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Abstract

An investigation o f  the chemotypes o f building associated strains o f Penicillium 

brevicompactum  and Penicillium chrysogenum isolated from Canadian homes is 

presented here. Recently there has been an increased concern about the adverse health 

effects associated with fungal growth in buildings. P. brevicompactum  is one o f the most 

common inhabitants o f  the sapwood o f conifer lumber in North America P. chrysogenum 

is a ubiquitous fungus, among the most common eukaryotic life forms on earth. It 

occupies a wide range o f  habitats including soils, decaying vegetation and foods. 

Distribution appears to be universal, throughout all biologically accessible regions and 

climates. Both species are often reported in indoor environments.

It was established that the P. brevicompactum strains produced roquefortine C, 

mycophenolic acid or meleagrin but only the wood strains produced significant amounts 

o f asperphenamate and brevianamide A. Most o f the P. chrysogenum  strains produced 

penicillin G, roquefortine C, meleagrin. Only the building related strains accumulated 

xanthocillin x. The production o f  penicillin G from strains growing on water-damaged 

building materials has not previously been reported in the literature.

Brevianamide A, mycophenolic acid and roquefortine C were identified, isolated 

and purified by means o f  several chromatographic methods. These metabolites were 

submitted for studies o f  the toxigenic potential o f building-associated fungi and to 

investigate their biological activity. For the toxicology studies the documentation o f the 

purity o f  these compounds is o f  outmost importance. HPLC coupled with MS and/or 

NMR offered effective ways o f  obtaining purity information about the samples.
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1. INTRODUCTION

1.1 Fungi

Fungal intervention in human affairs is evident everywhere as in the biochemical 

ability o f the saprobic fungi in the production o f beer, wine, bread, cheeses, soy sauce, 

some antibiotics and immunosuppressants, organic acids, and many other useful 

chemicals. Fungi are even being used to convert plant waste into high-protein animal 

feed. Some o f  the parasitic forms are now being employed to attack insects, weeds and 

other fungi that threaten our welfare25.

Fungi are eukaryotic, heterotrophic, osmotrophic, they develop a diffuse branched 

tubular body (radiating hyphae making up mycelium or colonies) and reproduce by 

means o f spores. They provide a critical part o f nature's continuous rebirth as they 

recycle dead organic matter into useful nutrients. Around 100000 described species o f  

fungi are divided into four groups based largely on the characteristics o f  their 

reproductive structures.

Indoors, three fungal groups are important. The Ascomycetes, the Basidiomycetes 

and to a lesser extent the Zygomycetes25. The ascomycota are fast-growing, primary 

colonizers o f substrates containing accessible carbon sources like sugar or starch. This 

group includes the molds, which are specialized parasites o f animals, plants and even  

other fungi.

1.2 Fungal growth in indoor environments

Indoor air can be contaminated by pollutants o f  chemical origin, as well as by

those o f  biological origin such as dust mites, animal allergens and mold. Microorganisms, 

including mold, have been identified as the primary source o f  indoor air contamination in 

at least 35-50% o f indoor air quality studies conducted over the last decade by the

- 10 -
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National Institute for Occupational Safety and Health (NIOSH)53. This is partly due to the 

fact that indoor air quality investigations have recently moved away from strictly 

chemical contaminant studies to a more interdisciplinary approach. This new approach 

combines the evaluation o f  physical, chemical and microbiological constituents o f  indoor 

environments. As a consequence, there has been an increased concern about the adverse 

health effects associated with fungal growth in buildings. This has been especially true in 

cold weather countries like Canada where people spend the majority o f  their time 

indoors.

Fungi can colonize dead and decaying organic matter on materials such as 

textiles, leather, wood, paper and even damp inorganic materials i f  nutrients containing 

dust or soil particles are available. Species can grow and reproduce under a variety o f  

conditions, as a result fungi are found in a wide range o f  habitats. Fungal growth on 

building materials occurs as a result o f  high water activity (aw) and suitable 

temperatures63. In addition, under certain metabolic conditions, fungi produce secondary 

metabolites, low-molecular weight compounds that can initiate toxic or allergic responses 

in humans. Secondary metabolite production in buildings has been shown to occur when 

the aw at the surface o f  the construction material exceeds 0.9, although it has been 

suggested that significant toxin production does not begin until the aw reaches 0.9562. The 

development o f  an indoor mold problem might involve a series o f  water intrusion events 

that allow large quantities o f  fungal biomass to accumulate and ultimately result in 

secondary metabolite formation. This is then followed by a period o f drying that 

promotes the dispersion o f  spores and fungal fragments throughout the building62. The 

primary mode o f  human exposure to these compounds is via inhalation o f  spores and

- 1 1  -
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mycelium fragments. Studies have shown that living in a damp house is associated with 

increased rates o f disease, the b elief is that this is due to exposure to biological 

contaminants1. The correlation between building dampness, mold growth and symptoms 

such as allergies, airway problems, fatigue, skin irritation and asthma has been 

demonstrated over the past several years, although causality has not yet been 

established63.

There are characters o f mold biochemistry that are o f  special interest in terms o f  

human health. These include biologically active cell wall components ( 1 , 3  P-D glucan), 

allergens, polyclonal cell activators and secondary metabolites to name a few. Disease 

occurs when there is structural or functional harm resulting in signs and symptoms that 

can either be infectious, non-infectious or can be a combination o f  both. Infectious 

diseases occur when the fungus grows and replicates in viable body tissues, or sterile 

fluids. Non-infectious disease does not involve the growth and replication o f  the fungus 

in the body. Indoor mold related disease is typically either allergic, toxic or a 

combination o f  these38,19. Allergic disease includes the activation o f  asthma, allergic 

rhinitis, allergic alveolitis and allergic sinusitis. Skin allergic disease is based on an 

increase in immune expression when the immune system is challenged by an allergen59.

In a collaborative study, N ielsen et al. (1999) investigated the microfungal 

contamination in damp buildings and the risk it posed to construction materials in 

Denmark . They reported that the microfungal genera most frequently encountered in 

building materials were Penicillium  (6 8 %), Aspergillus (56%), Chaetomium (22%), 

Ulocladium, (21%), Stachybotrys (19%) and Cladosporium  (15%). Penicillium  

chrysogenum, Penicillium brevicompactum, Aspergillus versicolor, and Stachybotrys

-  1 2 -
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chartarum were the most frequently occurring species63. In 1988, Miller et al. identified

and quantified fungal products present in 50 Canadian homes. They identified 42

different fungal species where Penicillium  was the most common genus in both air and

dust samples, followed by Cladosporium  and Alternaria. Aspergillus fumigatus and

Stachybotrys atra  were rarely present61. In 1997, a Canadian study on indoor mold

exposure reported twenty-five o f the most common fungal species isolated from homes in

Wallaceburg, Ontario. P. brevicompactum  was identified as the most common species

and P. chrysogenum was one o f  the top 15 species present58. P. chrysogenum, P.

brevicompactum  and their secondary metabolites w ill be the focus o f  this study.

1.3 Penicillium  identification, morphology and ecology

The genus Penicillium  is characterised by the production o f  conidia in chains

from verticils o f  phialides. Phialides may be directly supported on a stipe or on one, two

or rarely three compact stages o f  supporting cells: metulae and rami, on occasion with

ramuli in between. Species o f Penicillium  are recognized by their dense brush-like spore-

bearing structures. Conidia are usually shades o f  dull green; philiades have short straight

necks and smooth walls and are characteristically produced on a stipe or a metulae over a

period o f time but not simultaneously74. Branching is an important feature for identifying

Penicillium  species. Some are unbranched and simply bear a cluster o f  phialides at the

top o f  the stipe. Others may have a cluster o f  branches, each bearing a cluster o f

phialides. A  third type has branches bearing a second order o f  branches, bearing in turn a

cluster o f  phialides. These three types o f  spore bearing systems are called

monoverticillate, biverticillate and terverticillate respectively (Figure 1.1).

- 1 3 -
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Figure 1.1 Morphological structures o f  Penicillium  (adapted from Pitt, 2000)74.

Penicillium  species are associated with two ascomycetous teleomorph genera 

(sexual stages), Eupenicillium  and Talaromyces which are phylogenetically and 

taxonomically distinct (Figure 1.2).

- 14-
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Penicillium and teleomorphs

cleistothecia 
(or sclerotia)

Eupenicillium

no cleistothecia 
or gymnothecia

Penicillium

gymnothecia

Talaromyces

monoverticillate biverticillate terverticillate

Aspergilloides Penicillium

Phialides ampulliform phialides acerose
G25N more than 10mm G25N less than 10mm

Furcatum Biverticillium

Figure 1.2 Schematic key to subgenera o f Penicillium  and its teleomorphs74.

Penicillium brevicompactum  produces distinctive features such as compact 

penicilli, often broad and long. Its metulae are short and broad, often apically inflated, 

fanning out so that the outermost philiades point in almost diametrically opposite 

directions. It is a widespread fungus, occupying habitats in soil and decaying vegetation 

in many geographical areas. It has been frequently isolated from foods, cereals, textiles, 

paints and building materials (Figure 1.3)74.

- 15-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 1.3 P. brevicompactum (with permission from Centraalbureau voor Schimmelcultures)

Penicillium chrysogenum is also a distinct species. Its colonies grow rapidly on 

malt extract agar at 25°C and on Czapek yeast extract agar they produce a luxuriant 

growth coloured by blue-green conidia, and by yellow exudate, soluble pigment and 

reverse. Microscopically, penicilli are terverticillate, smooth walled and rather delicate by 

comparison with most other species in this subgenus. P. chrysogenum  is a ubiquitous 

fungus, among the most common eukaryotic life forms on earth. It occupies a wide range 

o f  habitats including soils, decaying vegetation and foods. Distribution appears to be 

universal, throughout all biologically accessible regions and climates (Figure 1.4)74.
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Figure 1.4 P. chrysogenum (with permission from Centraalbureau voor Schimmelcultures).

1.4 Taxonomy

The concept o f  a species is based on the belief that species can be delimited and 

described through the combining use o f  the outward directed features o f the organism 

together with its relation to the environment and its inheritance91. This model serves to 

define and identify species efficiently, to discover new species, to discover useful 

features across species and to discover products or pathways o f biotechnological interest. 

The dominant method o f species identification in fungi has been the morphological 

species recognition method. With few exceptions, fungi are diagnosed by morphological 

characters or by other phenotypic characters, e.g. growth at different temperatures, 

growth at different water activities or the presence o f  pigments11,90,97.

Taxonomic mycologists have over the last decade however, focused on the 

elaboration o f molecular phylogenies and more recently on the development o f the

- 17-
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phylogenetic species concepts. The phylogenetic species concept is a method that defines 

the boundaries o f  a species by determining where the congruence stops between 

phylogenies derived from different genes for the same set o f  sample organisms90. This is 

often used because once progeny evolutionary species have formed from an ancestor, 

changes in gene sequences occur and can be recognized before changes in mating 

behaviour or morphology97. However, it contains limited information about current 

ecological behaviour and morphology.

The species in the subgenus Penicillium  have proven difficult to classify by 

taxonomy experts based on morphology characters alone. The taxonomic treatment o f  the 

asymmetric terverticillate Penicillia has been very different in the literature up until 

recent years78,83,72,42'75,95. There has been some confusion as to the correct names for the 

terverticillate taxa o f  Penicillium  and o f  late it has been shown that a substantial number 

o f  secondary metabolite-producing isolates have been misidentified41. For example, the 

species P. roqueforti commonly used as a starter culture for the production o f blue cheese 

has recently been re-classified into three species. The three new species are now known 

as P. roqueforti, P. carneum and P. paneum. Morphologically, P. roqueforti is one o f the 

easiest Penicillia to recognize because o f  its conidiophore stipes, large globose smooth 

conidia, good growth on creatine sucrose agar and the blackish-green colony reverse on 

most laboratory media74. Random Amplified Polymorphic D NA (RAPD) analysis 

together with a comparison o f  the secondary metabolite profiles produced by the three 

groups showed that the P. roqueforti isolates all produce PR toxin, roquefortine C, 

mycophenolic acid and fumigaclavine A, while the P. carneum isolates produce patulin, 

roquefortine C, isofiimiclavines, penitrem A  and mycophenolic acid. P. paneum  produces
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secondary metabolites in five chromophore families including the known mycotoxins 

patulin, roquefortine C, marcfortines and botryodiploidin21,43. Due to the large number o f  

toxic metabolites produced by the different strains o f  P. roqueforti this information 

becomes rather important. The need arises for better methods to classify and identify at 

the species level to ensure that the most appropriate strains (ie. poor toxin producers) are 

used for the production o f  cheeses and that starter cultures are not contaminated.

Two other common and consistently toxigenic species that have often been 

misidentified in the literature are P. crustosum and P. simplicissimum. Reports have used 

the names P. cyclopium, P. verrucosum, P. palitans and P. crustosum  for isolates 

producing the tremorgenic mycotoxin penitrem A. Producers o f verraculogen, another 

tremorgenic mycotoxin have been reported as P. verruculosum, P. paraherquei, P. 

piscarium  and P. estinogenum. However, from comparative taxonomic studies, it has 

been concluded that all o f  these isolates belong to only two species. P. crustosum isolates 

produce penitrem A and P. simplicissimum  isolates produce verruculogen73.

1.5 Metabolomics

A  practical definition o f  metabolomics has been proposed by Smedsgaard et al. 

(2005) as the complete pool o f  low molecular weight metabolites in a cell at any given 

time91. Recently the area o f  metabolomics, a newer complementary technique to 

functional genomics, has been used to provide integral information due to the fact that a 

large number o f genes may be involved in the production o f one single metabolite. Not 

always is there a one-to-one relationship between a gene and a metabolite, and the 

metabolite profiles are therefore usually the result o f the expression o f  many genes and 

the function o f  many enzymes. It is therefore inherently difficult to interpret the patterns 

o f  the metabolites and particularly to infer something about the gene functions based on
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metabolite profiling alone. The study o f  metabolomics relies heavily on the advanced 

analytical techniques developed to determine the metabolite profiles o f a sample and to 

quantify the individual metabolites91.

Profiles o f  secondary metabolites and the use o f  molecular methods have been 

exploited both as tools for clarifying the phylogenetic relationships among species as well 

as for classifying species. Several methods have been used such as DNA sequence 

determination o f  various regions including the ribosomal genes and fingerprinting 

methods such as RAPD analysis21. The ribosomal DNA region has previously been used 

for taxonomic analysis. In particular, the internal transcribed spacer (ITS) regions have 

been shown to be useful for identification at the genus and species level54,71. 

