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Abstract

Filamentous fungi and yeast from the genera Saccharo-
myces, Penicillium, Aspergillus, and Fusarium are well
known for theirimpact on our life as pathogens, involved
in food spoilage by degradation or toxin contamination,
and also for their wide use in biotechnology for the
production of beverages, chemicals, pharmaceuticals,
and enzymes. The genomes of these eukaryotic micro-
organisms range from about 6000 genes in yeasts
(S. cerevisiae) to more than 10 000 genes in filamentous
fungi (Aspergillus sp.). Yeast and filamentous fungi are
expected to share much of their primary metabolism;
therefore much understanding of the central metabolism
and regulation in less-studied filamentous fungi can be
learned from comparative metabolite profiling and me-
tabolomics of yeast and filamentous fungi. Filamentous
fungi also have a very active and diverse secondary
metabolism in which many of the additional genes
present in fungi, compared with yeast, are likely to be
involved. Although the ‘blueprint’ of a given organism is
represented by the genome, its behaviour is expressed
as its phenotype, i.e. growth characteristics, cell differ-
entiation, response to the environment, the production of
secondary metabolites and enzymes. Therefore the pro-
file of (secondary) metabolites—fungal chemodiversity—
is important for functional genomics and in the search for
new compounds that may serve as biotechnology prod-
ucts. Fungal chemodiversity is, however, equally effi-
cient for identification and classification of fungi, and
hence a powerful tool in fungal taxonomy. In this paper,
the use of metabolite profiling is discussed for the
identification and classification of yeasts and filamen-
tous fungi, functional analysis or discovery by integra-
tion of high performance analytical methodology,
efficient data handling techniques and core concepts of

species, and intelligent screening. One very efficient
approach is direct infusion Mass Spectrometry (diMS)
integrated with automated data handling, but a full met-
abolic picture requires the combination of several differ-
ent analytical techniques.

Key words: Fungi, metabolic engineering, screening strategy,
species model.

Introduction

Filamentous fungi and yeasts (Ascomycetes belonging to
the kingdom Mycota) are important micro-organisms in the
environment as they play an essential role in connection
with plant growth and are of importance in carbon recycling
in nature. Yeasts that also belong to the fungal kingdom
have been used for fermentation of food and beverages
since ancient times and are today widely used for industrial
production of chemicals, pharmaceuticals, and proteins.
Filamentous fungi are also used extensively in biotechnol-
ogy as they can produce a wide range of chemicals that are
used as food ingredients, pharmaceuticals, enzymes, and
solvents. Besides the beneficial use of both yeast and
filamentous fungi in biotechnology, these micro-organisms
are also involved in food spoilage and many species are
also pathogens to plants, animals, and humans (Smith and
Solomons, 1994).

Compared with plants, filamentous fungi and yeasts show
a lower degree of cellular differentiation, but still they
express a complex metabolism resulting in the production of
a broad range of metabolites (secondary metabolites)
(Turner, 1971; Cole and Cox, 1981; Turner and Aldridge,
1983; Nielsen and Smedsgaard, 2003; Cole and Schweikert,
2003a, b; Cole et al., 2003; Frisvad et al., 2004) and ex-
tracellular enzymes. This very high metabolic diversity
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274 Smedsgaard and Nielsen

has been actively exploited for many years and many
metabolites produced by filamentous fungi are bioactive
compounds, and have found use as antibiotics, cholesterol-
lowering agents, antitumour agents, and immunosuppresors
(Newman et al., 2003). In terms of biotechnological
application filamentous fungi and yeast have the advantage
of being relatively easy to grow in fermenters and they are
therefore well-suited for large-scale industrial production.

Discovery, understanding and utilization of fungi require
a combination of knowledge and techniques from several
scientific disciplines including: taxonomy, analytical chem-
istry, ecology, biology, genetic engineering, fermentation,
and informatics. Efficient use of the information generated
requires a working hypothesis, together with a strategy to
utilize the information.

