenous catheter-induced phlebitis (Burgert et al.,
1995), tend to have myocardial, pulmonary, renal, ocular, and cerebral
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involvement. Cerebral involvement by Candida is usually not recognized until
autopsy because it is often masked by the patient’s underlying primary disease.
Furthermore the lesions tend to be small and focal, and are scattered randomly
throughout the cerebral hemispheres, the basal ganglia, and cerebellum.
Characteristically, many of these lesions are located near the middle cerebral
artery. The lesions include both intraparenchymal abscesses and small vessel
thrombosis formed by pseudohyphae with associated microinfarcts surrounding
areas of vasculitis. Histologically the usual response to Candida is an acute
inflammatory reaction with neutrophils predominating and causing microabsc-
esses. In neutropenic patients the inflammatory reaction is replaced by
coagulative necrosis. The inflammatory reaction depends on the immunologic
status of the individual patient (Chandler et al., 1997¢). Brain abscesses are rare,
with the reported overall incidence in patients with disseminated candidiasis
ranging from below 1% to 2%. Various autopsy series have put the incidence at
7% to 17%. Hosts who are at highest risk for cerebral candidiasis are newborns
and patients who are neutropenic. Meningitis is the most usual form of Candida
infection of the central nervous system. It may present in one of the three forms:
chronic Candida meningitis, Candida meningitis in patients with acquired
immune deficiency syndrome (AIDS), and Candida meningitis in patients who
underwent neurosurgical procedures.

Chronic Candida meningitis is an uncommon manifestation of candidiasis.
In a report of an elderly woman affected with this disease, with a review of 17
similar cases, it was found that these patients had a clinical course characterized
by a headache that progressed over a period of weeks or even months and is
associated with confusion, vomiting, stupor, hydrocephalus, and coma. Nuchal
rigidity was present in 60% of cases. Known risk factors were present in 72% of
cases. Only 17% of CSF smears were positive and only 44% of initial CSF
cultures grew Candida species. The overall mortality rate was 53%, and in those
treated and followed up it was 33% (Voice et al., 1994). In another study of 3
patients, all were intravenous drug abusers, who developed chronic neutrophilic
meningitis, the interval between the onset of the disease and the diagnosis was
long, ranging from 4 to 12 months. All three patients developed hydrocephalus.
Treatment with amphotericin, 5-flucytosine and fluconazole resulted in clinical
improvement and sterilization of CSF in all three patients (del Pozo et al., 1998).

Candida meningitis in AIDS patients has a subacute course that usually runs
for fewer than 4 weeks and is predominantly related to intravenous drug use. In
AIDS patients, having low CD4 counts is not a risk factor for invasive or
disseminated candidiasis, but most affected patients have additional risk factors,
such as drug-induced neutropenia. In a series of 14 cases of candidal meningitis
in HIV-infected patients, the median CD4 cell count was 135/mm’. Headache
and fever, in the absence of focal neurologic signs, were the predominant clinical
features. In spite of treatment with amphotericin B for a median of 51 days, the
overall mortality was 31% (Casado et al., 1997) Risk factors for Candida
meningitis in neurosurgery patients include long-term use of ventriculo-
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peritoneal shunts and broad-spectrum antibiotics, and recent neurosurgery.
Therapy consists of a combination of shunt removal and antifungal agents (Geers
et al., 1999; Montero et al., 2000).

Candidal meningitis had been reported in children with cancer. In one report
of 12 children, all had leukemia, it was found that antibiotic therapy, duration of
fever, profound neutropenia and use of total parental nutrition were significantly
associated with candidal meningitis when compared with matched control
subjects (McCullers et al., 2000).

Disseminated or systemic candidiasis is a major cause of morbidity and
mortality in premature infants with very low birth weight (VLBW). CNS
involvement can complicate such systemic infection. In a review of 106 cases of
systemic candidiasis in neonates, 23 had candidal meningitis. The median birth
weight was 820 grams, and the median age at the onset of the disease was 8 days.
CSF findings were variable and non-specific. Candida was isolated in 17
neonates (74%). Nine patients (35%) died, three of them were not treated with
anti-fungal therapy, and diagnosed at the post-mortem examination. Those who
survived were treated with amphotericin B alone (17 patients) or with flucytosine
(4 patients) (Fernandez et al., 2000).