Advancements in the development o f  analytical methodology have allowed the use o f  

secondary metabolite profiling for fungal identification and have been used to revise the 

taxonomy within the genera Penicillium44.

1.6 Chemo taxonomy

Single spore isolates were used during the chemotaxonomic study o f  Penicillium

species in this study. Variability in properties and the spontaneous occurrence o f  variant 

lines within single strains has been reported in many genera o f filamentous fungi, 

including Penicillium46’23. This is significant during the selection and maintenance of  

strains o f industrial importance and in the construction o f  taxonomic schemes. 

Morphological and biochemical features may give rise to distinct lines and studies have 

shown that this might have significant effects on secondary metabolite production. In 

order to construct reliable taxonomic schemes, it is important that the occurrence and 

degree o f variability is considered not only between strains o f  individual taxa but also 

within single strains23.
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In 1989, Frisvad and Filtenborg analyzed over 4000 isolates o f  terverticillate 

Penicillia for production o f mycotoxins and other secondary metabolites41. Nearly all taxa 

and chemotypes produced one or more secondary metabolite consistently. Entire profiles 

o f secondary metabolites were specific for every taxon studied but several mycotoxins 

were produced by more than one species. A  high number o f  misidentified Penicillium  

isolates were reclassified and production o f  several mycotoxins in different taxa was 

reported for the first time. These techniques have improved the classification schemes o f  

Penicillium  species but they have also shown that taxonomy based on one character alone 

might be insufficient to provide a clear classification. Varieties within a species have 

several characters in common but may differ in at least one morphological, physiological 

or chemotaxonomic aspect from other varieties in the species. Frisvad and Samson 

(2004) have now revised and proposed a polyphasic approach to the taxonomy of  

Penicillium  subgenus Penicillium43. In their latest review they describe the 58 current 

accepted species o f  Penicillium. They propose new groups in natural sections and series 

that they suspect are both ecologically and phylogenetically consistent. P. 

brevicompactum  belongs to the new section Coronata and P. chrysogenum  belongs to the 

section Chrysogena^ .

Ciegler et al. were the first group to use single secondary metabolites in 

Penicillium  taxonomy . Frisvad and Filtenborg later suggested that profiles o f  secondary 

metabolites rather than single metabolites should be used in the taxonomy o f  these 

species40. Chemical profiles o f  secondary metabolites are o f  great importance since they 

can be objectively recorded and standardized, whereas morphological characters are more 

difficult to assess.

-21  -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.7 Primary and secondary metabolism

Primary metabolism refers to the pathways involved in energy metabolism and

biosynthesis o f  precursors for the formation o f major structural components in living

organisms. It is essential for the growth and life o f the organism and the major pathways

are photosynthesis, glycolysis, the Krebs cycle and the catabolic and anabolic processes

o f  fatty acids, amino acids and nucleic acids. These pathways result in the production o f

several primary metabolites and intermediates including acetyl-CoA, shikimic acid and

mevalonic acid (Figure 1.5). These compounds are used by fungi during secondary

metabolism.

0

II
Me C.

COOH

acetyl CoA

OH

shikimic acid

h2c  ch2

HO CH2 CH2 COOH

mevalonic acid

Figure 1.5 Structures o f  acetyl-CoA, shikimic acid and mevalonic acid.

Acetyl CoA is formed from the oxidative decarboxylation o f  pyruvic acid, formed 

via the glycolytic pathway and by the p-hydroxylation o f  fatty acids. Acetyl CoA is then 

used in the acetate pathway o f  secondary metabolism to produce phenols and fatty acid 

derivatives. Shikimic acid is produced by the combination o f  phosphoenolpyruvate (a
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glycolic pathway intermediate) and erythrose-4-phosphate (from the pentose phosphate 

cycle). It is then used in the shikimate pathway resulting in a variety o f  aromatic 

compounds including phenols, cinnamic acid derivatives, lignans and alkaloids. 

Mevalonic acid is formed from three molecules o f  acetyl-CoA. The mevalonate pathway 

produces a large variety o f  terpenoids and steroids. Despite their diversity, secondary 

metabolites are all produced from a few key intermediates o f  primary metabolism.

1.8 Secondary metabolite classification

Most species o f  fungi produce unique secondary metabolites in addition to

compounds that they share with other taxa. Fungi will only produce secondary 

metabolites when primary growth o f  the cell is limited or stressed by the lack o f  an 

essential nutrient such as its carbon source, nitrogen, oxygen or phosphorous. In addition, 

secondary metabolites may be produced from stress elicited by competitors60. The 

reasons why most filamentous fungi produce such a diverse profile o f  secondary 

metabolites is still unclear. It has been suggested that they are probably produced as a 

result o f stimuli, and are directed against or support actions on receptor systems or as 

outward directed differentiation products29. The current view suggests that secondary 

metabolites are produced by the fungi as a defence mechanism109.

Secondary metabolites are subdivided according to their biosynthetic origin, e.g. 

polyketide, terpene, diketopiperazine and cyclopeptide. This becomes important since 

there are only a limited number o f members o f a biosynthetic pathway that are expressed 

under a given set o f conditions65. In addition, this allows for the detection o f a specific 

gene cluster through the identification o f different compounds from a particular 

biosynthetic pathway. Based on Pitt’s taxonomic scheme (2000), isolates in the subgenus
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Penicillium  are regarded as co-specific if  they possess at least three different biosynthetic 

families o f  secondary metabolites in common74.

Polyketides exhibit remarkable diversity both in terms o f their structure and 

function. Polymerization o f  acetate in the presence o f  malonate results in the formation o f  

a polyketide chain. The chain may be further processed by cyclization, lactonization, or 

by the formation o f  thioesters or amides. Further transformations starting from these 

simple primer units result in more intricate compounds that include toxins, 

immunosuppressants and antibiotics. This is a class o f  secondary metabolites known to 

possess a wealth o f  pharmacologically important activities, including antimicrobial, 

antifungal, antiparasitic and antitumor. They are ubiquitous in distribution and have been 

reported not only in fungi but from other organisms as diverse as bacteria, plants, insects, 

dinoflagellates, mollusks and sponges. Aflatoxins, patulin and zearalenone are three 

examples o f important fungal polyketides formed during secondary metabolism (Figure 

1.6) 17.

aflatoxin Bj patulin zearalenone

Figure 1.6 Structures o f  aflatoxin, patulin and zearalenone.

Terpenes are the second major class o f  secondary metabolites produced by fungi. 

After mevalonic acid undergoes pyrophosphorylation, decarboxylation, and dehydration, 

it forms isopentenyl pyrophosphate. Isopentenyl pyrophosphate is the precursor for the
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formation o f  sterols, steroids, carotenoids and terpenes. The most important fungal 

metabolites in this class are the trichothecenes. This class o f  secondary metabolites 

includes some o f the most economically damaging compounds due to their common 

occurrence in crops intended for human or animal use (Figure 1.7)92.

OH
c-o

deoxynivalenol T-2 toxin

Figure 1.7 Structures o f  the trichothecenes: deoxynivalenol and T-2 toxin.

The shikimic acid pathway converts simple carbohydrate precursors derived from 

glycolysis and the pentose phosphate pathway to the aromatic amino acids phenylalanine, 

tyrosine, and tryptophan. This pathway leads to the third major class o f  fungal 

metabolites, the diketopiperazines. These compounds are then used to form secondary 

metabolites such as roquefortine C and the brevianamides (Figure 1.8)110.

Me

Me' 'NH

'NH
NH

N =

MeMe,

roquefortine C brevianamide A

Figure 1.8 Structures o f  roquefortine C and brevianamide A.
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The cyclopeptide class comprises compounds derived from linear peptides or 

from cyclic peptides. Penicillin and cyclosporin are good examples o f  each type o f  

metabolite from this group (Figure 1.9).

NH =

Me

Me

Me.

iOH
.Me

1 Y T «

.MeM e,

Me

Me

.Me

penicillin G

Figure 1.9 Structure o f  penicillin G and cyclosporin.
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Scheme 1. Main pathways o f  secondary metabolism".
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1.9 Analytical Techniques

The most common methods to determine secondary metabolite profiles include

thin layer chromatography (TLC), high pressure liquid chromatography with diode array 

detection (HPLC-DAD), gas chromatography (GC) and liquid chromatography- 

electrospray ionization mass spectrometry (LC-ESMS)40’65. Developments in 

chromatography and mass spectrometry have greatly increased resolution and sensitivity. 

For example, LC-NMR and LC-ESMS allow for the detection o f  secondary metabolites 

directly from crude extracts. LC-ESMS takes advantage o f  the very limited fragmentation 

pattern produced by this ionization technique resulting in mass spectra that almost 

exclusively show protonated ions from a broad range o f  extractable metabolites, this in 

turn can be used as a mass profile for that sample. In addition, there are now methods 

available including LC-HRMS that allow for rapid metabolite screening from a small 

amount o f  sample. As a result, a broad range o f  metabolites can now be determined in 

one analysis without losing sensitivity65.

1.10 Expected fungal metabolites

Not all isolates o f  a particular taxon will produce all expected secondary

metabolites, due to the environmental conditions present or the genetics o f  the particulate 

isolate. This might be partly due to the fact that secondary metabolite production is 

influenced by moisture, temperature, substrate, CO2 -O2  relationship, mechanical damage, 

conidial load, competing microbes, microbial interactions and the maturity o f  the 

fungus68,105. For instance, when Stachybotrys isolates mainly from water-damaged 

buildings were studied by Andersen et a l (2003), two different chemotypes and one new  

species were identified4. The new species was named S. chlorohalonata and differed 

morphologically from S. chartarum. O f the S. chartarum  species, one chemotype
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produced macrocyclic trichothecenes, satratoxins H and G, roridin E and verrucarins J 

and B, and the second chemotype does not produce satratoxins but produce atranones 

(Figure 1.10)47.

CH;

OH

HO.

H3C

Me Me'
Me,

HÔ

Me
Me

atranone C satratoxin

Figure 1.10 Structures o f  satratoxin and atranone.

P. brevicompactum  produce the Raistrick phenols, a characteristic pattern o f  

secondary metabolites which fluoresce blue in short wave UV light. The Raistrick 

phenols is a collective name given for three closely related compounds 2,4-dihydroxy-6- 

(2-oxopropyl) benzoic acid, 2,4-dihydroxy-6-(l-hydroxy-2-oxopropyl) benzoic acid and 

(2,4-dihydroxy-6-(l,2-dioxopropyl) benzoic acid (Figure 1.11). These secondary 

metabolites were first isolated together with 3,5-dihydroxyphthalic acid from P. 

brevicompactum  in 193233. When found together with mycophenolic acid and the 

brevianamides (A, B, C, D, E or F), the profile is sufficient to unequivocally identify an

Q'J
isolate (Figures 1.11) . However, some strains o f this species are also known to produce 

asperphenamate, pebrolide and botryodiploidin (Figure 1.11)55. P. brevicompactum  is 

one o f  the most common Penicillium  species found in indoor environments because o f its 

ability to grow at very low water activities45. When P. brevicompactum  was inoculated
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on building materials (gypsum board and chipboard with or without wall paper), it 

produced mycophenolic acid, asperphenamate and tanzawaid acid analogue63.

.NH

o

asperphenamate

Me OH

OH

Me

mycophenolic acid

MeMe,

brevianamide A

OH
Me

Me CH2

OAc

pebrolide

HO' 'o '

botryodiploidin

OH O

HO

OH Me 'O H

Raistrick phenols

'O H

Me OH

Figure 1.11 Secondary metabolites from P. brevicompactum.

Strains o f P. chrysogenum produce penicillins F and G, roquefortine C and 

meleagrin (Figure 1.12). The production o f these compounds unequivocally identifies this

82
species . The yellow colour exudate in P. chrysogenum may be caused by chrysogine,
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secalonic acid, sorbicillin or xanthocillins (Figure 1.12)43. Like P. brevicompactum, this 

species is ubiquitous. It is particularly common on spices, dry cereals, cheeses, meat, 

tropical seeds, fruits, vegetables and in the rhizosphere soil o f  vegetables41. P. 

chrysogenum  is very common in indoor environments requiring fairly high water 

activities for growth45. Small quantities o f  chrysogine, 2-pyrovoylaminobenzamide and 

meleagrin have been detected on building materials (Figure 1.12)63.
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Me

Me-
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chrysogine xanthocillin x

O
II
c— nh2

NH C-
II
o

-c-

o

-M e

HO

.Me

HO

OHHO

OH

OH
MeO/

2-pyrovoylaminobenzamide secalonic acid

Figure 1.12 Secondary metabolites reported from P. chrysogenum.

1.11 Mycophenolic acid

Mycophenolic acid was first isolated from P. stoloniferum  Thom (= P.

brevicompactum) by Gosio in 1896 and it is one o f  the oldest known antibiotics35. Its

total synthesis and a biosynthetic pathway have been proposed although its structure was

not determined until 1948 by Birkinshaw (Figure 1.13)20’35,16. It has been shown that the

polyketide origin o f  the ring system comes from methionine and the side chain is the

result o f  the addition o f  a famesyl unit101. Mycophenolic acid is a major secondary

metabolite produced by P. brevicompactum, P. bialowiezense, P. roqueforti and P.

carneum43. This compound has been extensively studied because o f  its significant

antiviral and antitumor activity5. In addition, it has an important use as an

immunosuppressant in organ transplant patients36.
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Me OH

OH

Me

Figure 1.13 Structure o f mycophenolic acid.

1.11.1 Toxicity

The toxicity o f  mycophenolic acid appears to be very low  in comparison to other 

metabolites isolated from strains o f  Penicillium  species. The LD5 0  for rats was 

determined to be 2500 mg/kg when administered orally, and 500 mg/kg when 

administered intravenously (IV)112. Mice showed similar results with LD5 0  values o f  700 

mg/kg orally, and 450 mg/kg when administered via IV112. Chronic toxicity was also 

tested in rabbits for one year with daily oral doses ranging from 80 to 320 mg/kg with no 

apparent signs o f  toxicity2. Carter et al. (1969) showed that rats lost weight and were 

dead within nine weeks when given daily oral doses o f 30 mg/kg, they also showed that 

rhesus monkeys who received 150 mg/kg daily developed abdominal colic, lost weight, 

and had bloody diarrhea after two weeks o f  feeding27. The impact o f mycophenolic acid 

on humans was also tested, 35 patients received daily oral doses o f 2.4 to 7.2 g for 

periods o f 1 or 2 years. Common symptoms reported were cramps, nausea and 

diarrhea56. Mycophenolic acid has been shown to have antibiotic activity against 

bacteria, dermatophytic fungi and it can also interfere with viral multiplication76. 