Metabolite profiling (or metabolome analysis) represents
a tool that finds common application in all aspects of
discovery, understanding and utilization, and hence it
represents a focal point in studies of fungal taxonomy and
physiology. The analytical methodologies for metabolite
profiling have been extensively discussed in the literature
and reviewed in several papers and books (Pramanik et al.,
2002; Harrigan and Goodacre, 2003; Villas-Boas et al.,
2004). In this paper the focus will be on introducing
a practical working concept of species which will help to
facilitate an understanding of species, phenotype (in the case
of fungi through expression by production of secondary
metabolites) and functional genomics, particularly with the
objective of discovering bio- and chemical diversity from
analytical data. The species concept can, besides its obvious
use in taxonomy, also form the basis for intelligent screening
strategies to exploit the biotechnological potentials of fungi
for the production of specific chemical structures or classes
of chemicals. In this paper this strategy will be illustrated
using the results from studies of Penicillium species.
Furthermore, the use of metabolite profiling for designing
novel strategies to develop more efficient cell factories
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through metabolic engineering, illustrated with data from
yeast. Throughout the discussion attention will be drawn to
some of the analytical and informatics’ problems associated
with the application of metabolic profiling.

The species concept

The simplified and practical ‘concept of species’ as illus-
trated in Fig. 1A is based on the core dogma that species
exist and can be delimited and described through a com-
bined use of the outward directed features of the organism
(phenotypic characters) together with its relation to the
environment (ecology) and its inheritance (phylogenetics
or genome). This conceptual model serves several goals: to
delimit and identify species efficiently (classification and
taxonomy) (Fig. 1 A), to discover new species (biodiversity)
(Fig. 1B), to discover useful features across species, and to
discover products or pathways of biotechnological interest
(Fig. 1C). Furthermore, the model illustrates the working
space for genetic engineering. Although the species concept
is a matter of much debate which is outside the scope of
this paper, the concept of species presented here includes
several of the elements from the current debate (for ex-
ample, the comments by Blaxter and Floyd, 2003; Dunn,
2003; Agosti, 2003) except for time or evolution which is
not as relevant in practical biotechnology.

Historically, classification has been based on the out-
wardly directed features found on the first two axes: the
phenetics, which includes all the features that can be seen or
measured directly on the organism, for example, metabolite
and enzyme production and on the second axis describing
the ecological behaviour, for example, growth character-
istics. This is illustrated in the polyphasic taxonomy where
many characters are used in combination by, for example,
Frisvad (1998) and Frisvad and Samson (2004) for the
species within the Penicillium subgenus Penicillium. These
two axes still represent the basis of fungal taxonomy. The
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Fig. 1. The concept of species delimited by phenotypic characters, ecological behaviour, and genome is illustrated to the left (A). Looking at
a population of species, where the number of these and their distribution represents the biodiversity, this population can be searched for features with
biotechnological relevance, for example, metabolite production or substrate utilization (B, C). There is of course a linkage between phenetics and
ecology (survival) which is of importance for ecological and biodiversity studies.
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third axis delimited species by their genome, either in part
or using the whole genome, for example, as discussed by
Tautz et al. (2003) and reviewed by Cuarro et al. (1999)
and also by Taylor et al. (2000). The genome axis reflects
the heritage (phylogenetics) of a species, but it contains
limited information about current ecological behaviour and
other outwardly directed features (e.g. its morphology).

All three axes of the species concept (phenetics, ecology,
and genetics) are strongly linked and somewhat redundant,
but they are equally important in the context of describing,
understanding, and classifying species. Systematics based
on phenetics, i.e. observation of many different outwardly
directed features works well for some organisms like
filamentous fungi (Frisvad, 1998), whereas ecological
studies involving the testing of growth patterns and sub-
strate utilization are more efficient in yeast systematics.
Genetics (phylogenetics) have the potential to give a clear
classification of all organisms, however, as large parts of
the genome can be quite similar within some genera it is
necessary that the right genes are chosen carefully or that
a sufficiently large part of the genome is sequenced with
high resolution to give a usable delimitation of different
fungal species (Samson et al., 2004).

The conceptual species model serves several purposes,
such as to illustrate the linkage of phenotypic characteriza-
tion to functional genomics, for example, assigning func-
tion to genes based on detailed phenotypic analysis like
metabolite profiling (Fig. 1B) or to assign ecological
information to the genome (Fig. 1C). Thus, by screening
a population for specific features, for example, the pro-
duction of a metabolite or enzyme or those that can use
a specific substrate or growth in a specific environment, it is
possible to search for the corresponding genes in the
relevant species. As the feature space spanned by phenetics
and ecology is larger than that normally considered in
traditional taxonomy a feature search will be much aided if
the classification of species is based on a comprehensive
and clear characterization that also includes metabolite
profiling. Finally, the conceptual species model is valuable
in the emerging field of functional biodiversity, where the
function and genomic origin of features (e.g. the production
of a metabolite) found in one organism can be explained by
the occurrence in closely related organisms.