Histoplasmosis

Histoplasma capsulatum is a systemic fungal infection contracted by
inhaling airborne infectious conidia originating in soil. The primary sources of
most infections are avian and chiropteran (bats) habitats that favor growth of this
thermally dimorphic fungus in soil that is enriched with feces. Primary
pulmonary lesions in H. capsulatum are usually subclinical and heal without
antifungal therapy, but they may calcify and be discovered at chest X-rays. The
remaining 5-10% of the infections are symptomatic and fall into three broad
categories — acute pulmonary, chronic pulmonary, and disseminated forms.
Disseminated infection is the most severe and life-threatening form, usually
occurring in immunocompromised patients, infants and children (Rivera et al.,
1992), and the elderly. It frequently complicates organ transplant recipients
(Livas et al., 1995), AIDS (Vullo et al., 1997; Knapp et al., 1999; Manning et
al.,2006; Azizirad et al., 2007), hematological malignancies, and chemotherapy,
all conditions characterized by deficient cell-mediated immunity (Chandler et al.,
1997f). The infection can occur in immunocompetent hosts (Hott et al., 2003).

Hematogenous dissemination results in slow but progressive spread of
infection into various organs. CNS involvement is clinically recognized in 5%-—
10% of cases of progressive disseminated histoplasmosis (PDH). Clinical
syndromes include subacute or chronic meningitis, focal brain or spinal cord
lesions, stroke syndromes, and encephalitis. CNS involvement may be a
manifestation of widely disseminated disease or an isolated illness, occurring as
the initial manifestation of PDH or relapse at a “privileged” body site poorly
penetrated by antifungal therapy. Occasionally solitary lesions, called
“intracranial histoplasmomas,” can clinically mimic brain tumors. Clinicians
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should maintain a high index of suspicion in patients who are from endemic areas
or with an underlying predisposing condition (Klein et al., 1999; Paphitou et al.,
2002).

Often, the diagnosis is not suspected, leading to chronic, untreated infection
and, in some cases, to placement of ventricular shunt for normal-pressure
hydrocephalus. The mortality rate in the disseminated form is as high as 80%
without antifungal therapy. The diagnosis should be suspected in patients with
chronic meningitis or parenchymal lesions, for which the results of tests for other
causes are negative, particularly if the patient has been to areas where
histoplasmosis is endemic. Once diagnosis is suspected, a panel of tests is needed
to achieve the highest sensitivity for diagnosis. The optimal management is
uncertain, but, given the high rates of failure of initial therapy (~20%) and
relapse in the next few years (~40%), an aggressive approach is recommended
(Chandler et al., 1997f; Assi et al., 2007). Rare cases of cerebral histoplasmosis
have been reported, presenting 13 years after the primary infection (Bamberger et
al., 1999).

Coccidioidomycosis

Coccidioidomycosis is an infectious disease that is acquired by inhaling
fungal conidia of Coccidioides immitis. C. immitis exists in soil in limited areas
where there are hot summers and low rainfalls, making the soil sandy and
alkaline with abundant ash, such as San Joaquin Valley of southern California as
well as Arizona and New Mexico and a few Central American countries. It is a
diphasic and multimorphic organism. Although C. immitis infections are usually
asymptomatic or result in mild, flu-like illness, disseminated disease may occur
in 1% of cases. The infection may range from silent infection, which is the most
common presentation, to progressive infection and death. While extrapulmonary
disease usually involves the skin, CNS, bones, and joints, coccidioidomycosis
can causes a wide variety of lesions and, like syphilis, is called a “great mimicker
or imitator” (Galgiani, 1993; Chandler ef al., 1997g; Chiller et al., 2003).

Dissemination is reported to be more often in African Americans, Filipinos,
and Asians than Caucasians. Other predisposing factors that help in disse-
mination are immunosuppression, such as in AIDS, hematologic malignancies,
organ transplant, blood group B, and onset in second and third trimester of
pregnancy. There are four basic clinical forms — symptomatic or asymptomatic
pulmonary, primary cutaneous, residual pulmonary, and disseminated infection.
Only about 5% of the patients with clinically apparent pulmonary infection have
disseminated disease. Histologically there is a predominantly suppurative
reaction to recently released endospores and a granulomatous reaction to
maturing spherules. The inflammatory response and rate of replication are
influenced by the patient’s immune status and by underlying disease (Chandler et
al., 1997g).
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Coccidioidal meningitis affects between 200-300 persons annually within
the endemic area of the United States, with much larger numbers expected in
epidemic years (Williams, 2007). C. immitis involvement of CNS usually begins
in the form of subacute granulomatous meningitis with occasional patients
developing brain abscesses (Kleinschmidt-DeMasters et al., 2000; Davis ef al.,
2005). The central nervous system infection results when Coccidioides immitis
disseminates from a primary lung infection via a fungemia to reach the meninges
(Davis et al., 2005). Few case reports of brain abscess due to C. immitis had been
reported (Mendel ef al., 1994; Bauelos et al., 1996). One report from California
documented ten cases of vasculitis of CNS, with one associated with
encephalitis, all due to C. immitis (Williams et al., 1992). Another report
described the pathological findings in 9 cases including one patient with AIDS
(Mischel ez al., 1995). There was a spectrum of neuropathological change ranges
from meningitis to meningoencephalitis and meningomyelitis with extensive
parenchymal destruction, sometimes as a result of an associated endarteritis
obliterans (Chandler et al., 1997g; Chiller et al., 2003). Early in the disease
course coccidioidal meningitis may show areas of focal enhancement in the basal
cisterns, which may progress to diffuse disease. Pathologically the areas of
enhancement represent focal collections of the organism. Deep infarcts and
communicating hydrocephalus are associated findings (Erly et al., 1999).