Additionally, the AMES test using Salmonella was negative, indicating no mutagenic or 

carcinogenic risk108.
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1.12 Brevianamide A

The brevianamide family comprise a small but structurally interesting family o f

indole alkaloids formed from tryptophan, proline and one isoprene unit. Brevianamide A

was originally isolated as the major fluorescent metabolite from P. brevicompactum  in

1969 and it has otherwise only been found in P. viridicatum13. Its structure and absolute

stereochemistry were elucidated by X-ray crystallography o f  a semi-synthetic derivative

(5-bromobrevianamide A)34. Figure 1.14 shows the chemical structure o f brevianamide

A  with its correct stereochemistry.

MeMe,

Figure 1.14 Structure o f  brevianamide A.

1.12.1 Toxicity

The embryotoxic effects o f  brevianamide A  have been investigated in two, three 

and four day chick embryos. The results were evaluated on the eighth day o f  

development and the observed embryotoxicity ranged from 1 to 100 pg/embryo. The 

embryotoxic effects demonstrated in chick embryos correlated with the well-know  

literary data on mammals106. Brevianamide A  was not toxic when fed or injected into 

female mice at doses up to 40 mg/animal and to male mice at doses up to 100 mg/animal. 

In addition, it showed no antibiotic properties against several common bacterial and 

fungal microorganisms113.
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1.13 Asperphenamate

Asperphenamate is a major secondary metabolite produced by P.

brevicompactum, P. olsonii and P. bialowiezense. Figure 1.15 shows the chemical

structure o f  asperphenamate with its correct stereochemistry.

v i A

Figure 1.15 Structure o f  asperphenamate.

1.13.1 Toxicity

To my knowledge there are no toxicity studies that have been published to date on 

asperphenamate.

1.14 Roquefortine C

Roquefortine C is an indole alkaloid mycotoxin derived from tryptophan that was 

independently discovered from the mycelium o f a strain o f  P. roqueforti and from blue

oq f . n

cheese ’ . Roquefortine C is the major secondary metabolite produced by P. roqueforti 

and P. crustosum. It has also been found in P. paneum, P. carneum, P. chrysogenum, P. 

flavigenum, P. atramentosum, P. persicinum, P. expansum, P. marinum, P. 

sclerotigenum, P. griseofulvum, P. concentricum, P. glandicola, P. coprobium, P. 

vulpinum. Figure 1.16 shows the chemical structure o f  roquefortine C.
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Figure 1.16 Structure o f  roquefortine C.

1.14.1 Toxicity

A  number o f  toxicity studies have been conducted on roquefortine. Schoch et al. 

(1983 and 1984) conducted mutagenic studies using the Ames test on strains o f P. 

roqueforti used for cheese production84,85. The results showed no signs o f mutagenic 

activity by either the fungus or roquefortine. Rats that received intraperitoneal injections 

o f roquefortine showed a range o f  LD5o’s. Ueno and Ueno (1978), reported values o f  15- 

20 mg/kg . Similar experiments performed on mice by Arnold et al. (1978) reported 

LD5 0  values for male and female CR57 mice as 169 and 184 mg/kg respectively and 189 

and 184 mg/kg for Swiss-Webster mice7. Scott e t al. (1976) referred to a French study on 

the neurotoxic activity o f roquefortine in mice, similar symptoms were also observed in 

day-old cockerels dosed with roquefortine88,107.

The in vitro effect o f  roquefortine C on mitogen induced lymphocyte proliferation 

was determined by using purified lymphocytes from 6  piglets. Dose response curves were 

generated and concentrations producing 50% inhibition (IC5 0 ) o f  cell proliferation were 

estimated. The inhibition potencies were presented relative to ochratoxin A. The IC5 0  for
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roquefortine C was 85pmol/L and its relative inhibition was 98.5 times lower than that o f  

ochratoxin A 10.

The carcinogenic effect o f  P. roqueforti was studied using 800 rats that were fed 

both a strain o f  mold used for commercial cheese production and also the finished cheese 

products. The results o f  the experiment indicated that there were no significant adverse 

effects between control and treated animals for either the final cheese products or for the 

starter strains used for their production39.

An important study on the impact o f  roquefortine on 18 female sheep was 

conducted by Tuller et al. (1998). They dosed the animals by means o f  a gel capsule via 

a stomach tube with the equivalent to 0, 5, and 25 mg/kg o f  silage over a 16-18 day 

period100. The results showed that no clinical signs o f intoxication were recognized over 

the period o f the experiment. Neither chemical nor pathological factors were altered by 

the presence o f roquefortine.

1.15 Meleagrin

Meleagrin was first reported in 1979 by Nozawa et al. as a yellow pigment with 

the molecular formula C23H23N5O466. According to Frisvad and Samson (2004) 

meleagrin is produced by P. chrysogenum, P. flavigenum, P. confertum, P. 

atramentosum, P. concentricum, P. glandicola, P. coprobium, P. vulpinum, P. 

albocoremium, P. allii, P. radicicola  and P. tulipae43. N o chemical structure was 

proposed until 1984, but it was suggested that meleagrin belongs to the tremorgenic 

mycotoxin group that includes compounds like fumitremorgin A, fumitremorgenic B, 

verruculogen and roquefortine C and D49. In 1995 Reshetilova et al. explored the 

biogenetic relation between meleagrin and roquefortine C. As part o f  their experiments 

they were able to incorporate 14C from exogenous roquefortine C into molecules o f
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meleagrin, glandicolines A  and B and oxaline in cell suspensions and cultures o f  fungi.

Roquefortine C was shown to be a precursor o f  these alkaloids. In addition, the

biosynthetic pathway for the transformation o f roquefortine C into oxaline was presented

(Scheme 2)79. Figure 1.17 shows the chemical structure o f  meleagrin with the proposed

stereochemistry by Nozawa et al., (1984)49.

H

H
OH

Me

Me

HN

OMe

Figure 1.17 Proposed structure o f  meleagrin.

0
N=̂

roquefortine C

HN
> = N

OHMe
Me'

meleagrin

OMe
Me

Me'

oxaline

Scheme 2. Proposed biosynthetic pathway for oxaline93,110.
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1.15.1 Toxicity

Meleagrin has been regarded as relatively non-toxic63. Special attention should be 

paid to this secondary metabolite since it has been isolated in large quantities from P. 

chrysogenum  strains growing in building environments and because roquefortine C has 

been shown to be a precursor for meleagrin63,21.

1.16 Penicillin G

There are several types o f  penicillins (F, G, K, N  and V) and structural studies 

established that all the penicillins contain a common nucleus comprising a (3-lactam ring 

(Figure 1.18). Penicillin V  and penicillin G are active against most aerobic Gram-positive 

organisms. Penicillin G is one o f  the most widely used antibiotic agents today, used for 

infections due to streptococci, susceptible staphylococci and meningococci. Their 

bactericidal effect is caused by the inhibition o f  bacterial cell wall synthesis. Penicillin G 

must penetrate the cell wall to attach to specific proteins on the inner surface o f  the 

bacterial cell membrane; from there they interfere with the production o f  peptidoglycans 

followed by lysis o f  the cell in a hypo or iso osmotic environment. The p-lactam nucleus 

present in penicillin G is sensitive to both acidic and basic conditions. At pH 10 it loses 

all biological activity i f  left for 15 minutes at room temperature69. Penicillin G is 

produced industrially by the fermentation o f  P. chrysogenum  and it has been found in P. 

chrysogenum  strains growing in damp buildings63,51.
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Me

Me

Figure 1.18 Structure o f  penicillin G 104.

1.16.1 Toxicity

Previous studies by Perelmutter et al. (1975) showed that penicillin G causes 

allergy symptoms70. Penicillin is a chemical hapten with a low molecular weight that 

needs to bind to a tissue macromolecule, usually a protein, to become immunogenic. The 

breakdown products o f penicillin include the penicilloyl group. This group is known as 

the major determinant because it is the major penicillin metabolic product (approximately 

85% to 90% o f the penicillin breakdown products). The minor determinant mixture is 

composed o f  the parent penicillin molecules, penicilloate, penicilloylamine, penilloate, 

and other simple chemical products o f  penicillin. Immediate reactions following 

penicillin administration are mediated through IgE antibodies against either the major or

1 Rminor determinants, or both .

They found that when rats were given penicillin G in their drinking water at 

concentrations o f  0.1 to 1 U/mL over a period o f  1 to 3 months they produced serum IgE 

and IgG antibodies. Penicillins are one o f  the most common cause o f  drug allergy and 

hypersensitivity reactions and allergies are the most common adverse effect associated 

with this drug. It appears that all o f  the penicillins are equal in their potential for causing
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allergic reactions, and all penicillins are cross-sensitizing and cross-reacting. The most 

important antigenic intermediate o f  penicillin appears to be the penicilloyl moiety that is 

formed when the p-lactam ring is opened. Allergic reactions may occur in many forms 

including anaphylactic shock, serum sickness type reactions, skin rashes, fever, 

interstitial nephritis, eosinophilia, hemolytic anemia, and vasculitis6.

1.17 Cluster Analysis

Cluster analysis is used in many fields o f  science such as archeology, psychology,

marketing, and biology. In biology, it has been used to analyze microbial populations, 

microarrays, genetic studies and more. Although, the procedure for doing cluster analysis 

is not w ell established, due to the many algorithms possible, it is a very useful method.

Cluster analysis was first used by Tryon in 1939 and it encompasses a number o f  

different algorithms and methods for grouping objects o f  similar kind into respective 

categories. It is an exploratory data analysis tool which aims at sorting different objects 

into groups in a way that the degree o f  association between two objects is maximal i f  they 

belong to the same group and minimal otherwise. It is important to mention that 

clustering algorithms do not focus on statistical significance testing94. In fact, cluster 

analysis is not a typical statistical test as it is a collection o f  different algorithms that put 

objects into clusters according to well defined similarity rules. It is usually performed 

when there are no previous hypotheses regarding the grouping o f  the data and is it used as 

the means to find the most significant solution possible. In other words, it classifies 

unknown groups. There are no readily available guidelines to select a specific algorithm 

for the analysis o f  a set o f data and one must rely on the interpretation o f  the results 

observed.
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The results o f  cluster analysis are commonly visualized using a dendogram or 

binary tree. The objects are represented as nodes in the dendogram and the branches 

illustrate when the cluster method joins subgroups containing that object. The length o f  

the branch indicates the distance between the subgroups when they are joined. 

Adequately interpreting a dendogram leads to choosing the adequate algorithm. To be 

significant, the clustering method must give a dendogram that clearly differentiates 

groups o f  objects by significant distances94.

The first step in doing cluster analysis is to calculate the distance between the 

objects to be grouped. This is usually done by the computing package used, but several 

options are available94. The most common algorithm to determine distances is the 

Euclidean distance method followed by the square Euclidean distance, the Chebychev 

distance and the power distance methods. Once the distance between the objects has been 

found, cluster analysis involves the division o f  the objects into groups based on the 

distances. This is done by means o f  the K-means cluster analysis, hierarchical clustering, 

single linkage, complete linkage, unweighted pair-group average, weighted pair-group 

average, unweighted pair-group centroid, weighted pair-group centroid, Ward’s Method 

or by minimum variance clustering.

The Ward’s method was used in this study and it initially treats all strains as 

separate clusters, and then combines clusters by maximising the within-cluster 

homogeneity. To measure homogeneity a within-cluster sum o f  squares is used. At each 

step, all possible solutions are considered and clusters are formed using the solution that 

gives the smallest within-cluster sums o f  squares. The within-cluster sum o f  squares that 

is minimised is also known as the Error Sum o f  Squares. For each case the squared
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Euclidean distance to the cluster means is calculated. As each case initially starts o ff as a 

cluster, the error sum o f squares is zero. The next step would then be to form the first 

cluster o f  size two and the others all o f size one. The error sum o f  squares is calculated 

for all possible solutions and the cluster solution that produces the least error sum o f  

squares is chosen and the process is repeated. This continues until there is just one cluster 

containing all local authorities.

Once the clusters have been formed, a check must be carried out to ensure that 

each local authority is assigned to its correct cluster. Due to the agglomerative nature o f  

the technique the cluster centroid will have changed at each step, as new strains are 

added. This might mean that by the end o f  the process some strains are more similar to 

strains in other clusters than they are to strains in their own cluster. To ensure that all 

authorities are in the right cluster, a k-means analysis was carried out. This technique 

reassigns strains to the cluster with the smallest distance between the strains and the 

cluster centroid. The interpretation o f  the dendogram is somewhat subjective and can be 

complemented with other tests such as discriminant function analysis.

2. PROJECT AIM

At the beginning o f this project it was important to know whether P. chrysogenum 

isolates associated with indoor environments or present in building materials were 

potential penicillin producers. The presence o f  penicillin or penicillin-like compounds is 

not desirable in indoor environments as they can trigger allergic reactions.

As the project advanced the goal became to know whether the chemotypes o f the 

isolates under study were consistent in their production o f  known secondary metabolites 

irrespective o f  geographic or environmental origin. It was also important to determine the 

relationship between these groups of isolates since studies on S. chartarum  have shown
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that isolates from water-damaged buildings in Northern Europe and the United States 

segregated into two distinct groups based on morphology, physiology and chemistry4. 

Variability in properties and the occurrence o f  variant lines within single strains has been 

reported in many genera o f  filamentous fungi, including Penicillium22. This variability 

may be o f  considerable importance in the built environment.

In addition, it was necessary to isolate the major secondary metabolites produced 

by these strains and to provide clear evidence o f  their purity in order to submit them as 

standards for toxicity studies.