The chemical network

The integrated biochemistry of a cell can be viewed through
the linkage of the different omes’ as illustrated in Fig. 2.
Linking gene function to a specific metabolic capabilities or
metabolite production is crucial for understanding and
development of biotechnological processes. Transcriptional
profiling and proteomics are becoming routine techniques
in many laboratories, and functions are assigned to genes
either as a result of direct proof by comparative annotation.
However, it is still not always clear whether a given gene
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Fig. 2. Cell biochemistry (or biological informatics) is another way to
illustrate the basic linkage of the inherited phylogenetic information
(genes) to the observed biochemical phenotype metabolites, which form
the basis of metabolic engineering.

may exert several functions or if it is inactive. It is therefore
quite often necessary to perform a detailed phenotypic
characterization in different growth conditions.

Metabolomics represents a newer complementary tech-
nique to functional genomics as it provides integrative
information, i.e. a large number of genes may be involved
in the production of one metabolite. Several different
definitions have been proposed on metabolomics (Fiehn,
2002; Sumner et al., 2003), but a practical definition is:
‘The complete pool of small metabolites in a cell at any
given time.’ It is important to realize that there is not always
(in fact rarely for the secondary metabolites) a one-to-one
relationship between a gene and a metabolite, and the
metabolite levels are therefore usually a complex result of
the expression of many genes and the function of many
enzymes. It is therefore inherently difficult to interpret the
patterns of the metabolites, and particularly to infer some-
thing about gene functions based on metabolite profiling.
Obviously, metabolomics study relies heavily on advanced
analytical techniques to determine the many metabolites in
one sample; sometimes it is also necessary to quantify the
metabolite levels (Fiehn, 2002; Sumner et al., 2003;
Nielsen et al., 2004; Kell, 2004). Profiling of secondary
metabolites is also an important tool for the classification of
filamentous fungi, as illustrated by Frisvad and co-workers
over many years (see Frisvad, 1998, and the references in
the practical example below).

Metabolic engineering

When desired features or organisms have been identified, it
is often desirable to manipulate and/or transfer these
features to other production hosts that are more suited for
industrial production or change the organism to one better
suited for the production environment and increased yield.
A comprehensive introduction to this field can be found in
Stephanopoulos et al. (1998). An example of a widely used
cell factory is the yeast Saccharomyces cerevisiae, for
which the complete genome is known and many detailed
functional genomics studies have been carried out. Based
on genomic information the metabolic network of this yeast
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has been reconstructed (Foster et al., 2003; Famili et al.,
2003). An attractive feature of this organism is that it is easy
to perform genetic modification of this yeast, and it is
therefore possible to engineer the metabolism and thereby
exploit the organism as a host for the industrial production
of many different chemicals. Filamentous fungi have larger
genomes and represent rich sources for a variety of natural
products; but unfortunately the pathways for most of these
have not yet been elucidated. So far, the genome has only
been sequenced for a few species of filamentous fungi
(Hofmann et al., 2003), and there has not been a detailed
metabolic reconstruction of any filamentous fungi. How-
ever, based on physiological information and diverse
sequence information, the central carbon metabolism of
Aspergillus niger, which is extensively used for industrial
production, has been reconstructed (David et al., 2003).
These reconstructed metabolic maps represent valuable
information about the metabolome in these organisms.
Together with the discovery of chemical diversity and
useful functionality, the metabolic maps allow the design of
novel cell factories for the production of different chem-
icals, for example, the production of polyketides by yeast.

Practical examples

Diversity and discovery in Penicillium by profiling and
informatics

Filamentous fungi are able to express a fascinating chem-
ical diversity through secreted metabolites. It has been
estimated that more than 10 000 secondary metabolites may
be present in Aspergillus and Penicillium (Jens C Frisvad,
personal communication) where perhaps less than 10% of
these metabolites are known. Several extensive reviews aim
to compile knowledge about metabolite production by
fungi (Turner, 1971; Cole and Cox, 1981; Turner and
Aldridge, 1983; Cole and Schweikert, 2003a, b; Cole et al.,
2003). Taxonomy has always been considered difficult
within these genera and something that can only be done by
experts. There are, therefore, numerous misidentifications
of species in the literature. This has led to erroneous
postulates about metabolite production and also to the
rejection of the usability of metabolites in classification. If
the genus Penicillium is studied, the profiles of secondary
metabolites have, for more than 20 years, proved to be
a very efficient tool in classification and taxonomy (Frisvad
and Filtenborg, 1989; Frisvad, 1998). The most complete
work has been done for classification of the terverticillate
penicillica (Penicillium subgenus Penicillium) where sec-
ondary metabolites have been used in several studies using
different analytical approaches: TLC (Filtenborg et al.,
1983), HPLC (Svendsen and Frisvad, 1994; Nielsen et al.,
1999) and direct infusion ESI-MS (Smedsgaard and
Frisvad, 1997; Smedsgaard et al., 2004). This large diverse
group of terverticillate penicillia which currently include 58