Diagnosis may be challenging because C. immitis is isolated from
cerebrospinal fluid in less than 50% of patients. A cerebrospinal fluid
complement fixation test for IgG antibody to C. immitis has high sensitivity and
specificity (Davis et al., 2005).

Blastomycosis

Blastomycosis is a systemic infection caused by Blastomyces dermatitidis, a
thermally dimorphic fungus. The route of entry is often through inhalation of
aerosolized infectious conidia growing in soil with the primary focus being in the
lungs. Primary cutaneous infection is rare, usually caused by accidental
inoculation of the fungus into the skin. This form is an occupational hazard for
pathologists and microbiologists and also has occurred following dog bites.
Systemic blastomycosis begins in the lungs where it either remains confined
there or disseminates hematogenously to other organs including the brain.
Untreated systemic infections are often severe, progressive, and fatal with the
mortality rate being more than 90%. Like most other fungal infection,
blastomycosis is most often seen in immunodeficient hosts. In immuno-
compromised patients the infection tends to disseminate more often, in particular
to the central nervous system (Chandler et al., 1997h). Although blastomycosis
of the CNS occurs in approximately 4% of patients with blastomycosis, patients
can present with recurrent CNS blastomycosis in extremely rare occasions
(Chowfin et al., 2000; Wu et al., 2005). Rare cases are reported in hosts working
in fields after Hurricane Katrina (Szeder et al., 2007).
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Histologically the fungi are often numerous, extracellular, and scattered
throughout the lesion with suppurative inflammatory reaction and formation of
abscesses. In immunocompromised patients and rapidly progressive lesions the
fungi proliferate in great numbers forming “yeast lakes” with only minimal
inflammatory response. Amphotericin B, alone or sometimes in combination
with other antifungal agents (Panicker et al., 2006; Borgia et al., 2006), is the
drug of choice for severe life-threatening disease. Voriconazole was reported to
be successful in treatment of cerebral blastomycosis as well (Bakleh et al., 2005;
Borgia et al., 2006). Surgical excision of localized lesions may be a valuable
adjunct to the antifungal therapy (Benzel et al., 1986; Chandler et al., 1997h;
Friedman et al., 2000).

Paracoccidioidomycosis

Paracoccidiodomycosis (PCM) is a systemic infection caused by
Paracoccidiodes brasiliensis that is recovered from soil. PCM is an infectious
disease caused by a dimorphic fungus, endemic in subtropical areas of Central
and South America (de Almeida et al., 2004, 2005). Primary lesions of PCM are
usually seen in young hosts as a self-limiting pulmonary infection with only rare
progression. Years after infection, reactivation of a primary quiescent lesion may
become progressive chronic PCM of the lung, with or without involvement of
other organs. Acute or subacute disseminated PCM predominantly occurs in
children, and young adults. Any organ can be involved; however the
mononuclear phagocytic system is most severely affected. Most symptoms are
related to the gastrointestinal tract, osteoarticular system, with lymphadenopathy
and abdominal symptoms. Mucous membrane lesions are uncommon.