3. M ATERIALS AND M ETHODS

3.1 Fungal strains

Eleven fungal strains o f  P. brevicompactum  were used for this project. Seven 

strains were isolated from indoor air or contact plates and were provided by Paracel 

Laboratories Ltd. (Ottawa, Ontario). These strains were identified by J. D. Miller, 

verified by K.A. Seifert and deposited at the Agriculture and Agri-Food Canada 

Collection o f  Fungal Cultures (DAOM). The other four strains, isolated from lumber, 

were obtained directly from DAOM and were stored at 5°C on 2% malt extract agar 

slants. These strains were identified by B.T. Grylls, K.A. Seifert and J.C. Frisvad. The 

origin o f  all the strains is listed below (Table 3.1).
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Table 3.1 Penicillium brevicompactum strains

Strain Id # Year Substratum and Locality

DAOM 215331 1990 Spruce lumber, St. Pamphile, Que

DAOM 215333 1990 Douglas fir, Vancouver, BC

DAOM 215334 1990 HemLock, West coast, Canada

DAOM 215335 1990 Spruce lumber, St. Pamphile, Que

DAOM 234044 2003 Indoor air, RCS sampler, using rose bengal agar as the 
isolation medium. Ottawa, ON

DAOM 234045 2003 Indoor air, RCS sampler, using rose bengal agar as the 
isolation medium. Ottawa, ON

DAOM 234046 2004 Contact plates, using malt agar extract as the isolation 
medium. Calgary, AB

DAOM 234047 2004 Indoor air, RCS sampler, using rose bengal agar as the 
isolation medium. Saskatoon, SK

DAOM 234048 2004 Indoor air, RCS sampler, using rose bengal agar as the 
isolation medium. BC

DAOM 234049 2004 Contact plates, using malt agar extract as the isolation 
medium. Calgary, AB

DAOM 234050 2004 Contact plates, using malt agar extract as the isolation 
medium. Ottawa, ON

Thirty fungal strains o f  P. chrysogenum  were used for this project. Thirteen o f  

these were obtained from DAOM and stored at 5°C on 2% malt extract agar slants. These 

particular strains had previously been included in a study o f  the genotypic variation o f  P.

O (L
chrysogenum  strains from building environments . Strains DAOM 167036, DAOM  

178623, DAOM 190864, DAOM 171025, DAOM 175758, DAOM 155628, DAOM  

175157, and DAOM 155627 were identified by Dr. J. Bissett. DAOM 215701 was

- 4 4 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



identified by J.C. Frisvad. DAOM 212336 and DAOM 215337 were identified by B.T. 

Grylls, K.A. Seifert and J.C. Frisvad. The other seventeen strains were isolated from 

outdoor air, indoor air or from building materials and were provided by Paracel 

Laboratories Ltd. (Ottawa, Ontario). These strains were identified by J. D. Miller, 

verified by K.A. Seifert and deposited at DAOM. The origin o f  the strains is listed below  

(Table 3.2).

Table 3.2 Penicillium chrysogenum strains

Strain Id # Year Substratum  and Locality

DAOM 155627 1976 Paper, Canadian Conservation Institute, Ottawa, ON

DAOM 155628 1976 Paper, Canadian Conservation Institute, Ottawa, ON

DAOM 167036 1977 Soil, spruce forest Lacolle, Que

DAOM 171025 1979
Surface washings o f  salami, Food Research Institute 

Agriculture Canada, Central Experimental Farm, 
Ottawa, ON

DAOM 175157 1980 Foam particles, from urea-formaldehyde foam in a 
house in Niagara Falls, ON

DAOM 175758 1980 Air plates, Employment Canada Office, Montreal, Que

DAOM 178623 1980 Paper product

DAOM 190864 1984 Stored grains (wheat & barley)

DAOM 193710 Cheese

DAOM 212336 1990 Wooden studs, Edmonton, AB

DAOM 215337 1990 HemLock lumber, Vancouver, BC

DAOM 215701 1984 Sesanum indicum, seed in Korea

DAOM 59494C Dried culture o f  DAOM 59494A from Honduras
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DAOM 234051

DAOM 234052

DAOM 234053

DAOM 234054  

DAOM 234055

DAOM 234056 

DAOM 234057  

DAOM 234058

DAOM 234059  

DAOM 234060

DAOM 234061

DAOM 234062 

DAOM 234063 

DAOM 234064  

DAOM 234065 

DAOM 234066

DAOM 234067

2003 Indoor air, RCS sampler, using rose bengal agar as the
isolation medium. Saskatoon, SK

2003 Pipewrap, using rose bengal agar as the isolation
medium. Ottawa, ON

2003 Indoor air, RCS sampler, using rose bengal agar as the
isolation medium. Ottawa, ON

2003 Isolated from dust. Calgary, AB

2003 Outdoor air, RCS sampler, using rose bengal agar as the
isolation medium. Ottawa, ON

2003 Wallboard. Calgary, AB

2003 Isolated from dust. Desoronto, ON

2003 Indoor air, RCS sampler, using rose bengal agar as the
isolation medium. Saskatoon, SK

2003 Isolated from insulation material. Surrey, BC

2004 Outdoor air, RCS sampler, using rose bengal agar as the
isolation medium. Ottawa, ON

2004 Indoor air, RCS sampler, using rose bengal agar as the
isolation medium. Carp, ON

2004 Wallboard. Ottawa, ON

2003 Isolated from wood. Ottawa, ON

2003 Isolated from drywall. Ottawa, ON

2003 Isolated from culture swab. Ottawa, ON

2003 Unknown location, RCS sampler, using rose bengal agar
as the isolation medium. Sudbury, ON

2003 Indoor air, RCS sampler, using rose bengal agar as the
isolation medium. Ottawa, ON
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3.2 Slants, transfer and single spore isolate preparation

The fungal strains obtained from DAOM were transferred aseptically onto

sterilized 2% malt extract agar slants. The slants were incubated at 25 °C for 7 days. Ten 

slants per strain were prepared and stored at 5°C.

A ll the strains from Paracel Laboratories were transferred onto sterilized 2% malt 

extract agar plates. After 7 days o f  growth at 25°C in the dark, single spore isolates were 

prepared as follows. A  pipetteful o f sterile distilled water and Tween 20 (1 drop o f Tween 

20 per liter o f  water) was added into each culture plate. The plates were stirred gently, the 

liquid was drawn with a pipette and diluted into 20mL o f sterile water. One drop o f  this 

dilution was placed and spread evenly onto 2% malt extract agar plates using a sterile 

bent glass rod. After a day in the incubator, spores could be seen under the microscope. 

Single spores were transferred into 2%  malt extract agar plates and allowed to grow for 

10 days at 25°C in the dark. The single spore cultures were then transferred aseptically 

onto sterilized 2% malt extract agar slants prepared as described above. The slants were 

incubated at room temperature for 7 days. Ten slants per strain were prepared and stored 

at 5°C.

3.3 Culture growth

Slants o f  P. brevicompactum  and P. chrysogenum were macerated in 50 mL o f  

sterile distilled water, from which 2.5 mL or a 5% (v/v) aliquot was used to inoculate 

each one o f three 1L Roux bottles. The Roux bottles contained 200 mL o f sterile Czapek- 

Dox supplemented with yeast extract (30g/L sucrose, lg/L  K2HPO4, 5g/L yeast extract, 

0.5g/L MgSCL, 3g/L NaNC>3 , O.Olg/L FeSC>4 , 0.5g/L KC1) or Czapek-Dox/1% corn-steep 

medium (same as above except lg/L  com  steep liquor powder was added) and were 

incubated in the dark at 25°C (Figure 3.1).
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Figure 3.1 P. chysogenum cultures growing in Roux flasks.

All cultures were harvested after 14 days o f growth and filtered through a 

Buchner funnel using Whatman #1 filter paper and vacuum pressure. The volume o f  

filtrate from each flask was measured and the pH was recorded before the filtrates were 

stored at 5°C for later processing. The mycelium was rinsed with two times equal 

volumes o f distilled water to remove any unwanted sugars and was dried using vacuum 

pressure and wrapped in aluminum foil. It was kept frozen for later processing. These 

steps were repeated for all the remaining strains.

3.4 Modification to growth conditions for penicillin production enhancement

Czapek-Dox/1% com-steep media was modified by the replacement o f sucrose

with glucose in an attempt to enhance the production o f penicillins in P. chrysogenum

strains. Spore suspensions were prepared by macerating slants o f  P. chrysogenum in 50

mL o f sterile distilled water, from which 2.5 mL was used to inoculate 50 mL o f sterile

seed medium (30g/L glucose, lOg/L lactose, lOg/L com-steep liquor, 2g/L (NFL^SCL,

5g/L CaCC>3 , 0.5g/L KH2PO4) in 250 mL Erlenmeyer flasks. The flasks were then

incubated in the dark at 25°C on a New Bmnswick Scientific triple tier rotary shaker (220
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rpm, 3.81cm throw) for 48 hours to prepare the inoculum for the fermentation. After 48 

hours the cultures were used to inoculate 200mL o f sterile fermentation media (62g/L  

lactose, 13g/L Pharmamedia, 5.5g/L (NFL^SC^, 5.2 g/L CaCCb, 2.6g/L CaS0 4 , 2g/L  

Na2 S0 4 , 5.2g/L glycerol, 0.3g/L KH2PO4, 5.8g/L phenoxyacetic acid) in 3 X  1L Roux 

bottles. A ll cultures were harvested after 14 days o f growth at 25°C in the dark and were 

filtered through a Buchner funnel using Whatman #1 filter paper and vacuum pressure. 

The mycelium was rinsed with two times equal volumes o f  distilled water to remove any 

unwanted sugars. The mycelium was dried using vacuum pressure and wrapped in 

aluminum foil and stored in the freezer for later processing.

3.5 Large scale fermentation for metabolite isolation

It was observed that metabolite production was much higher in the Czapek-

Dox/1% com-steep media. Czapek-Dox/1% com-steep media was therefore used as the 

media o f  choice for the rest o f  the project. P. brevicompactum  strains DAOM 215331 and 

DAOM 215335 were chosen for large scale fermentation because o f  their metabolite 

production. Cultures were grown in Glaxo bottles (20 x  1 L) for 14 days at 25°C before 

harvest.

3.6 Culture extraction

The filtrates, pH 6 , were extracted twice with equal volumes o f  ethyl acetate

(Fisher Scientific, Canada) in separatory funnels. The combined ethyl acetate extracts 

were dried using Na2 S0 4  (BDH, Canada) and were concentrated in vacuo (Caffamo W  

2000 rotary evaporator) to afford dark yellow  crude extracts. Each sample was re

suspended in ethyl acetate, transferred into pre-weighed vials and dried under a gentle 

stream o f nitrogen gas. The samples were kept at 5°C for later processing. In addition, the 

remaining filtrates were extracted with an equal volume o f chloroform to ensure that all
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extractable metabolites were obtained. The chloroform extracts were processed in the 

same manner as the ethyl acetate extracts.

The mycelium was wrapped in aluminium foil, freeze-dried (Cryocool Neslab 

CC-100) for 48 hours, weighed and ground to a powder. The mycelium was stirred in 

ethyl acetate (30 g/L) overnight. Filtration, drying and evaporation o f  the solvent in 

vacuo gave crude extracts. Each sample was re-suspended in ethyl acetate, transferred 

into pre-weighed vials and dried under nitrogen gas. The samples were kept at 5°C for 

later processing.

3.7 Extraction o f penicillin

The pH o f the culture filtrates was recorded and then adjusted to pH 2.5 prior to

extraction by using IN  HC1. The filtrates were then extracted with 200 mL o f  butyl 

acetate (J.T. Baker, USA) in separatory funnels. Re-extraction into an aqueous medium 

was carried out with 5 mL o f phosphate buffer (pH 6.0) and 15 mL o f 5% (w/v) NaHCCb 

in order to re-adjust to pH 6.06. To remove any water from the samples the butyl acetate 

extracts were dried by using N a2S04 powder. The extracts were then concentrated in 

vacuo, at 30°C and medium speed. Each sample was then re-suspended in butyl acetate, 

dried under nitrogen gas in pre-weighed vials and dissolved again in 5 mL o f solvent 

prior to analysis by TLC and HPLC-DAD.

The frozen mycelium was freeze-dried for 48 hours. The weights were recorded 

immediately after the mycelium was removed from the freeze-drier. The mycelium was 

extracted with 30 mL o f  butyl acetate in 1L Erlenmeyer flasks and stirred for 8  hours. 

The extracts were filtered through a Buchner funnel using Whatman # 1 filter paper and 

vacuum pressure. They were dried though a funnel containing filter paper and Na2S04 

powder. The extracts were then dried to completion using a rotary evaporator set to 30°C
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and medium speed. Each sample was re-suspended in butyl acetate, dried under nitrogen 

gas in pre-weighed vials and dissolved again in 5 mL o f  solvent prior to analysis by 

HPLC-DAD.

3.8 Screening bv thin layer chromatography (TLC1

TLC analysis o f the filtrate and cell extracts was performed to screen and evaluate

the secondary metabolite production o f the cultures in the two types o f media used. The 

extracts were spotted using TLC plates (250pm silica, 60A, Whatman, New Jersey) and a 

variety o f  solvent systems. A  comparison o f  the TLC solvent systems was tested using 

both standards and sample extracts. The solvent mixtures tested included the following: 

chloroform/acetone (9:1), chloroform/methanol (9:1), hexane/ethyl acetate (3:1) and 

toluene/ethyl acetate/90% formic acid (5:4:1). It was determined that the 

chloroform/methanol (9:1) system provided the best separation. Variations o f  this ratio in 

order to alter the polarity o f  the solvent system were tested and used throughout the rest 

o f the study.

Standards o f  roquefortine C and mycophenolic acid (minimum 90%, Sigma, 

Canada) were used to specifically screen for the production o f these metabolites and test 

the validity o f the method. The TLC plates were developed until the solvent had travelled 

to 1  cm from the top o f the plate at which point the plate was removed from the tank and 

allowed to air dry. The plates were sprayed with a development reagent (sulphuric 

acid/ethanol, 1:1 v/v) and once again dried. As the plates dried, the metabolite spots 

began to appear, these were compared to standards for identification. The number o f  

unknown spots and their intensity on the plates was initially used to identify the most 

productive strains.
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3.9 Analysis by High Pressure Liquid Chromatography (HPLC-DAD)

3.9.1 Analysis o f  secondary metabolites

The HPLC-DAD method for the determination and quantification o f secondary

metabolites from both filtrate and mycelium was adapted from Nielsen et al., (2003)64.

This method targets the separation and detection o f fungal metabolites from liquid media.

A gradient mobile phase consisting o f  an acetonitrile/water/0.05% TFA mixture at a flow

rate o f lmL/min was used (Table 3.3). The HPLC-DAD analysis was performed using a

1100 series Hewlett Packard HPLC-diode array detector (DAD) with built in degasser,

and four pumps. A  Synergi Max-RP, 250 x 4.6 mm, 4pm, 80A HPLC column

(Phenomenex, California) was used for compound separation and the detector was set at

215nm, 254nm and 354nm for optimal absorption o f  all compounds. For prep-HPLC, the

same conditions were used at a flow rate o f 15mL/min. All extracts were filtered through

13mm PTFE (0.45pm) syringe filters (Waters) prior to injection.