accepted species has recently been reviewed by Frisvad and
Samson (2004) and is expected to include many not yet
described species (Jens C Frisvad, personal communica-
tion). The general methodology for metabolite profiling of
fungi has been reviewed recently by Nielsen ef al. (2004)
and metabolic reference information can be found in
Nielsen and Smedsgaard (2003) and Frisvad et al. (2004).

Chemical image analysis

While the analytical protocols today are quite efficient the
use of metabolite profiling relies on expert data evaluation
which has been difficult to automate. First, consider the
results from classical reversed phase HPLC analysis with
diode array detection of a plug extract of a Penicillium
species (Smedsgaard, 1997a) where full UV-spectra are
collected at regular intervals as shown on Fig. 3.

Such analysis provides a wealth of information; in the
retention time domain chromatograms can be extracted at
different wavelengths, enhancing the specificity as shown
by the traces in Fig. 3B and C and gaining information
about compound polarity. At each retention time point the
UV spectrum (Fig. 3D, E) can be extracted with the UV-
spectral properties of the eluting component. Traditionally
these data are evaluated by the detection of chromato-
graphic peaks on the chromatograms (Fig. 3B, C) and their
identity assigned by the combined use of the retention time
and the UV-spectrum, together with reference information.
This process can be semi-automated, but relies on peak
detection, selection of relevant peaks, and libraries. How-
ever, the full HPLC data matrix can also be viewed as
a ‘chemical image’ of the sample as shown in Fig. 3A
where absorbance has been given a colour at each (retention
time, wavelength) point. This topographic greyscale map
combines and retains the information from the analysis
without peak detection. Chromatographic images as shown
in Fig. 3A can be compared automatically using techniques
from image analysis. However, it is crucial to align the
chromatograms before analysis to compensate for the minor
shift in retention time from analysis to analysis. A very
efficient way to do this is by the correlation optimized
warping technique (COW), using all the spectral informa-
tion (Nielsen et al., 1998). The result of COW aligning is
shown in Fig. 4 (just one chromatographic trace is shown
from each sample) where two different isolates of the same
species have been analysed.

Figure 4B shows a near perfect match of the chromato-
grams, compared with the raw chromatograms on Fig. 4A.

Analysing 45 isolates of eight closely related species by
HPLC-UV and using chemical image analysis (CIA)
(Nielsen et al., 1998) on all 45 aligned data matrices, the
overall similarity between these chromatograms can be
calculated and this enabled classification of the different
species by cluster analysis as shown in Fig. 5.

The dendrograms show a good classification of the eight
species included in the study and only five of the 45 isolates
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Fig. 3. The structure of HPLC-UV data matrix. Specific chromatographic traces (B, C) can be extracted from the data matrix in the retention time
direction and spectral information for each time point can be found (D, E). The full data matrix can be viewed as an image (A) containing all information.

From analysis of a Penicillium polonicum extract.
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Fig. 4. Aligning of chromatograms from extracts of different Penicillium polonicum isolates by correlation optimized warping (cubed cophenetic
correlation window 20 and slack 2; Nielsen et al. 1998). All information in the data matrices is used to align chromatograms, here the effects are shown as
210 nm chromatographic traces before aligning to the left and after aligning to the right.

are not classified together with the other isolates of the same
species. In the extensive study by Nielsen et al. (1999) most
species in the Penicillium subgenus Penicillium (212 isolates
representing 41 species) were compared. They showed that
more than 90% of the species could be classified correctly by
CIA as judged by expert taxonomists using all the available

taxonomic information. Furthermore, they illustrated that
CIA has the potential to find sections of high/low similarity in
the chromatograms (retention time domain), and thereby to
identify peaks or compounds in common between samples or
those that are unique and hence peaks or compounds that are
responsible for separation of the species.
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Fig. 5. Eight species from the series Viridicata in Penicillium subgenus Penicillium (5 or 6 isolates of each) were analysed by HPLC-UV. The resulting
45 chromatographic matrices (the images as shown in Fig. 3A) were aligned by COW and the similarities were calculated using the full data matrices (all
about 3300 UV spectra in each file) to get an overall classification. In this case Penicillium polonicum IBT 15771 was used as the target for aligning
(Nielsen et al., 1998, 1999). The cluster analysis gives a clear grouping into species except P. cyclopium which, until recently, was split into two species
(Frisvad and Samson, 2004). The isolate numbers refer to the IBT fungal collection held at BioCentrum-DTU, Technical University of Denmark.