The involvement of CNS is higher than previously thought and two clinical
presentations have been reported, meningitis and pseudotumor. The diagnosis of
CNS involvement is difficult and it is important to consider neuroPCM in the
differential diagnosis of brain and spinal cord lesions in endemic areas of PCM
as clinical suspicion is a key point to achieve the correct diagnosis. CNS lesions
commonly involve brain hemispheres and thalamus, followed by cerebellum,
brainstem, and spinal cord. Epilepsy is one of the commonest neurologic
presentations (de Almeida et al., 2004). Neuroimaging diagnosis showed a
predominance of multiple round lesions with ring enhancement following
contrast medium injection (de Almeida et al., 2004; Elias et al., 2005; Paniago et
al., 2007). Chronic disseminated PCM are most commonly seen in young adult
males. Pulmonary lesions are present in almost all patients. Extrapulmonary
lesions are mostly localized to mucous membranes, lymph nodes and skin. Less
frequently other organs are affected such as the central nervous system, genitals,
liver, and spleen. Histologically the most common host response is
granulomatous with or without associated suppurative reaction. P brasiliensis can
be recognized in H&E (Hematoxylin and Eosin stain) stained sections however
characteristic features are best seen by GMS stain (Gomori Methenamine silver
stain). Diagnosis of PCM is based on identification of the classic tissue forms of
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the fungus complemented by cultures. The antifungal agent of choice is often
Ketoconazole with surgical excision of localized lesions as a valuable adjunct to
the antifungal therapy (Chandler FW ez al., 1997i).

Sporotrichosis

Sporotrichosis is a chronic cutaneous or systemic mycosis caused by
Sporothrix schenckii. 1t is caused by accidental inoculation of conidia growing in
soil and plant material such as thorns, barbs, and splinters. Often the infection
remains localized to skin, subcutaneous tissue, and the contagious lymphatics.
Rarely dissemination occurs to other organs including meninges, joints, bones,
lungs, and genitourinary system. Disseminated sporotrichosis may occur in
immunodeficient individuals but meningitis remains a rare complication
(Hardman et al., 2005; Silva-Vergara et al., 2005; Vilela et al., 2007).

On very rare occasions, infection is acquired through inhalation of the
fungal conidia causing primary pulmonary infection which also may disseminate
subsequently. Hosts with profound immunodeficiency, AIDS (Penn et al., 1992;
Donabedian et al., 1994; Hardman et al., 2005; Silva-Vergara et al., 2005; Vilela
et al., 2007) serious underlying diseases, and chronic alcoholics, are at the
greatest risk of disseminated infection (Chandler et al., 1997i).

Systemic sporotrichosis is often localized to a single organ with only
occasional dissemination via hematogenous route to multiple organs. Diagnosis
is usually difficult, requiring isolation of the organism from the CSF or skin so
appropriate treatment can be promptly initiated (Hardman et al., 2005).

Histologically the infection is characterized by florid pseudoepitheliomatous
hyperplasia, ulceration, and intraepidermal microabscesses with only a few fungi
present in tissue sections stained with H&E; however the fungi are clearly
demonstrated by GMS stain. The infection elicits both pyogenic and
granulomatous reaction. The fungi may be surrounded by Splendore-Hoeppli
material that is refractile and intensely eosinophilic, forming an asteroid body.
The asteroid body is almost always seen in microabscesses or in the suppurative
centers of the granulomas. Asteroid bodies are not seen in many cases of
sporotrichosis and when present are not considered pathognomonic for this
infection, as similar reactions can be seen around bacteria such as actinomycosis,
botryomycosis, and mycetoma, parasitic ova, foreign material, and may even
occur in association with other fungi such as coccidiodomycosis, aspergillosis,
candidiasis, and entomophthoromycosis (Chandler et al., 1997j; Silva-Vergara et
al., 2005).

Penicillinoses

The most common cause of systemic penicillinosis is Penicillium marneffei
(Chandler et al., 1997k; Noritomi et al., 2005). It was formerly considered as an
extremely rare infection, however, currently it is one of the common
opportunistic infections in AIDS patients, in particular in Southeast Asia (Kurup
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et al., 1999). It is the only Penicillium species which is dimorphic and can cause
systemic mycosis in humans. It is endemic in Southeast Asia and China
(Supparatpinyo et al., 1994). Penicillium species other than P.marneffei cause
only superficial or allergic disease with only rare cases of invasive disease
occurrence.

Conclusion

It can be concluded that fungal infections of the CNS have been observed
with more frequency in the last two decades. Clinicians, including: physicians,
surgeons, radiologists, and pathologists,and mycologists are all challenged when
it comes to the diagnosis and treatment of these unusual infections. A high index
of suspicion should be kept in mind, in particular when an immunocompetent
patient presents with neurological deficits.
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Introduction

Otomycosis is the fungal infection of the ear. Although it usually implies
fungal infection of the external ear canal, the middle ear may be involved in case
of a perforated tympanic membrane, and the mastoid cavity may be affected if an
open cavity mastoid surgery is performed previously. Otomycosis may rarely
involve inner ear in immunocompromized hosts (Haruna et al., 1994). In this
case, fungal infection is invasive. Invasive fungal infection usually accompanies
immunosuppression due to cancer chemotherapy. Diabetes mellitus may be
another predisposing factor for invasive fungal disease. In such a case,
hospitalization of the patient and systemic treatment is necessary.