Table 3.3 HPLC gradient program for secondary metabolite analysis

Time (min) Acetonitrile/0.05% TFA Water Flow rate (mL/min)
0 15 85 1

40 0 1 0 0 1

45 0 1 0 0 1

53 85 15 1

58 85 15 1

3.9.2 Analysis o f  penicillin G

The HPLC-DAD method for the determination and quantification o f penicillin

from both filtrate and mycelium was adapted from Anne et al., (1982). This gradient

method targets the separation and detection o f  penicillins and P-lactam compounds from

liquid media6. A  gradient mobile phase used was 30mM K2HPO4/KH2PO4 (50:50) and

acetonitrile at pH 5.5 (Table 3.4). A  Synergi Max-RP, 250 x 4.6 mm, 4pm, 80A HPLC
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column (Phenomenex, California) was used for compound separation and the detector 

was set at 220nm, for optimal absorption o f  penicillin and at 254nm and 354mn for 

optimal absorption o f  all other compounds that might be present. All extracts were 

filtered through 13mm PTFE (0.45pm) syringe filters prior to injection.

Table 3.4 HPLC gradient program for penicillin analysis

Time
(min)

K2HPO4/KH2PO4, 
(pH 5.5)

Acetonitrile Flow rate 
(mL/min)

0 1 0 0 0 1

16 1 0 0 0 1

31 80 2 0 1

36 80 2 0 1

41 1 0 0 0 1

45 1 0 0 0 1

3.10 Recovery

A penicillin G standard was obtained from Sigma (St. Louis, USA). A  5 mg/mL 

stock solution o f  penicillin G in water was mixed and serially diluted to create a range o f  

concentrations for use in the construction o f  a standard calibration curve. The standard 

curve was based on the peak intensity o f  penicillin G at 220 nm. The area units o f the 

resulting peaks were plotted against pg o f  penicillin G injected onto the HPLC column. A 

range o f  concentrations from 1 mg/mL up 4mg/mL, representing 10 pg to 50 pg of  

penicillin G on the column was used. The same procedure was repeated to prepare 

roquefortine C and meleagrin standards.

For percent recovery studies, 50 mL o f Czapek-Dox/1% com-steep media was 

spiked with 5pg o f penicillin and a separate 50mL of media was spiked with lp g  each of 

roquefortine C and meleagrin standards. This was repeated for two other concentrations 

at 10 and 30 pg o f  penicillin and 10 and 20 pg roquefortine C and meleagrin. For
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penicillin recovery, the pH o f  the media was adjusted to pH 2.5 prior to extraction by 

using IN  HC1. The samples were then processed as described previously for the 

extraction o f  penicillin. Each sample was then re-suspended in butyl acetate, dried under 

nitrogen in clean vials and dissolved again in 5 mL o f solvent. A  10 pi aliquot o f  extract 

was injected on to the HPLC column.

To calculate the recoveries o f  roquefortine C and meleagrin, the media was 

extracted with 100 mL o f  ethyl acetate and the samples were processed as described 

above in the culture extraction section. Peak identity was confirmed by comparing the 

resulting spectra to an authentic standard UV spectrum. This allowed the calculation o f  

percent recovery o f  penicillin G, roquefortine C and meleagrin by testing the 

experimental extraction process. A ll o f  the recovery analyses were performed in 

triplicate.

Roquefortine C has been shown to be sensitive to light and exposure greatly 

reduces its recovery. For this reason, all experiments were performed under reduced light 

conditions with the lights off, away from natural light sources96. A ll cultures were grown 

in darkness (covered in aluminum foil), filtered and extracted in darkness, and all 

samples and standards were stored in amber vials.

3.11 LC-MS. LC-MS/MS and NMR analysis

LC-MS was used to help in the determination and confirmation o f  unknown

compounds from both the filtrate and mycelium. A  Hewlett Packard 1050 HPLC system 

(pump, inline degasser, UV detector, and computer) was attached to a Quattro LC-triple 

quadropole electrospray ionization (El) mass spectrometer (Micromass, UK). The 

instrument was set for analysis in positive ion mode with full scan spectra between m/z 

200-1000. The EI-MS was controlled using MassLynx software version 3.5 that was also
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used for analysis o f  mass spectrum data. This allowed for the analysis o f extracts under 

the identical HPLC conditions as described above. The effluent was divided using a 

micro-splitter valve (Upchurch Scientific, WA) such that the flow to the electrospray was 

approximately lOOpL/min. This was diverted through capillary tubing set at -3.8 kV into 

the EI-MS. The source block temperature was 80 °C and the cone voltage was -47 V. 

Nitrogen served as the drying and nebulizing gas at a flow rate o f  70 L/h, 5.5 x 105 Pa. 

The majority o f  the flow was diverted into the UV detector as usual to provide a 

chromatogram o f the sample mixture. The sample entering the electrospray was 

compared to the complementary UV trace. Comparisons were made between both to 

determine the molecular weights o f  individual peaks from the samples for aid in 

identification o f  the secondary metabolites. The same samples were then analyzed using 

LC-MS/MS to provide fragmentation patterns o f  the parent ions determined above to 

further aid the identification o f  metabolites.

NMR spectra were acquired on a Bruker ARX500 spectrometer at 500.13 MHz 

('H) or 125.18 MHz ( 13C) operating at 303°K, using a 5 mm inverse triple (H/C/N) 

probe. NMR spectra were determined in acetonitrile-d3 (CD3 CN) and chemical shifts 

were referenced to the solvent at 1.94 ppm for ]H and 1.39 ppm for 13C and are reported 

relative to tetramethysilane (TMS). Chemical shift assignments were made with 'H/’H 

(COSY), and ’H /13C (HMQC, HMBC) inverse correlation spectra using standard Bruker 

pulse sequences.

3.12 Secondary metabolite isolation and purification

3.12.1 P. brevicomvactum  strain DAOM 215331

A  chromatography column was prepared by mixing 50g o f  silica gel/g o f  extract

(230-400 mesh, 40-63 pm, 60A) with enough chloroform to make a workable slurry. The
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column was packed using forced air to compress the silica gel taking care not to let the 

column dry. Fine sand was added (0.5 cm) to serve as a protective layer and to act as a 

filter for the sample.

Initially, the columns were eluted with a gradient system starting with 5% ethyl 

acetate/hexane increasing to 30% ethyl acetate/hexane. The first eleven fractions 

collected from the columns were mostly triglycerides and fatty acids as shown by ]H 

NMR. Fractions twelve to thirty-one were fatty acids. Fractions thirty-two to eighty-nine 

each consisted o f  several spots that proved difficult to separate. A second system made 

up o f 10% methanol/chloroform gave excellent separation after TLC and it was 

determined that this system should be used during column chromatography. The column 

was eluted with a gradient system starting with 0 % methanol/chloroform increasing to 

10%-15% methanol/chloroform as needed.

The crude ethyl acetate extract (350 mg) from the filtrate o f  strain DAOM 215331 

was dissolved in a minimum amount o f  solvent and was loaded onto the column. The 

extract was eluted using a stepwise solvent gradient. The solvent gradient used was 

MeOH/CHCl3 (0-15%) and it was added in 200 mL aliquots. Three mL fractions were 

collected in glass test tubes. The fractions were analysed by TLC to check their purity as 

well as to screen for major spots. Similar fractions were combined and analyzed by 'H 

NMR. From the chromatography column o f strain DAOM 215331, three major fractions 

(F I-3) were obtained.

Fraction 1 (179.6 mg) was subjected to preparative TLC (silica gel 60, 20 x 20, 

2000pm, Whatman, USA). The plates were developed multiple times in 2% 

MeOH/CHCL to obtain maximum separation. Four distinct bands were evident and these
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were scrapped o ff the plate and extracted separately in 50mL o f a 10% MeOH/CHCL 

solution. The extracts were filtered, evaporated in vacuo  and analyzed by ”H NMR. 

Impure brevianamide A  (148 mg) was collected from the first extract. Further 

purification o f  brevianamide A  was achieved by preparative HPLC (Synergi Max-RP, 

250 x 30 mm, 4pm, 80 A, Phenomenex, California) using the solvent gradient system 

described previously (Table 3.4). Recrystallization from CHCI3  gave 42 mg o f  bright 

yellow crystals. The purity o f  brevianamide A  was confirmed by 'H NMR (one spot by 

TLC analysis, Rf=0.39 in 10% MeOH/CHCh), optical rotation and melting point.

A  pale yellow  solid (1.60 g) identified as mycophenolic acid was obtained from 

Fraction 2. The solid was washed with acetone twice before it recrystallized from 5% 

MeOH/CHCl3  to give 500 mg o f  white crystals.

Fraction 3 (2.0 g) was a thick, dark brown solid that had to be separated again 

over silica gel eluting with a CHCl3 /MeOH solvent gradient (0-15% MeOH/CHCf). The 

fractions were analyzed by TLC and all fractions containing similar spots were combined 

and dried to give a light brown solid (1.44 g). This compound was recrystallized from 5% 

MeOH/CHCl3 resulting in a pale pink solid (600 mg). Further purification o f -1 0 0  mg o f  

this material was done by preparative plate TLC in 5% MeOH/CHCf yielded o f  a white 

solid (50 mg). This compound was identified as a Raistrick phenol derivative.

The crude ethyl acetate extract (3.74 g) from the mycelium o f DAOM 215331 

was also separated on a silica gel column similar to that described for its filtrate resulting 

in two major fractions (F4-5). Fraction 4, the non-polar fraction was a dark orange liquid 

consisting mainly o f  triglycerides (1.11 g). Fraction 5 was impure brevianamide A  (50
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mg). Brevianamide A  was purified by preparative plate TLC as before and recrystallized 

from CHCI3 to yield pure yellow crystals (18 mg).

3.12.2 P. brevicompactum  strain DAOM 215335

The crude ethyl acetate extract (3.96 g) from the filtrate o f DAOM 215335 was

purified using the same procedure as described for DAOM  215331 to give 3 major 

fractions (F6 - 8 ). A  pale brown solid (1.52 g) identified as mycophenolic acid was 

obtained from fraction 6 . It was purified as described for DAOM 215331 yielding white 

crystals (300 mg). Fraction 7 consisted o f  triterpenoids (200 mg). Fraction 8  was a light 

brown liquid (lOOmg) that was again identified as the Raistrick phenol derivative. 

Further purification o f  the Raistrick phenol derivative by preparative plate TLC yielded 

o f  the pure material ( 1 0  mg).

The crude ethyl acetate extract (10.9 g) from the mycelium o f DAOM 215335 

was divided into 2 equal parts. Part 1 (5.0g) was separated using silica gel 

chromatography as described above to give 2 main fractions (F9-10). Fraction 9 (2.8g) 

was mainly triglycerides. Fraction 10 yielded mycophenolic acid (100 mg).

Part 2 (5.9g) was first extracted with lOOmL o f  hexane for 15 minutes yielding 

4.92 g o f  extract. This fraction contained mainly triglycerides and fatty acids. The 

residue (740 mg) was separated on a silica gel column as described above to afford o f  a 

pale yellow solid (240 mg). The solid was further washed with hexane and acetone to 

provide white crystals identified later as asperphenamate ( 2 0  mg).

3.12.3 P. chrvsoeenum  strain DAOM 234067

The crude ethyl acetate extract (6.56 g) from the mycelium o f  strain DAOM

234067 was defatted with hexane. The defatted extract (3.81 g) was purified using
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column chromatography as described above eluting with a stepwise solvent gradient o f  0 -

15% MeOH/CHCl3 in 200mL aliquots to provide 3 major fractions.

Fraction 1 yielded impure ergosterol (300 mg). Fraction 2 was identified to be o f

impure meleagrin (1 g). Fraction 3 was found to be roquefortine C (20 mg). The major

fraction was recrystallized twice from acetone to provide meleagrin as a pale yellow solid

(350 mg) which was pure by ’H NMR, TLC analysis (one spot) and optical rotation.

The crude ethyl acetate extract (1.0 g) from the filtrate o f strain DAOM 234067

was also purified using column chromatography eluting with a step-wise solvent gradient

o f 0-15% MeOH/CHCL in 200 mL aliquots. The main fraction was impure meleagrin

(80 mg). This fraction was further purified by preparative plate TLC in 5% MeOH/CHCl3

to yield relatively pure meleagrin (50 mg).

3.12.4 P. chjysosenum  strain DAOM 234065

The crude ethyl acetate extract (7.0 g) from the mycelium o f  DAOM 234065 was

purified using column chromatography over silica gel. This time the sample was eluted

with hexane followed by a 0-5% MeOH/CHCl3  gradient in 400mL aliquots to provide

two main fractions. Fraction 1 (5.07g) contained mainly triglycerides and fraction 2

consisted o f  ergosterol (1.40 g).

The crude ethyl acetate extract (6.83 g) from the filtrate o f  DAOM 234065 was

separated using the same procedure described for the filtrate o f DAOM 234067 to give 3

fractions. Fraction 2 (lOmg) was determined to be impure meleagrin. The impure

meleagrin was recrystallized twice from acetone to yield pure meleagrin (7 mg). Fraction

3 gave roquefortine C as a pale yellow solid (3.01 g).
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3.13 Derivatization o f  meleagrin

The synthetic derivatives meleagrin acetate, N-methyl meleagrin and N-methyl

oxaline, were prepared in order to verify the structure o f  meleagrin.

Acetylation o f meleagrin with acetic anhydride in CH2 CI2  (Et3N , DMAP) at room

temperature afforded meleagrin acetate. Upon methylation with diazomethane (CH2N 2),

N-methyl oxaline was produced as the major product. A  minor product that appeared to

be N-methyl meleagrin by !H NMR was also formed.

3.13.1 Meleagrin acetate

To initiate the reaction, 0.25 mL o f acetic anhydride (2.3 x 10' 3 mol) was added to 

a solution o f  meleagrin (50mg, 1.15 x  10-4  mol) in 10 mL o f  CH2 CI2 , 0.25mL o f triethyl 

amine (2.3 x 10‘3 mol) and 10 mg o f DMAP at room temperature (25°C). The reaction 

mixture was left to stir overnight before it was washed successively with 5 mL o f  

distilled deionized water, 5 mL o f 5% HC1 and an extra 5 mL o f water. The organic layer 

was dried over sodium sulphate, filtered and concentrated in vacuo. The crude product 

was purified by preparative plate TLC in 2%  MeOH/CHCh to yield meleagrin acetate as 

a pale yellow solid (20 mg) (m.p. 225-230°C (lit. 247°C) ) 49,66.