Direct infusion electrospray mass spectrometry

While techniques based on HPLC analysis can give very
detailed information it suffers from a rather long analysis
time and the data are not easy to process automatically even
by the alignment methods suggested above.

The commercial introduction of electrospray-mass spec-
trometry (ESI-MS) in the early 1990s opened the door to
a whole new world of bioanalysis by mass spectrometry
(Pramanik e al., 2002). The most significant feature of ESI-
MS is that it is a very soft ionization technique which, in
many cases, will produce most the protonated molecular
species (in positive ESI) for a broad range of different
compounds with very high sensitivity. If this was the case,
injection of complex samples would produce a mass profile
of complex samples directly. In a proof-of-concept study,
Smedsgaard and Frisvad (1996) showed that the most
difficult to distinguish species from the series Viridicata
(Penicillium subgenus Penicillium) could be classified
within a few minutes by direct infusion mass spectrometry,
diMS. Figure 6 shows an example of these early direct
infusion mass profiles from three species that are very

difficult to distinguish by traditional phenotypic taxonomy.
Most predominant ions in these spectra correspond to the
protonated mass of known and expected metabolites. While
ion suppression is of concern in ESI-MS, the ion suppres-
sion does not seriously hamper the detection of expected
metabolites although minor components may be lost.

This study was later extended to the entire Penicillium
subgenus Penicillium where more than 75% of the species
(47 at that time) could be classified correctly in accordance
with expert classification by cluster analysis directly from
the diMS spectra (Smedsgaard and Frisvad, 1997). The
advantage of these nominal mass spectra is that they are
easily aligned by unit mass binning and transfer into grid-
like database structures. An obvious extension of a diMS ap-
proach is to store the spectra in a database using the database
software included with most instruments. This will give a
sample identification database rather than compound iden-
tification as anticipated by the manufactors. Smedsgaard
(1997b) showed that about 75% of the species could be
correctly retrieved by a cross-validation study using the
simple software included with the mass spectrometer.
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Fig. 6. Nominal mass spectra from direct infusion of fungal extract into electrospray mass spectrometry, diMS, shows the difference between three
species which are difficult to distinguish by traditional phenotypic taxonomy.

With the arrival of relative easy-to-use and cost-efficient
high resolution and high accuracy mass spectrometers, the
usability of diMS for metabolite profiling has expanded
dramatically. The major advantage is that each ion observed
is much more likely to represent just one chemical formula
and the accurate mass of this ion can be determined. This is
illustrated in Fig. 7 where an accurate high resolution diMS
spectrum of a Penicillium polonicum extract is shown.

To obtain maximum mass accuracy an internal mass
reference is needed, in this case puberuline, a well-known
metabolite produced by Penicillium polonicum (Frisvad
et al., 2004) is used as to correct the mass scale to give
amass accuracy that is typically better than 5 ppm. From the
corrected mass spectrum it is possible to limit the number of
possible candidates for each mass peak, thereby limiting the
number of possible metabolites than can be attributed to
each ion. From the accurate mass of the ions found in the
spectrum in Fig. 7 a peak identity can be suggested using
published metabolite data (Frisvad et al., 2004). Table 1
compiles this information for P. polonicum, illustrating that
ions corresponding to the protonated mass of many known
metabolites can be found in these direct ESI-MS profiles.