Otomycosis causes significant morbidity due to its bothersome symptoms
such as itching, aural discharge, hearing loss, and otalgia. Swimming, previous
history of tympanic membrane perforation or ear surgery, and presence of
dermatomycoses such as tinea pedis must alert physician for otomycosis
especially in the presence of itching of the ear.

Otomycosis may be challenging for both patient and the physician since
long term treatment and follow up is needed, and still the recurrence rate is high.
The treatment of otomycosis may be costly due to long treatment and follow up
periods. Improper diagnosis and treatment may increase direct costs of the
disease such as physician fee and medicine costs as well as indirect costs such as
absenteeism related to hospital visits. The exact cost of otomycosis is not known
in Turkey or in the United States. However, it is reported that the ototopical
market in the United States is approximately 7.5 million annual prescriptions
with total sales of $310 million (Rosenfeld et al., 2006).
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Otomycosis shows a worldwide distribution and is particularly frequent in
hot and humid regions (Than et al., 1980; Paulose e? al., 1989; Yehia et al., 1990;
Asci et al., 1996; Kaur et al., 2000; Ozcan et al., 2003a). The prevalence of
otomycosis is as high as 54% in hot and humid regions (Than et al., 1980)
whereas the prevalence decreases to 9% in temperate climates (Mugliston and
O'Donoghue, 1985).

Otomycosis has been reported from almost every region in Turkey (Akiner
et al., 1991; Durmaz et al., 1991; Erkan and Soyuer, 1991; Sivrel et al., 1992;
Asci et al., 1996; Gurer et al., 1998; Koc et al., 1998; Ozcan et al., 2000; Degerli
et al., 2002; Ozcan et al., 2003a; Uslu et al., 2005). The majority of the patients
(65.5%) in central Anatolia admit to hospital in summer and early autumn when
the weather is hot in this region (Ozcan et al., 2003a).

Otomycosis is a disease of adulthood (Than et al., 1980; Paulose et al.,
1989; Yehia et al., 1990; Erkan and Soyuer, 1991; Asci et al., 1996; Kaur et al.,
2000; Ozcan et al., 2003a) although the children may also be affected (Jackman
et al., 2005; Ho et al., 2006). The disease is unilateral in approximately 90% of
the patients without any preponderance of the right or left sides (Paulose et
al.,1989; Yehia et al., 1990; Kaur et al., 2000; Ozcan et al., 2003a; Ho et al.,
2006). Some authors report that it is more frequent in females (Yehia et al.,1990;
Ozcan et al., 2003a) while some others claim that it is more common in males
(Kaur et al., 2000; Ho et al., 2006).

Risk factors for otomycosis

Wearing turban or other clothes on head has been reported as a risk factor
for otomycosis in Bahrain, Turkey and India (Paulose et al. 1989; Ozcan et al.,
2003a; Kumar, 2005). In our opinion, turban impedes evaporation of the sweat in
the head region, and the humidity in the external ear canal increases. This creates
a suitable environment for the fungal growth. In Turkey, only women wear
turban because of religious issues, and this may be the reason for more frequent
occurrence of otomycosis in women.

Swimming is reported as a risk factor for otomycosis (Bryant, 1948; Paulose
et al., 1989; Wang et al., 2005). Approximately 28% of the patients in our study
had history of swimming prior to development of otomycosis (Ozcan et al.,
2003a). Majority of them had a bath in the warm pool of a health spa.
Otomycosis following swimming in warm pool of a health spa may be due to
inhabitance of some fungi in these pools.

Perforation of the tympanic membrane and/or previous ear surgery have
been reported as important risk factors for otomycosis (Falser, 1984; Paulose et
al. 1989; Vennewald et al., 2003; Ho et al.,, 2006). The rate of tympanic
membrane perforation was 3.5% in Central Anatolia and it was not regarded as a
major risk factor for otomycosis (Ozcan et al., 2003a). However, tympanic
membrane perforation was reported as a major predisposing factor for
otomycosis in a study performed in Southern Turkey (Ozcan et al., 2000).
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Presence of dermatomycoses may be a factor for the unresponsiveness to
treatment. The prevalence of dermatomycoses in patients with otomycosis was
36.5% in Turkey (Ozcan et al., 2003) and 51% in India (Kumar, 2005). The
prevalence of dermatomycoses was reported as 5.7% in general population
(Perea et al., 2000). Similarly, the prevalence of dermatomycoses was 5% in our
control group (Ozcan et al., 2003a). The prevalence of dermatomycoses seems
significantly higher in patients with otomycosis.