3.13.2 N-methvl oxaline

Diazomethane solution was prepared by adding 15 mL o f a 0.7M solution o f

KOH in ethanol to a solution o f  N-methyl-N-nitrosotoluene-p-sulfonamide (3.5 g) in 40 

mL o f  diethyl ether for 5 min. The solution was distilled at 55-60°C until a yellow  

etheral CH2N 2  fraction was produced. The yellow fraction was collected over an ice bath 

at 0°C. The etheral CH2N 2  solution was added in excess to a stirred solution containing 

meleagrin (50 mg) in 25 mL o f CH2 CI2  with a few drops o f  MeOH at 0°C until it 

remained permanently yellow. The excess CH2N 2  was evaporated in the fumehood
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overnight. The solvent was removed in vacuo and the residue was re-dissolved in 30 mL 

o f ethyl acetate. It was then washed successively with 10 mL o f water, 10 mL o f  brine 

and 20 mL o f  water. The organic layer was dried over sodium sulphate, filtered and 

concentrated in vacuo. The crude product was further purified using multiple elution 

preparative plate TLC in 2% MeOH/CHCl3 to yield two main products, oxaline and N- 

methyl oxaline (15 mg) as a pale yellow solid (m.p. 225°C). N-methyl meleagrin was 

formed as a minor product.

The melting points o f  all the isolated the compounds were measured and along 

with the optical rotation, MS and NM R spectra, were used to characterize and confirm  

their purity.

3.14 Statistical analysis

Cluster analysis was performed in order to determine the presence o f a potential

link between the different strains o f  P. chysogenum and their production of secondary 

metabolites. A  subset o f  eight P. chrysogenum  isolates obtained from DAOM and a 

subset o f  twenty P. chrysogenum  isolates from water-damaged buildings and building 

materials (Paracel Labs, Ottawa) were examined. The strains were determined to be 

producers o f  penicillin G, roquefortine C, meleagrin and xanthocillin x. A  data matrix o f  

twenty-seven isolates and 8  variables (secondary metabolite and secondary metabolite 

yield) was constructed for cluster analysis. The matrix was normalized by calculating the 

secondary metabolite yield in pg/g/L o f  liquid culture. The total amount o f secondary 

metabolites detected per strain was added up and individual values for each respective 

secondary metabolite were entered as a fraction o f  this total in the final matrix.

The data was analyzed by the algorithms offered by the statistical program Systat 

10.2. The squared Euclidean distance measure was used and the Ward’s method was
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chosen as the one giving the most significant and meaningful dendogram. To be able to 

account for the difference in orders o f  magnitude and calculate these distances, the data 

were log transformed.

4. RESULTS

4.1 Culture growth

The results o f  testing the growth o f P. brevicompactum  and P. chrysogenum on 

different media are displayed in Table 4.1. The dry weight o f  the mycelium is included as 

an indicator o f  how well the cultures grew on that particular media. The average 

mycelium weight increased when the cultures were grown on Czapek-Dox/1% com-steep 

media as compared with growth in the Czapek-Dox. Average growth in Czapek-Dox/1%  

com-steep media was 1.3 times better for P. brevicompactum  strains and 1.6 times better 

for P. chrysogenum strains. The results o f  testing the growth o f  P. chrysogenum on the 

Czapek-Dox/1% com-steep media versus the fermentation media for the enhancement o f  

penicillin production are displayed in Table 4.2. The average mycelium weight increased 

when the cultures were grown on Czapek-Dox/1% com-steep media as compared with 

growth in the fermentation media. Average growth in Czapek-Dox/1% com-steep media 

was 2 . 6  times better.
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Table 4.1 Comparison o f dry mycelium weights o f P. brevicompactum  strains when 
grown on two types o f  media.

Species and strain Av. mycelium weight Av. mycelium weight
(g) (g)

Czapek Dox/1% corn steep Czapek Dox
P. brevicompactum

DAOM 215331 1.56 1.30
DAOM 215333 1.91 1.60
DAOM 215334 2.27 1.71
DAOM 215335 2.52 2.46
DAOM 234044 2.45 1.95
DAOM 234045 3.01 2.48
DAOM 234046 2.83 2.21
DAOM 234047 3.52 2.13
DAOM 234048 2.58 1.99
DAOM 234049 2.96 2.55
DAOM 234050 2.24 1.52

Average 2.53 1.99
St. dev. 0.54 0.42

Table 4.2 Comparison o f dry mycelium weights o f P. chrysogenum  strains when grown 
on three types o f  media.

Species and strain Av. mycelium weight Av. mycelium weight
Av. mycelium  

weight
(g) (g) (g)

Czapek Dox/1% corn steep Czapek Dox Fermentation media
P. chrysogenum  
DAOM 155627 2.54 1.32 0.96
DAOM 155628 2.99 1.40 1.03
DAOM 167036 2.84 1.41 1.10
DAOM 171025 1.86 1.92 1.17
DAOM 175157 2.57 1.95 1.07
DAOM 175758 0.93 0.73 0.76
DAOM 178623 3.48 2.21 1.09
DAOM 190864 2.10 1.13 0.82
DAOM 193710 1.16 0.99 0.74
DAOM 215336 3.26 1.35 1.08
DAOM 215337 2.47 1.52 1.25
DAOM 215701 3.60 1.30 0.58
DAOM 59494C 2.71 1.61 0.89
DAOM 234051 2.51 1.85 0.90
DAOM 234052 3.49 2.46 1.11
DAOM 234053 2.68 1.95 1.02
DAOM 234054 1.96 1.48 1.07
DAOM 234055 2.75 2.12 1.13
DAOM 234056 2.93 1.13 0.56

- 6 3 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DAOM 234057 3.48 1.99 1.21
DAOM 234058 2.11 1.35 1.23
DAOM 234059 1.58 1.12 0.70
DAOM 234060 3.06 1.39 1.10
DAOM 234061 2.42 1.50 1.29
DAOM 234062 3.58 1.71 1.45
DAOM 234063 2.63 2.06 0.82
DAOM 234064 3.28 1.53 1.23
DAOM 234065 2.55 2.02 1.19
DAOM 234066 2.97 2.61 0.93
DAOM 234067 3.01 2.13 1.09

Average 2.65 1.64 1.02
St. dev. 0.68 0.45 0.22

4.2 Recovery o f  penicillin G. roquefortine C and meleagrin from the spiked media

The standard calibration curve o f  penicillin G was prepared by plotting the peak

area counts versus the amount o f  penicillin G on the HPLC column (pg). The standard 

curve developed from the final gradient program showed a linear relationship with an R2  

value o f  0.99 over the full concentration range used (Figure 4.1). These steps were 

repeated for roquefortine C (R2=0.98) (Figure 4.2) and meleagrin (R2=0.99) (Figure 4.3).

Using the equations from the respective standard calibration curves, the percent 

recovery o f  penicillin G, roquefortine C and meleagrin from the spiked media extracts 

was determined to be 84.11 ± 4.17 %, 84.67 ±  3.72 % and 76.33 ±  2.59 %. The percent 

recovery calculations indicated that the extraction method was suitable for the analysis o f  

penicillin G, roquefortine C and meleagrin. The effectiveness o f  the extraction method 

and o f  the different extraction solvents was confirmed and compared to studies by others. 

Industrial recovery yields for penicillin G from P. chrysogenum cultures is approximately 

85%37. The mean recovery for roquefortine C from food and feed samples using similar 

methodology is between 70-85%Sl.

- 6 4 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.4 Analysis o f  Penicillium  strains by HPLC-DAD for metabolite profiles

A ll the strains used in this study were analyzed using HPLC-DAD to determine

their respective chemotaxonomic profiles. In addition, the amount o f  secondary 

metabolites produced was used in order to screen for the most active strains. The most 

active strains were then grown in large scale fermentations in hope o f  producing large 

amounts o f  metabolites to be able to isolate and purify them for future use in toxicity 

studies. The resulting retention times, chromatograms and UV spectra for the filtrate and 

mycelium extracts were compared to chromatograms o f  standards and to chromatograms 

o f previously published data for identification purposes. This was done for some o f the 

expected secondary metabolites o f  P. brevicompactum  such as mycophenolic acid and 

botryodiploidin. Although brevianamide A, asperphenamate and meleagrin were also 

expected in this species, no standards were available at the time o f analysis. 

Characterization o f  these compounds became possible only after the compounds were 

isolated and purified later on during this study. Figures 4.4 and 4.5 show the filtrate and 

mycelium chromatograms o f  strain DAOM 215331 from P. brevicompactum  and are 

presented here as a representative strain for this species.

After isolation, purification and characterization o f  brevianamide A, the standard 

was used to search for its production by other P. brevicompactum  strains. It eluted at a 

retention time o f 14.1 minutes and was identified as one o f the major metabolites in the 

HPLC-DAD chromatograms o f the filtrate and mycelium extracts o f  P. brevicompactum  

DAOM 215331. Mycophenolic acid was seen in the filtrate extract o f DAOM 215331 

and in the filtrate and mycelium extracts o f  DAOM 215335 eluting at 20.0 minutes. 

Asperphenamate was only seen in the mycelium extract o f  DAOM 215335 eluting at 28.9
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minutes. The Raistrick phenol derivative was seen in the mycelium extracts o f  both 

strains eluting at 2.4 minutes (Figure 4.5).

asperphenam ate

brevianamide

m y c o p h e n o l i c  a c i d

m tr i

Figure 4.4 HPLC-DAD chromatogram o f the filtrate extract o f P. brevicompactum  
DAOM 215331 indicating the retention times o f  brevianamide A  (14.1 min), 
mycophenolic acid (20.0 min) and asperphenamate (28.9 min). (@ 354 nm)

mAU *

b r e v i a n a m i d e  A
Raistrick
p h e n o l

Figure 4.5 HPLC-DAD chromatogram o f the mycelium extract o f P. brevicompactum  
DAOM 215331 indicating the retention times o f  the Raistrick phenol derivative (2.4 min) 
and brevianamide A  (14.1 min). (@ 354 nm)
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Chromatograms o f  roquefortine C, penicillin G, xanthocillin x and sorbicillin 

standards were compared to chromatograms o f P. chrysogenum extracts. After isolation, 

purification and characterization o f meleagrin, the standard was used to search for its 

production by P. chrysogenum  strains. It eluted at a retention time o f 24.2 minutes and 

was identified as one o f  the most consistent metabolites produced by this species but was 

not seen in the mycelium extract o f  DAOM 234065. Roquefortine C was seen at 15.8 

minutes in the mycelium extract o f  DAOM 234067.

4.5 Identification and isolation o f  secondary metabolites from P. brevicompactum

The ethyl acetate extracts from the filtrate and mycelium o f P. brevicompactum

strains DAOM 215331 and DAOM 215335 were processed in order to identify and

isolate the major secondary metabolites present. The secondary metabolites found in the

extracts were brevianamide A, mycophenolic acid, asperphenamate and a Raistrick

phenol derivative (Table 4.3).

All o f these secondary metabolites except for the Raistrick phenol derivative have

been included in the metabolite profile o f  P. brevicompactum3. Raistrick phenols are

characteristic o f  this fungal species and have been shown to form lactols during isolation

and under acidic conditions3,102. Hence, it is plausible to derive the Raistrick phenol

derivative from the Raistrick phenol (2,4-dihydroxy-6-( 1 -hydroxy-2-oxopropyl)benzoic

- i

acid) (Appendix A) .

Mycophenolic acid was isolated from the filtrate and mycelium fractions o f  both 

fungal strains, DAOM 215331 and DAOM 215335. Brevianamide A  was isolated from 

strain DAOM 215331 while asperphenamate was isolated from strain DAOM 215335. 

The Raistrick phenol derivative was isolated from the mycelium fractions o f  both strains 

in smaller amounts (Table 4.3).
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Table 4.3 Secondary metabolites isolated from the ethyl acetate extracts o f  P. 
brevicompactum  strains DAOM 215331 and DAOM 215335.

Metabolites DAOM 215331 DAOM 215335

Filtrate My celia Filtrate My celia
____________________ (7.16 g) (3.74 g) (3.96 g) (10.13 g)

Brevianamide A  (mg) 42 18

Mycophenolic Acid (mg) 500 300 100

Asperphenamate (mg) 20

Raistrick Phenol Derivative (mg) 50 10

4.5.1 Brevianamide A

MeMe.

6

5

Figure 4.6 Structure o f  brevianamide A  showing numbering.

Brevianamide A  was isolated from the ethyl acetate extracts o f  the filtrate and 

mycelia o f  P. brevicompactum  strain DAOM 215331 as bright yellow crystals with a 

melting point o f 200-212°C (lit. 90-220°C)14 and 2-3 mg/L yield (lit. 0.1-10 mg/L 

yield)14. In comparison, the melting point o f  brevianamide B, the diastereomer has been 

reported as 324-328°C 12.
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The purification o f brevianamide A  required silica gel chromatography using a 

solvent gradient o f  MeOH/CHCh (0-15%), followed by preparative plate TLC, 

preparative HPLC and recrystallization from chloroform. The TLC plate o f  brevianamide 

A revealed one yellow  fluorescent spot under UV light (366 nm). The Rf value was 0.39 

when developed in a 10% mixture o f MeOH/CHCh.

The El mass spectrum displayed the [M]+ at m/z 365 corresponding to the 

expected molecular formula o f  C2 1 H2 3N 3 O3 . This was confirmed by high resolution 

electron impact mass spectrometry (HRMS) (Figure A.4). The primary fragmentation 

pattern involved the loss o f  mass 69 (C5 H9) from the molecular ion to give a stable ion at 

m/z 296 which was in conformity with literature va lu es14,12.

The presence o f  an N-H and C =0 functional groups were apparent by the strong 

IR absorptions at 3317-3226 and 1620-1679 cm ' 1 respectively. The *H NMR data were 

consistent with previously published values (Table 4.4)14. Diagnostic resonances were 

observed for the aromatic protons at 8  6.82-7.60 typical o f  a symmetrically ortho

substituted benzene A A ’X X ’ system, methylene protons at 8  2.35 (t, J=6.7 Hz, H-15) as 

well as for the methyl singlets at 8  1.05 (s, 3H, H-21) and at 8  0.80 (s, 3H, H-22) (Figure 

A.5). The ]H NM R data also resembled that reported for brevianamide B with respect to 

the bicylo moiety (the ring system made up o f  tryptophan, proline and substituted proline 

derivatives where the olefinic unit o f the isoprene moiety has been oxidatively cyclized 

across the a-carbon atoms o f  the cyclic dipeptide)111.
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Table 4.4 13C and ’H NMR chemical shift assignments for brevianamide A  (500 MHz,

CD3CN, coupling constants in parentheses).