Accurate mass spectral processing

Nominal mass spectra are easily projected into a nominal
mass grid (bins) as aligned integer mass variables without
loss of information (Fig. 8). However, high resolution mass
spectra require a more elaborate approach if the resolution
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Fig. 7. Direct infusion mass spectrum of fungal extract using high
resolution mass spectrometry, diMS, gives accuracy that allows the
estimation of peak formula. Protonated puberuline (M+H" at 444.2287
Da/e) used as the internal mass references (see Table 1).

and accuracy is to be maintained. This is illustrated in Fig. 9
showing a small section of nominal and high resolution
mass spectra from the same sample. At nominal resolution,
the four broad peaks are easily detected and binned. The
high resolution data (about 8500 FWHM) show several
more peaks and peak detection by centroiding, as normally
used in mass spectrometry, produce a series of peaks.
Binning these data without loss of information requires at
least two decisions: the number of bins needed (thus the bin
width) and what to do if more than one ion falls into each
bin. Also, a very efficient smoothing and peak detection is
needed to ensure that ions of the same mass are not
artificially split into two centroid peaks due to poor peak
detection and end up in different bins, blurring the
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Table 1. Calculation of the possible composition of ions found in the accurate mass spectrum showed in Fig. 7 from direct infusion

mass spectrum of a Penicillium polonicum extract

The proposed identification is based on metabolites known to be produced (Frisvad et al., 2004). Elemental composition report: Multiple mass analysis:
93 mass(es) processed. Tolerance = 5.0 ppm DBE: min= —0.5, max=50.0. Elements: C<500 H<1000 N<7 O<13. Monoisotopic mass, odd and even
electron ions. Intensity: 3.00% to 100.00%. 28700 formula(e) evaluated with 135 results within limits.

Meassured mass Calculated mass Error mDa Error ppm DBE Formula M+H" Known metabolites of
P. polonicum
Not found 153.0552 CgHoO5 Orsellinic acid
Not found 171.0657 CgH;,0,4 Penicillic acid
252.1013 252.1011 0.2 0.7 11.0 C14HpN,O 3-meo-viridicatin
253.1052 253.1049 0.3 1.1 6.5 CoH 3N6O3
Not found 253.1063 —1.1 —4.2 6.0 Cy1H sN304 Viridicatol
279.1145 - (dehydro-cyclopeptin)”
281.1293 281.1290 0.3 1.1 10.5 C17H17N,0, Cyclopeptin
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Fig. 8. Binning of mass spectral data. The nominal data to the left can easily be binned in nominal mass bins without loss of information, whereas the
high resolution data to the right can not be binned as easily as the centroid masses are found on a continuous scale. This requires a decision to which bin

a specific ion belongs.

downstream results. Finally, by using more bins, the
number of empty bins will most likely increase and this
will complicate the downstream processing and decrease
the performance of, for example, principal component
analysis and correspondence analysis. Binning mass spec-
tra into one mass unit bin and subsequently using library

searching is a straightforward process and performs well in
many cases for high resolution data. In the case of high
resolution mass spectra, much smaller bins can be used.
However, rather than just using small bins one should
always evaluate the data. In general, the decimal part of
small biomolecules will be between the integer mass minus
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Fig. 9. Classification of Penicillium subgenus Penicillium species by AMS distance cluster analysis directly from accurate di-ESI mass spectra. Analysis
includes: 491 isolates from 57 species. The number after the species is the number of isolates found in that cluster with the total number examined in
brackets. The letters indicate mixed cluster (see Smedsgaard et al., 2004; used with permission).
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0.1 Da and plus 0.4 Da (below mass 1000 Da and consisting
of only C, H, N, and O which accounts for most metab-
olites). Therefore, an intelligent binning system should take
the average composition of biomolecules into account by
dividing each nominal mass, m, into two bins: [m —0.1 Da
<bin; =m+0.5 Da] and [m+0.5 Da < bin, =m+0.9 Da]. Of
course several metabolites will fall into each bin as seen in
the right part of Fig. 9, but this binning approach is simple
and will decrease noise as dimers, multiple charged, and
clusters will often fall into bin, which can be omitted in
further data processing. Using this approach good perform-
ance has been obtained in the classification of fungi,
whereas using narrow bins do not improve the results
(J Smedsgaard, J Nielsen, unpublished results).