In Turkey, 50% of the patients that were refractory to otomycosis treatment
had dermatomycoses such as tinea pedis (Ozcan et al., 2003a). The same
pathogenic fungi were isolated from dermatomycoses and otomycosis in nearly
half of these patients (Ozcan et al., 2003b). It was interesting that Aspergillus
species were the most common shared pathogens isolated from both
dermatomycoses and otomycosis (Ozcan et al., 2003b). Aspergilli are unusual
pathogens for dermatomycoses in the general population. Identification of
Aspergilli in dermatomycoses suggests a digital contamination of the toes.

Topical antibiotics have been frequently used for treatment of the bacterial
infections of the external ear canal in the last decades. Use of topical antibiotics
has been reported as a predisposing factor for otomycosis by some authors
(Jackman et al., 2005), while some others disagreed (Stern and Lucente, 1988;
Paulose et al., 1989).

There is no agreement whether the presence of earwax in the ear canal
predisposes individuals to otomycosis. Both absence (Paulose et al., 1989) and
presence (Stern and Lucente, 1988; Kaur ef al., 2000) of earwax in the external
ear canal have been accused as predisposing factors for otomycosis. Some
authors suggested that cleaning external ear canal with matchsticks or cotton bud
swabs was a predisposing factor (Kaur et al., 2000; Ozcan et al., 2000).

Seborrheic dermatitis on face is reported as another predisposing factor for
otomycosis (Erkan and Soyuer, 1991). Other proposed predisposing factors are
immunosuppression, radiation therapy, cancer chemotherapy and prolonged
treatment with systemic antibiotics (Falser, 1984).

Symptoms

Presence of itching in external ear canal must raise a high index of suspicion
for otomycosis since it is the most frequent symptom. Itching is present in more
than 90% of the patients (Yehia et al., 1990; Erkan and Soyuer, 1991; Ozcan et
al., 2000; Ozcan et al., 2003a; Pradhan et al., 2003). Other common symptoms
are otalgia, hearing loss, tinnitus and aural discharge (Ozcan et al., 2003a).
Otalgia is usually seen together with aural discharge. Hearing loss and tinnitus
are usually due to obstruction of the external ear canal by aural discharge or the
hyphae.

The onset of otomycosis is usually abrupt. In some patients, fungal infection
may supervene on bacterial external otitis and in that case itching may follow
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pain. In immunocompromised host, systemic signs of infection such as fever may
be present.

Diagnosis

Clinical diagnosis of otomycosis requires a high index of suspicion. The
history must include symptoms, their duration, and the topical or systemic
medications used before the patient admitted the hospital. If the patient used any
topical preparation, the nature of it must be questioned since it may be confused
with the ear discharge on otoscopic examination.

The patient must be questioned for the presence of the predisposing factors
that are mentioned above. Presence of chronic systemic disorders such as
diabetes must be questioned. Swimming, previous history of tympanic membrane
perforation or ear surgery, and presence of dermatomycoses such as tinea pedis
must alert physician for otomycosis especially if the patient complains of itching.
Patient must be questioned whether he/she had otomycosis previously. It must be
kept in mind that recurrences are common in otomycosis.

After history, a careful otoscopic examination is necessary. Presence of
mycelia in the external ear canal is a characteristic finding for otomycosis (Fig.
6.1), however, absence does not rule out the diagnosis. The mycelia can be seen
in the external ear canal in 23-62% of the cases (Erkan and Soyuer, 1991; Ozcan
et al., 2003a).

Fig. 6.1. Mycelia in the external ear canal. The arrowheads indicate the hyphae.
P = Perforation of the tympanic membrane.

Presence of blotting paper like material consisting of fungal elements and
epithelial debris in the external ear canal is also suggestive of otomycosis
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especially in the patient with the complaint of itching. Purulent aural discharge
may also be seen in the external ear canal.

Signs of inflammation such as edema and erythema may be seen in the ear
canal skin. The skin can usually be seén only after cleansing the fungal elements
and debris in the ear canal. The tympanic membrane may show the signs of
inflammation such as myringitis and maceration. A perforation may be seen in
the tympanic membrane. In such a case, the patient must be questioned for the
history of an eardrum perforation, and his/her medical records must be examined
if possible. As mentioned before, a perforated tympanic membrane may
predispose to otomycosis. However, otomycosis may also cause perforation of
the tympanic membrane (Hurst, 2001; Ho et al., 2006). In case of previous canal
wall down mastoidectomy, mycelia may be seen in the mastoid cavity (Fig. 6.2).