Position # 13c
(ppm from TMS)

*H
(ppm from TMS)

1 (NH) 3.35 (br s, NH)

2 1 1 2 . 2

3 202.5

4 125.2 7.45 (d, J=7.8 Hz, 1H)

5 and 7 119.8 6.75 (t, J=7.8 Hz, 2H)

6 139.5 6.90 (t, J=7.8 Hz, 1H)

8 37.8 2.60 (m, 2H)

9 55.0

10 (NH) 7.62 (br s, 1H)

1 1 171.2

1 2 80.0

13 30.0 2.45 (m, 2H)

14 26.5 2.02 (m, 2H)

15 48.2 2.35 (t, J=6.7 Hz, 2H)

17 174.8

18 45.0

19 54.6 2.60 (m, 1H)

2 0 44.8 1.80 (m, 3H)

2 1 24.2 1.05 (s, 3H)

2 2 2 0 . 0 0.80 (s, 3H)

23 162.2

24 122.5

The carbon spectra clearly indicated the resonance for each o f  the carbons in the 

molecule. (Figure A .6 ).
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4.5.2 Mycophenolic Acid
Me OH

OH
MeO'

Me

Figure 4.7 Structure o f  mycophenolic acid showing numbering

Mycophenolic acid was isolated from the filtrates o f  P. brevicompactum  strains 

DAOM 215331 and DAOM 215335 and from the mycelia o f DAOM 215335. After 

purification by silica gel column chromatography utilizing the same conditions as 

described for brevianamide A, followed by washing with acetone and recrystallization 

from MeOH/CHCfi, the pure compound was obtained as white crystals with a melting 

point o f  141-142°C (lit.l39-141°C )35 and in ~30 mg/L yield. The analytical TLC plate o f  

mycophenolic acid revealed one blue fluorescent spot under UV light (366 nm). The Rf 

value was 0.38 when developed in a 10% mixture o f  MeOH/CHCL.

The molecular composition o f  mycophenolic acid, C 17H2 0 O6 , was confirmed by 

the molecular ion observed at m/z 320 in its EIMS spectrum and by HRMS (Figure A.7). 

The primary fragmentation pattern involved the loss o f  mass 73 (C3H5O2) from the 

molecular ion to give a stable ion at m/z 247 and the loss o f  mass 113 (C6 H9 O2 ) to give a 

stable ion at m/z 207. The fragmentation pattern matched well with those reported in the 

literature35. The free OH, CO and CO2 groups exhibited strong IR bands at 3417 and 

1706, 1625 cm ' 1 respectively.

The ]H NMR and 13C NMR spectra recorded for mycophenolic acid were in 

agreement with previously published values (Table 4.5 and Figure A . 8  and A .9)35.
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Table 4.5 ’H NMR and 13C chemical shift assignments for mycophenolic acid (200 MHz,
C D 3 C N ,  coupling constants in parentheses).

Position # 13c
(ppm from TMS)

*H
(ppm from TMS)

1 165.0

3 70.0 5.20, (s, 2H)

4 118.3

5 173.7

5 (OMe) 61.7 3.76, (s)

6 107.5

7 153.9

8 92.5

9 146.2

1 0 16.3 3.34, (d, J=7.0 Hz, 2H)

1 1 122.3 5.21, (m, 1H)

1 2 135.2

13 35.1 2.32, (m, 2H)

14 32.9 2.45, (m, 2H)

15 174.7

16 (Me) 1 1 . 6 2.15, (s, 3H)

17 (Me) 23.2 1.77 (s, 3H)

OH 7.75 (br s)
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4.5.3 Asperphenamate
16'

17V ^ ^ N 15'

14’

o
6

3'

8

Figure 4.8 Structure o f  asperphenamate showing numbering

Asperphenamate was isolated from the filtrate o f  P. brevicompactum  strains 

DAOM 215331 and DAOM 215335 as a white solid. The melting point was determined 

to be 215-217°C (lit. 210°C, lit. 206-207°C, lit. 201-204°C)57’15’31 in ~1 mg/L yield, after 

silica gel column chromatography using a MeOH/CHCl3 solvent gradient (0-15%) 

followed by washing with acetone.

The molecular ion at m/z 506 matched the proposed molecular formula o f  

C3 2 H3 0N 2 O4 . This was confirmed by high resolution electron impact mass spectrometry 

(HRMS). The fragment ion peaks in the EIMS spectra were observed at m/z 415, 251, 

146 and 105 and were identical with reported values 51. The IR spectrum showed a broad 

N-H stretch at 3306 cm ' 1 with strong CO bands at 1751, 1734 and 1638 cm'1. The *H and 

13C NM R data was revised from that published by McCorkindale et. al, (1978) (Figure 

4.6, Figure A.10 and A . l l ) 57.
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Table 4.6 13C and *H NMR chemical shift assignments for asperphenamate (200 MHz,
C D C I 3 ,  coupling constants in parentheses).

Position # H
(ppm from TMS)____________ (ppm from TMS)

1 172.4

2 55.7 4.75 (dd, J = 12.5 Hz, 1H)

3 37.5 3 .12,3.25 (JAB = 12.5 Hz, 
J3>2 = 5.0 Hz, 2H)

1 ’ 66.5 4.00, 4.45 (Jab = 12.5 Hz, 
J3’j2’ = 5.0 Hz, 2H)

2 ’ 51.2 4.55 (m)

3 ’ 37.6 2.85 (J = 6.5 Hz, 2H)

4, 4 ’ 139.2, 138.3

i ,  9, 5 ’, 9 ’ 130.2, 129.4 7.12 (m, 4H)

i, 8 , 6 ’, 8 ’ 129.4, 128.6 7.20 (m, 4H)

7 ,7 ’ 127.5, 7.15 (m, 2H)

1 1 168.1

1 1 ’ 167.6

1 2 , 1 2 ’ 132.7

13’, 1 7 ,1 7 ’ 128.0 7.75 (m, 4H)

14’, 16 ,1 6 ’ 128.6 7.44 (m, 4H)

15, 15’ 132.2, 132.5 7.51 (m, 2H)
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4.5.4 Raistrick Phenol Derivative 5. 7-Dihvdroxv-3f 1 -hvdroxvethvDphthalide
OH

O 2

HO'

OH
Me
11

Figure 4.9 Structure o f Raistrick phenol derivative showing numbering

The Raistrick phenol derivative was isolated from the mycelium extract o f  strain 

DAOM 215335 as a white solid with a melting point o f  204-208°C (lit. 206-208°C)102. 

The isolation was achieved after repeated column chromatography eluting with 

MeOH/CHCb (0-15%) followed by preparative HPLC and recrystallization from MeOH.

The EIMS displayed a molecular ion at m/z 210 corresponding to the molecular 

formula o f  C 10H 1 0O5 . This was further established by HRMS. The IR spectrum showed 

prominent bands at 3329 and 1710 cm ' 1 due to the free OH and benzoate ester functional 

groups respectively. The !H NMR data was very similar to data published by Uchida et. 

al., (1998) for 5, 7-dihydroxy-3(l-hydroxyethyl)phthalide, a phenol isolated from 

Ceratocystis ulmi, C. ips and Alternaria kikuchiana (Table 4.7 and Figures A. 13 and

A  _ 1 4)8 ,32 ,48,102_
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Table 4.7 13C and 'H NMR chemical shift assignments for 5, 7-Dihydroxy-3(l-
hydroxyethyl)phthalide (200 MHz, CD3 CN, coupling constants in parentheses).

Position # r3C rH
(ppm from TMS)____________ (ppm from TMS)

1 172.5

3 85.7 5.25 (d, J= 4.7 Hz)

4 103.7 6.50 (d, J= 1.0 Hz)

5 165.0

6 103.7 6.37 (d, J= 3.0 Hz)

7 158.7

8 120.0

9 152.5

10 70.0 4.00 (m)

11 18.7 1.13 (d, J= 6.3 Hz, 3H)

OH (12) 3.40

OH (5, 7) 7.87

4.6 Isolation and identification o f  secondary metabolites from P. chrvsosenum

Penicillin G was one o f  the major metabolites produced by strains o f  P.

chrysogenum. It was initially identified by comparison o f the retention time on the

HPLC-DAD chromatograms to the retention time of the standard and by using UV

absorption spectra. Its identity was later confirmed by LC-MS. The molecular formula o f

penicillin G was established as C 16H 18O5N 2 S by HRMS. The characteristic EIMS ions at

m /z 335 [M+], 160, 367 were comparable with literature values64.
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The secondary metabolites isolated from the culture medium o f P. chrysogenum 

strains DAOM 234067 and DAOM 234065 were identified to be meleagrin and 

roquefortine C. The synthetic derivatives, meleagrin acetate and N-methyl oxaline, were 

prepared in order to verify the structure o f  meleagrin. Oxaline is included here for 

comparison only (Figure A.3)80’110.

4.6.1 Meleagrin and related compounds

OH22
Me

Me-

HN7 a

OMe

Figure 4.10 Structure o f  meleagrin showing numbering.

Meleagrin was the major metabolite found in the mycelium and filtrate o f  strain 

DAOM 234067. A  small amount o f  meleagrin was also found in the filtrate o f  strain 

DAOM 234065. Roquefortine C was only present in the mycelia o f  strain DAOM 234067 

(Table 4.8).
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Table 4.8 Secondary metabolites isolated from the ethyl acetate extracts o f  P. 
chrysogenum strains DAOM 234067 and DAOM 234065.

Metabolites DAOM 234067 DAOM 234065

Filtrate 
( 1 . 0  g)

Mycelium  
(6.56 g)

Filtrate 
(0.5 g)

Mycelium  
(7.0 g)

Meleagrin (mg) 40 350 1 0

Roquefortine C (mg) 2 0

Meleagrin was isolated as a pale yellow solid with a melting point o f  197-201°C 

(lit. 250°C)49,66. It was isolated from the ethyl acetate extracts and purified after column 

chromatography eluting with a MeOH/CHCh (0-15%) solvent gradient, followed by 

recrystallization from acetone.

The ’H NM R spectrum o f meleagrin at 25 °C disclosed a feature that was 

incompatible with its structure. That is, the ABX system comprising o f  protons at 

positions 22 and 23 appeared as a broad unresolved one-proton singlet at 8  6.12 and as a 

two-proton unsymmetrical triplet at 8  5.02 (E) 5.07(Z) respectively, instead o f the 

expected doublets (Figure A. 16). The ’H NMR spectrum o f N-methyl oxaline was 

compared with literature values for oxaline and its structure was for comparison 

purposes80,110. N-methyl oxaline has not been reported in the literature.

Confirmation o f  the structure and stereochemistry o f  meleagrin was achieved by 

properly characterizing the molecule and its derivatization products (Figure 4.11). This 

was accomplished by performing complete NMR assignments on a 40 mg sample o f
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meleagrin, 10 mg samples o f  meleagrin acetate and N-methyl oxaline and a 5mg sample 

o f  N-methyl meleagrin in CD3 CN. The 'H NMR spectrum o f meleagrin was also run at 

75 °C with 15 pL o f D 2 O as an extra step in order to provide the identity o f  all 

exchangeable protons (Figure A. 17).

OAc22 25
Me

Me-

HN7a

OMe

OMe25
Me

24
Me-

HN

OMe

meleagrin acetate oxaline

OMe OH
Me Me

Me' Me-

HN HNNMe NMe

18
OMe OMe 20

19 19

N-methyl oxaline N-methyl meleagrin

Figure 4.11 Structures o f  the secondary metabolites meleagrin acetate, oxaline, N-methyl 
meleagrin and N-methyl oxaline.

When the 'H NMR spectrum o f meleagrin was run at 75 °C the ABX system at H- 

22 and H-23 sharpened up and now appeared as a well resolved doublet at 8  6.28 and as 

two, two-proton doublets at 5 5.26 (E) and 5.20(Z) respectively (Figure A.17). The same 

result was seen in the ]H NMR spectrum o f N-methyl meleagrin and N-methyl oxaline as
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expected (Figure A.21 and A.23). This data was consistent with reported values, the 

chemical shifts and coupling constants are shown in (Table 4.9)49,66. The carbon spectra 

o f meleagrin clearly indicated one resonance for each o f  the 23 carbons in the molecule. 

(Figure A. 18).

To ensure assignments, 13C spectra and the standard set o f  homonuclear (gradient 

DQF-COSY) and heteronuclear correlations (gradient HMQC and HMBC) were 

performed on N-methyl oxaline at 500 MHz and the rest were assigned by comparison. 

(Figure A.26 and A.27). The DQF-COSY for N-methyl oxaline is displayed in Figure

A.25. The three isolated spin systems correspond to the aromatic regions (C 4-7), to the 

allylic side chain (C22-23) and to C 24 and C 25. The O-Me (C 9) singlet can be seen at 5 

3.56.

The HMQC spectrum for N-methyl oxaline was used to assign the protonated 

carbons (Figure A.26). The spectrum clearly shows the correlation for all the protonated 

carbons for example, it can be seen that the singlet at 5 7.37 is attached to C 20. The 

gradient HMBC experiment was used to make the non-protonated carbon assignments 

(Figure A.27). The gradient HMBC confirms 'H/long range interactions for example, the 

two methyl resonances with protons at 8  1.20 and 8  1.32 show a correlation to C 21 ( 8  

42.9), C 3 ( 8  54.6) and C 22 ( 8  144.2) as w ell as to the expected single bond correlations 

to 8  23.6 and 8  25.4. Quaternary carbons show correlations to protons that are two and 

three bonds away. This information was used to provide the correct assignment to C 21.
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Table 4.9 ]H NMR chemical shift assignments for meleagrin (no D2 O added) and
comparison o f its chemical shifts with meleagrin acetate and N-methyl oxaline.80’110,49’66.
(500 MHz, C D 3 C N ,  coupling constants in parentheses).