To perform automatic processing of high resolution mass
spectra and maintain the full quality of the data without
binning, Hansen and Smedsgaard (2004) have developed
the concept of Accurate Mass Spectral (AMS) distance that
avoids the need for binning. The core idea is to compare
spectra pair-wise, establishing a series of unique ion-to-ion
relations. From these unique relations it is possible to
calculate the overall spectral distance taking both resolution
and accuracy (if known) into account. Using this technique
the species in the latest revision of the Pencillium subgenus

Penicillium was classified automatically from high reso-
lution mass spectra. 491 isolates was cultivated on two
different media. All cultures were analysed by the plug
extraction method (Smedsgaard, 1997a) followed by direct
infusion electrospray high resolution mass spectrometry in
positive mode. 200 to 600 ion peaks were detected in each
spectrum after filtering. A metabolite known to be produced
by each species was used for internal mass correction in the
peak detection, centroiding process. The AMS distance was
calculated (Hansen and Smedsgaard, 2004; Smedsgaard
et al., 2004) between all spectra obtained from each media
(491) and showed that about 60-75% of the current 58
species were classified correctly according to the latest
taxonomy by Frisvad and Samson (2004). The complete
dendrogram from one of these analyses in Fig. 9 shows
quite clear and well separated classes based on metabolite
production as determined by diMS analysis.

Intelligent screening strategy

Combining the analytical techniques already discussed, the
data processing method and biodiversity information has
led to the formulation of an Intelligent Screening Strategy
(ISS) as illustrated in Fig. 10 for the efficient discovery
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Fig. 10. The intelligent screening strategy, ISS, integrates biodiversity, systematics and chemical analysis with informatics and knowledge-based

decisions for efficient screening of new usable compounds and organisms.
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of microbial products and the exploitation of micro-
organisms. The rationale behind ISS is that by efficient
integration of biodiversity knowledge, systematics, chem-
ical analysis, informatics, and databases allows a more
efficient discovery process by limiting the more detailed
studies to a relatively few representative isolates from each
species (group) rather than by just studying anything that
will grow. Knowledge about biodiversity and classification
as illustrated by the principles of the conceptual species
model is crucial to ISS.

From culture collections, isolates and species represent-
ing different habitats are selected and cultivated using
a range of conditions (media and incubation conditions).
Using high through-put extraction procedures (Smeds-
gaard, 1997a) crude extracts can be prepared rapidly.
Automated diMS are used for an initial chemical classifi-
cation and identification (using databases). From these
results the chemically similar isolates are grouped and
representative isolates are selected to proceed with the
maximum chemical diversity. In the same process a pre-
selection of cultivation media is done, again focusing on
chemical diversity. The selected samples are then analysed
by more elaborate techniques (typical LC-UV-MS) to de-
screening for already known metabolites, to find com-
pounds that have been seen before, but in other species and,
finally, to find new compounds or those that are similar to
known compounds. Only samples containing either novel
compounds or that represent a new producer will be
processed further. Importantly, all compound information
is processed and appended to databases. At each step the
number of samples processed is reduced, focusing on
samples with maximum novelty. Samples containing chem-
ical novelty will be subjected to micro-fractionation and
can be tested in various bioassays. In the case of interesting
activity, the structure of the compound(s) in these fractions
will be elucidated. The key outcome is that ISS limits the
number of samples subjected to the most complex analysis,
while de-screening of samples avoids rediscovery of known
metabolites and retaining of information. The ISS approach
will very efficiently catch similar structures (analogues to
known metabolites) or a new producing organism. In
parallel, the ecological features will be examined by the
integration of several cultivation conditions based on the
ecological knowledge. Using ISS, Frisvad and co-workers
have recently discovered and patented a series of compound
with structures similar to the statins which include some of
the most-used cholesterol-lowering agents (Frisvad et al.,
2003).

Functional genomics of yeast

The yeast Saccharomyces cerevisiae is amongst the most
studied organisms and was the first eukaryote to have its
genome sequenced. Large databases of experimental data
are available for this organism, both at the transcriptional
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level and at the proteome level. Besides its wide application
in biotechnology, this yeast represents a good model organ-
ism for studying molecular mechanisms in eukaryotic cells,
and it is planned to use this organism for a concentrated
effort in systems biology (www.yeastsystemsbiology.org).
Recently, metabolite profiling was used for functional
analysis of yeast mutants (Raamsdonk et al., 2001; Allen
et al., 2003). Through analysis of the medium components
taken up and secreted by the yeast cells (so-called foot-
printing) it was possible to cluster different yeast mutants
and hereby obtain an insight into the function of specific
genes. In this work, specific metabolites were not analysed,
and raw analytical data were applied. This complicates the
data analysis, and the approach will only work when many
mutants are available to span the grid of information needed
for the cluster analysis. In cases where there is less
information it is interesting to apply more targeted tech-
niques where specific metabolites are analysed, as this kind
of information can be directly related to specific parts of the
metabolic network. Using methyl chloroformate derivat-
ization of metabolites, Villas-Boas et al. (2003) developed
a gas-chromatography mass-spectrometry method for the
analysis of amino and non-amino organic acids in one
single analysis. Their method enables analysis of up to 80
metabolites of the central carbon metabolism, and hereby it
is possible to identify parts of the metabolism affected by
specific mutations. This may open the way for the combin-
ation of metabolic models and metabolome analysis for
a direct approach to functional genomics (Foster et al.,
2002).