Fig. 6.2. Mycelia in an open mastoid cavity. The patient previously had a radical mastoidec-
tomy. The arrowheads indicate mycelia.

The patient must be questioned for the presence of dermatomycoses and
he/she must be examined for them. If present, dermatomycoses must be treated
simultaneously with otomycosis to prevent recurrences.

In immunocompromised hosts, systemic signs of infection such as fever
may be present. In this case, fungal infection may be invasive. Invasive fungal
infection usually accompanies immunosuppression due to cancer chemotherapy.
It can also be seen in diabetics. Mucor species have been demonstrated in cochlea
and auditory nerve in autopsy in a patient died because of leukemia, and those
findings are indicative of invasive fungal infection (Haruna et al., 1994). Invasive
fungal infection of the ear is an emergency and hospitalization is necessary.
Systemic antifungals must be administered. Surgical debridement may be needed
to control the infection.
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Identification of causative fungi must be a part of the diagnosis. The
mycelia/debris must be removed from the external ear canal and examined for
fungal elements under microscope. Ten per cent potassium hydroxide solution is
used for this purpose. Fungal cultures must be performed for identification of the
causative fungus. Sabouraud dextrose agar is the most commonly used medium.
The physician must not wait for the culture results to begin the treatment since it
may take two weeks for fungi to grow in cultures.

Fungi causing otomycosis

Aspergillus and Candida species are the most common pathogenic fungi that
cause otomycosis in the world as well as in Turkey. It is suggested that
Aspergillus species were the most common fungal isolates in hot and humid
countries whereas in temperate regions there was a preponderance of Candida
(Stern and Lucente, 1988). The most common pathogenic fungi that were
isolated from the patients with otomycosis in the world are presented in Table
6.1.

Table 6.1. The most common isolates from the ears with otomycosis in the

world.
Country Causal fungus %
Mosul, Iraq (Yehia et al., 1990) Aspergillus niger 70.9
Ahwaz, Iran (Mahmoudabadi, 2006) Aspergillus niger 50
AlKhobar, Saudi Arabia (Bassiouny et al., 1986) Aspergillus niger 36.5
B;hrain (Paulose et al. 1989) Aspergillus niger 544
Enugu, Nigeria (Mgbor and Gugnani, 2001) Aspergillus niger 43.1
Ramatswa, Botswana (van Hasselt and Gudde, 2004)  Aspergillus fumigatus 529
Kathmandu, Nepal (Pradhan et al., 2003) Aspergillus flavus 325
New Delhi, India (Kaur ef al., 2000) Aspergillus fumigatus 41.1
Dehradun, India (Kumar, 2005) Aspergillus niger 524
Madrid, Spain (del Palacio e? al., 2002) Aspergillus niger 42.5
Lodz, Poland (Kurnatowski and Filipiak, 2001) Candida parapsilosis 29.3
Dresden, Germany (Vennewald et al., 2003) Aspergillus niger 20
Candida parapsilosis 20
New York, USA (Jackman et al., 2005) Candida albicans 42
Innsbruck, Austria (Falser, 1984) Candida albicans 32

Turkey is situated in the Mediterranean region and its south and west coasts
are quite hot and humid especially in the summer. Central Anatolia is also hot
although it is relatively less humid compared to the coastal regions. Major
pathogenic fungi for otomycosis are Aspergillus species in most of Turkey. The
major pathogenic fungi isolated from the patients with otomycosis in different
regions of Turkey are shown in Table 6.2.
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Table 6.2. The major fungi isolated from otomycosis in different regions of

Turkey.
Place/Country Causal fungus %
Ankara (Ozcan et al., 2003a) Aspergillus niger 44.8
Ankara (Akiner et al., 1991) Aspergillus niger 75
Elazig (Asci et al., 1996) Aspergillus niger 64
Manisa (Degerli et al., 2002) Aspergillus niger 50.5
Mersin (Ozcan et al., 2000) Aspergillus niger 26.6
Istanbul (Gurer et al., 1998) Aspergillus niger 43.8
Izmir (Sivrel et al., 1992) Aspergillus niger 69.7
Erzurum (Uslu et al. 2005) Aspergillus fumigatus 184
Kayseri (Erkan and Soyuer, 1991) Penicillum spp. 29.5