Another approach for targeted analysis of the central
carbon metabolism is the use of '*C-labelled substrates and
subsequent analysis of the incorporation patterns of the '*C
into the different intracellular metabolites. Analysis of the
different isotopomers can be done by NMR or GC-MS
(Nielsen, 2003), and based on the obtained data it is
possible to gain an insight into the topology of the
metabolic network, i.e. identify which metabolic routes
are active at different growth conditions (Christensen and
Nielsen, 1999). Through the combination of analysis of the
incorporation patterns and metabolic models it is possible
to quantify the fluxes through the different branches of the
metabolic network (Gombert et al., 2001). An example of
a flux map for S. cerevisiae is shown in Fig. 11. The fluxes
were estimated through feeding the cells with '*C-labelled
glucose, subsequent analysis of the isotopomers of the
intracellular metabolites, and analysis of the experimental
data through the use of a mathematical model of the
metabolism. The fluxes are shown for two different
mutants, and thereby it is possible to map the effect of
specific mutations in the genome. In this case, the fluxes
shown are for a wild-type yeast (in italics) and for a mutant
with deletion of the gene Grrl, which is involved in
glucose repression (Raghavendran et al., 2004). In the
wild-type strain there is glucose repression on respiration,
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Fig. 11. Flux map for Saccharomyces cerevisiae. The fluxes were
estimated through feeding the cells with '*C-labelled glucose, analysis of
the isotopomers of the intracellular metabolites, and analysis of the data
using the mathematical model of the metabolism. In the wild-type strain
there is glucose repression on respiration thus the flux through the TCA
cycle is low. When Grrl is deleted there is a de-repression of respiration
and the flux through the TCA cycle therefore increases.

and hence the flux through the TCA cycle is low. When
Grrl is deleted there is a de-repression of respiration and
the flux through the TCA cycle therefore increases. Using
this approach it has been possible to gain insight into the
function of the central carbon metabolism in different
strains of the yeast S. cerevisiae (Gombert et al., 2001; dos
Santos et al., 2003) and it has also been possible to perform
a detailed functional analysis of specific enzymes/genes in
the cell (dos Santos et al., 2003).

Conclusions

Metabolite profiling is crucial for many aspects of both
fundamental research and industrial application of filament-
ous fungi and yeast. In the microbial world the metabolites
are of crucial importance in carrying much of the expressed
functionality. In particular, micro-organisms from the
Mycota are among the most important industrial micro-
organisms and also have great impact on human life
through food spoilage and as human pathogens. At the
same time they constitute a huge biodiversity as they can be
handled relatively easy in the laboratory. The general Con-
ceptual Species Model presents a practical understanding of

species features that, combined with the Intelligent Screen-
ing Strategy (ISS) give a solid platform to exploit and
manipulate these micro-organisms through screening and
metabolic engineering. It is interesting to study the metab-
olism of filamentous fungi and yeasts, in the context of
functional genomics, metabolic engineering, and the dis-
covery of metabolites. The overall strategy is equally
applicable in many biotech areas besides fungi, for ex-
ample, for the study and development of plants. These
studies include both biodiversity, discovery of new com-
pounds, bioprocesses, etc, but also more generalized studies
of anything from different ecosystems to the single organ-
isms. There is a large unexploited fungal biodiversity where
intelligent screening opens the possibility (i) to recruit cell
factories for the production of novel compounds that are
otherwise difficult to produce by chemical synthesis, and
(ii) the development and use of directed genetic modifica-
tions of cell factories, referred to as metabolic engineering
(Nielsen, 2001), enables the development of novel, efficient
and environmentally friendly bioprocesses. However, these
studies will also improve the understanding of microbial
ecology, for example, the ecology of mixed microbial
cultures in foods and fungal infection in grain. It is,
therefore, believed that the platform described here will
play an important role in the trend towards development of
green chemistry for the production of chemical compounds,
with a substantial impact on society.

Supplementary material

Pictures of cultures grown on two different media and used
for the dendogram in Fig. 5, are available at JXB online.
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