Both fungi and bacteria were isolated from ears with otomycosis in some
studies (Paulose ef al., 1989; Yehia et al., 1990; Asci et al., 1996; Ozcan et al.,
2000; Ozcan et al., 2003a). The most common bacteria isolated were
Streptococcus epidermidis (Ozcan et al., 2003a), Staphylococcus aureus (Yehia
et al., 1990; Asci et al., 1996) and Pseudomonas aureus (Paulose et al., 1989).
Staphylococcus aureus and Enterobacteriaceae had equal prevalences in one
study (Ozcan et al.,, 2000). The importance of mixed fungal and bacterial
infections is not known, however, presence of a mixed infection may indicate
resistance to therapy. In our series, 80% of the patients who were refractory to
initial therapy had mixed infections (Ozcan ef al., 2003a).

Treatment

Topical therapy is usually preferred in otomycosis. Systemic treatment is
rarely needed and must be reserved for the patients that are unresponsive to
topical therapy and for the immunsuppressed patients.

Frequent cleansing of external ear canal is the mainstay of therapy, and early
reports on the treatment of otomycosis emphasize its importance (Bryant, 1948).
Cleansing fungi and debris from the external ear canal removes irritative fungal
material out of the external ear canal and enables topical preparations to contact
with the canal skin. Cleansing may be performed with cotton tipped applicators
or by suction. I prefer suction cleansing. Cleansing of the external ear canal must
be performed carefully to avoid any damage to inflamed skin and the eardrum.
Using an operating microscope may be helpful in this stage of the treatment.

Topical preparations used in the treatment of otomycosis may be divided
into three groups: (i) Antiseptics, (ii) Antifungals, (iii) Others. A variety of
antiseptics and antifungals have been used for the treatment of otomycosis,
however, there is no consensus on which agent to be preferred. Some authors
prefer antiseptic agents only, some use antifungals only and some use a
combination of them. The antiseptics, antifungals and the other agents used in the
treatment of otomycosis are listed in Table 6.3.
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Table 6.3. Topical agents used in the treatment of otomycosis.

ANTISEPTICS
Acetic acid 2% (Tom, 2000)
Acetic acid 2% plus hydrocortisone 1% (Erkan et al., 1993)
Thiomerosal 1% (Stern and Lucente, 1988)
Aluminum acetate 2% (Stern and Lucente, 1988; Ho et al., 2006)
Ethyl alcohol 95% (Stern and Lucente, 1988)

Boric acid 4% in alcohol (Ozcan et al., 2000; Ozcan et al., 2003a; Ozcan et al., 2003b;
Karaarslan et al., 2005)

Merbromin (Mgbor and Gugnani, 2001; Gutierrez et al., 2005)
Castellani solution (Vennewald et al., 2003)
ANTIFUNGALS

Clotrimazole (Bassiouny et al., 1986; Paulose et al. 1989; Mgbor and Gugnani, 2001;
Ozcan et al., 2000; Perea et al., 2000 ; Vennewald et al., 2003)

Econazole nitrate (Bassiouny et al., 1986)
Miconazole nitrate (Bassiouny et al., 1986; Stern and Lucente, 1988; Gurer et al., 1998)
Cicloprox olamine (Bassiouny et al., 1986 ; Gutierrez et al., 2005)
Nystatin (Stern and Lucente, 1988; Gurer et al., 1998)
Amphotericin B (Stern and Lucente, 1988)
Tolnaftate (Stern and Lucente, 1988)
Natamycin (Stern and Lucente, 1988; Kurnatowski and Filipiak, 2001)
Cliaquinol plus hydrocortisone (Mgbor and Gugnani, 2001)
Fluconazole (Kurnatowski and Filipiak, 2001)
m-cresyl acetate (Ho et al., 2006)
Ketokonazole (Ho et al., 2006)
Tioconazole (Ozcan et al., 2003a; Ozcan et al., 2003b)
Bifonazole (Falser, 1984)

OTHERS

Polymyxin B plus neomycin plus hydrocortisone (Stern and Lucente, 1988; Stern et al.,
1988)

To culture fungus causing otomycosis for identification is time consuming,
and probably not possible in some institutions. In addition to that, bacterial and
fungal mixed infections are not uncommon. Those factors may constitute the
basis for the use of antiseptics in the treatment of otomycosis. In addition to that,
antiseptics are cheaper when compared to the antifungals. Although all of the
antiseptics listed in Table 6.3 were reported as clinically effective, in vitro
effectiveness of merbromin (Stern et al., 1988) and boric acid 4% in alcohol
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