Position # *H
(meleagrin at 

25° C) 
(ppm from 

TMS)

'H
(meleagrin at 

75° C) 
(ppm from 

TMS)

‘H
(N-methyl 
meleagrin) 

(ppm from TMS

'H
(meleagrin 

acetate) 
(ppm from TMS)

'H
(N-methyl 
oxaline) 

(ppm from 
TMS)

4 7.62 (d, J=7.7 7.79 (d, J=7.1 7.66 (d, J=7.1 7.60 (d, J=8.0 7.58 (d, J=7.7

H z,lH ) Hz,lH) Hz,lH) Hz,lH) H z,lH )

5 7.08 (t, J=7.6 7.26 (t, J=7.1 7.10 (t, J=7.1 Hz, 7.10 (t, J=8.0 Hz, 7.10 (t, J=7.6

Hz, 1H) Hz, 1H) 1H) 1H) Hz, 1H)

6 7.23 (t, J=7.8 7.48 (t, J=7.2 7.32 (t, J=7.2 Hz, 7.25 (t, J=8.0 Hz, 7.30 (t, J=7.8

Hz, 1H) Hz, 1H) 1H) 1H) Hz, 1H)

7 7.01 (d, J=7.8 7.19 (d, 1=7.8 6.97 (d, J=7.8 7.00 (d, J=8.0 6.97 (d, J=7.8

Hz, 1H) Hz, 1H) Hz, 1H) Hz, 1H )' Hz, 1H)

8 5.47 (s, 1H) 5.66 (s, 1H) 5.37 (s, 1H) 5.45 (s,lH ) 5.28 (s, 1H)

14 (NH) 12.59 (br s, 

1H)

12.75 (br s, 

1H)

12.57 (br s, 1H) 12.72 (s, 1H) 13.12 (brs, 1H)

15 8.23 (s, 1H) 8.42 (s, 1H) 8.37 (s, 1H) 8.22 (s,lH ) 8.35 (s, 1H)

18 7.65 (s, 1H) 7.67 (s, 1H) 7.71 (s, 1H) 7.65 (s, 1H) 7.67 (s, 1H)

19 (NH) 6.50 (br s,lH ) 6.70 (br s,lH ) 9.54 (br s, 1H)

2 0 7.31 (s, 1H) 7.52 (s, 1H) 7.30 (s, 1H) 7.37 (s, 1H)

2 2  

23 (E,

Z)

24

6.12 (br s, 
J=17.3 Hz, 
J=10.4 Hz, 

1H)
5.00 (brd,
J= 17.4 Hz, 

J=10.8 Hz, 2H, 
E) 5.06 (br d, 

J=17.2 Hz, 
J=10.2 Hz, 2H, 

Z)
1.24 (s, 3H)

6.28 (dt, 
J=17.3 Hz, 
J= 10.4 Hz, 

1H)
5.26 (dt, 

J=17.4 Hz, 
J=10.8 Hz, 
2H, E) 5.20 
(dt, J=17.4 
Hz, J=10.8 
Hz, 2H, Z) 
1.43 (s, 3H)

6.12 (dt, J=17.3 
Hz, J=10.4 Hz, 

1H)

5.03 (br d, 
J=17.4Hz, 

J=10.8 Hz, 2H, 
E) 5.00 (br d, 

J=17.2 Hz, 
J=10.2 Hz, 2H, 

Z)
1.20 (s, 3H)

6.11 (dd, J=17.3 
Hz, J=10.4 Hz, 

1H)

5.00 (dd, J=17.3 
Hz, J=10.4 Hz, 
2H) 5.05 (dd, 

J=17.3 Hz, 
J=10.4 Hz, 2H)

1.28 (s, 3H)

6.12 (dd, J=17.3 
Hz, J=10.8 Hz, 

1H)

5.00 (dd, J=13.4 
Hz, J=6.7 Hz, 
2H) 5.03 (dd, 

J=17.3 Hz, 
J=10.4 Hz, 2H)

1.32 (s, 3H)
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25 1.29 (s,3H) 1.48 (s,3H) 1.31 (s, 3H) 1.23 (s, 3H) 1.20 (s, 3H)

1 (N- 

OMe)

9 (OH) 

9 (OAc) 

9 (OMe) 

17 (N  

Me)

3.71 (s,3H ) 3.90 (s,3H )

7.62 (br s) 7.78 (br s)

3.72 (s, 3H)

7.59 (br s)

3.70 (s, 3H) 3.70 (s, 3H)

2.20 (s, 3H)

2.39 (s, 3H)

3.56 (s, 3H) 

2.38 (s, 3H)

1 'I
Table 4.10 C NMR chemical shift assignments for meleagrin and comparison o f  its 
chemical shifts with meleagrin acetate and N-methyl oxaline80,110,49’66.

13C  13C  13C

Carbon # (meleagrin) (meleagrin acetate) (N-methyl oxaline)
_____________________ (ppm from TMS)__________(ppm from TMS)________(ppm from TMS)

2 6 6 . 0 65.4 65.7

3 53.0 53.4 54.6

4 125.5 125.1 125.3

5 124.4 123.5 124.1

6 129.3 129.1 129.7

7 1 1 0 . 8 1 1 0 . 1 110.9

8 146.9 146.9 147.1

1 0 165.9 166.5 166.3

1 2 122.7 1 2 2 . 6 123.7

13 159.7 156.1 158.7

15 112.7 1 1 2 . 0 1 1 2 . 8
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16 125.8 125.8 126.3

18 137.7 136.9 138.5

2 0 135.5 134.5 135.4

2 1 43.3 42.5 42.9

2 2 142.3 142.2 144.2

23 114.9 114.5 113.8

24 24.0 23.7 23.6

25 24.1 23.7 25.3

0  Ac 168.65

0  Ac Me 20.32

4.6.2 Roquefortine C
H

Me

Me' NH

11

10

NH
NH

N =

Figure 4.12 Structure o f roquefortine C showing numbering

Roquefortine C was purified by recrystallization, twice from MeOH/H20  and 

once from MeOH/hexane resulting in approximately 460 mg o f fine white crystals. The 

melting point was determined to be 195-200°C (lit. 195-200°C)87. Only one spot was
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seen after TLC analysis with an Rf= 0.30 when developed in 10% MeOH/CHCl3 . Its 

purity was confirmed by 'H NMR.

The molecular formula o f  roquefortine C was C2 2 H2 3N5 O2 by HRMS. The 

characteristic EIMS ions at m/z 389 [M+], 320 (base peak), 198, 162, 130, 108, and 69 

were comparable with literature values (Figure A .28)96,87.

The IR spectrum showed the presence o f  the tertiary amide at 1681 cm ' 1 and the 

N-H functional group at 3197 cm'1. The 13C and ’H NMR data was in accordance with 

those recorded in the literature (Table 4.11, Figure A.29 and A.30)96.

Table 4.11 13C and *H NMR chemical shift assignments for roquefortine C (500 MHz, 
CDCI3, coupling constants in parentheses).

Position # *C rH

(ppm from TMS) (ppm from TMS)

1 166.7

2 8.97 (br s, NH)

3 121.5

4 159.4

5

6  78.4 5.65 (s, 1H)

7 4.95 (br s, NH)

8  149.8

9 109.1 6.60 (d, J=7.8 Hz, 1H)

10 129.1 7.10 (dt, J=7.8 Hz, J=1.3 Hz, 1H)
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11 119.1 6.78 (dt, J=7.8 Hz, J=1.0 Hz, 1H)

12 125.1 7.20 (dd, J=7.8 Hz, J=1.12 Hz, 1H)

13 128.5

14 61.5

15 36.8 2.60 (a) (dd, J=12.4 Hz, J=5.9 Hz, 1H)

2.50 (6) (dd, J=11.5 Hz, J=12.4 Hz, 1H)

16 58.8 4.07 (dd, J=6.0 Hz, J=11.5 Hz, 1H)

17 111.3 6.28 (br s, 1H)

18 125.3

19 12.97 (br s, 1H)

20 136.8 7.72 (br s, 1H)

21

22 135.2 7.29 (br s, 1H)

23 40.9

24 143.3 5.99 (dd, J=11.0 Hz, J=17.2 Hz, 1H)

25 114.7 5.16 (£) (dd, J=1.0 Hz, J=10.8 Hz, 1H)

5.11 (Z) (dd, J=0.9 Hz, J=17.4 H z,lH )

26 22.5 1.14 (s,3H )

27 22.9 1.01 (s,3H )

4.7 Metabolites identified from Penicillium  strains

Seven out o f  eleven P. brevicompactum  strains were producers o f  roquefortine C,

four strains produced meleagrin, mycophenolic acid and asperphenamate. Interestingly,
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only two strains produced brevianamide A  (Table 4.12). Strain DAOM 215331 was the 

most active strain producing meleagrin, mycophenolic acid, asperphenamate and 

brevianamide A.

Seventeen out o f  thirty P. chrysogenum strains produced meleagrin, twenty strains 

produced roquefortine C, fourteen strains were penicillin G producers and ten strains 

produced xanthocillin x. Ten out o f  the seventeen strains isolated from building materials 

produced xanthocillin x (Table 4.13).

Table 4.12 Production o f secondary metabolites identified from P. brevicompactum  
strains.

P. brevicompactum

DAOM 215 331 
DAOM 215 333 
DAOM 215 334 
DAOM 215 335 
DAOM 234 044 
DAOM 234 045 
DAOM 234 046 
DAOM 234 047 
DAOM 234 048 
DAOM 234 049 
DAOM 234 050

Meleagrin
(ug/g/L)

59.82

16.87
86.70
20.85

Roquefortine 
C (ug/g/L)

609.75

10499.24
491.41
370.01
913.56
8281.38

18011.76

Mycophenolic 
acid (ug/g/L)

238.26

1499.40

Asperphenamate Brevianamide
(ug/g/L)

5546.35
4546.14
6025.50

60.96

A (ug/g/L) 

6732.22

5875.59

2339.26
176.28
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Table 4.13 Production of secondary metabolites identified from P. chrysogenum strains.

P. chrysogenum Meleagrin Roquefortine Penicillin G Xanthocillin
(ug/g/L) C (ug/g/L) (ug/g/L) (ug/g/L)

DAOM 171 025 7.10 938.32 7020.00
DAOM 178 758 3.90 1.41 1980.10
DAOM 193 710
DAOM 215 337 593.82 4644.31
DAOM 212 031 2.90 6.20
DAOM 155 627 4.21 1.33
DAOM 155 628 4.75 1.60 2020.01
DAOM 167 036 5.52 14.62
DAOM 175 157 54.00
DAOM 175 758 11.43 3360.12
DAOM 190 864 12.70 17.00
DAOM 215 336 53.74 145.58 4786.26
DAOM 594 94C
DAOM 234 051 23.03 4656.11 7.62
DAOM 234 052 298.59 6178.14 426.86
DAOM 234 053 254.64 180.09
DAOM 234 054 297.99 232.73
DAOM 234 055 136.69 550.67 5137.53 106.50
DAOM 234 056 15.65 767.06 5789.32 120.48
DAOM 234 057 107.41 7028.06 123.42
DAOM 234 058 9672.23
DAOM 234 059 5.01 12732.72 115.20
DAOM 234 060 25361.34
DAOM 234 061 0.11 152.34
DAOM 234 062 87.58 17652.24
DAOM 234 063 65.41
DAOM 234 064 14.49
DAOM 234 065 57.55 51.51
DAOM 234 066 251.16 77.09
DAOM 234 067 139.03 41.98 147.18

4.8 Cluster analysis

Cluster analysis produced only one tree and had a cophenetic correlation o f

0.87227. (Figure 4.13). The resulting dendrogram shows two distinct, main clusters or 

clades and four minor clusters (a-d). A clade is a group o f biological taxa that includes all 

descendants o f  one or more ancestor. Little or no variation was detected after HPLC- 

DAD analysis, as almost all the isolates seemed to produce a similar profile o f  secondary 

metabolites. The two main clusters divided according to the presence o f  xanthocillin x. 

Strains in clade (a) produced roquefortine C and meleagrin in equal amounts but no
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xanthocillin x was detected. Strains in clade (b) produced roquefortine C, a trace o f

meleagrin but again no xanthocillin x was detected. Strains in clade (c) produced

roquefortine C or meleagrin together with xanthocillin x. Strains in clade (d) produced

roquefortine C, meleagrin and xanthocillin x in equal amounts (Figure 4.13a). Sixty-

seven percent o f  isolates in clades a and b produced penicillin G and 37% of clades c and

d were producers o f  penicillin G. Strains DAOM  171025, DAOM 234060, DAOM

234062, DAOM 215337, DAOM  234061 and DAOM  234063 accumulated roquefortine

C exclusively.

Cluster Tree
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D m * all
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Soil
S tuds

Meat
In d o o rn ir 
W nllboard 
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Insulation 
Indoor a ir

Indoor air 
Dust
Pipcwrop 
Indoor air 
Indoor air 
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C ulture swab 
Indoor a ir 
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Indoor a ir
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Distances

l and 4 refer to the clade classification by Scott et alR6. The numbers show how these strains were distributed in our cluster analysis.

Figure 4.13 P. chrysogenum  strain dendogram after cluster analysis.
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Figure 4.13a P. chrysogenum  strain dendogram after cluster analysis.



5. DISCUSSION

5.1 Fungal strains

P. brevicompactum  and P. chrysogenum are among the most widely encountered 

Penicillium  species growing indoors but can also be found outdoors. With the new  

understanding that building associated strains o f  fungi might represent different 

populations from those o f  the same species encountered outdoors, it was important to 

obtain strains that had been isolated from indoor environments and building materials. 

The building associated Canadian strains were isolated and used together with thirteen 

strains isolated from wood, lumber, paper and food. These thirteen strains had been 

previously studied by Scott et al. (2004) and were separated into 4 clades according to 

genetic variation (Figure 4.13). These were included in the experimental set as a 

comparison to biotypes o f  the indoor isolates and also to investigate the relationship 

between their chemotaxonomic profiles.

5.2 Culture growth

It has been demonstrated that the pattern of secondary metabolites synthesized by 

particular strains o f fungi may depend on geographical location50. It was also important to 

choose a medium that would provide the necessary nutrients and result in cell growth 

without inhibiting the production o f metabolites.

Different types o f  media have been used for growth, taxonomic comparison and 

identification o f Penicillium species for many years. In 1910, Charles Thom studied the 

cultural variability o f  Penicillium, and pointed to the morphological individuality o f  the 

genera as compared to isolates o f other species. In addition, he explained how this 

individuality is expressed uniquely on each different medium employed. He stressed the 

importance o f  having media with ingredients that were consistent from batch to batch and
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explained how even small differences in these ingredients could lead to significantly

Q Q

different results . The Czapek/Dox formula was first used by Thom in 1930. This is a 

completely synthetic medium that utilizes sucrose and sodium nitrate as the sources o f  

carbon and nitrogen. Although it lacks trace elements considered necessary for fungal 

growth, most Penicillium  species are able to grow and reproduce on it. This media has 

remained popular over the years since Raper and Thom used it for their extensive works 

on this species. In the early 1940’s, scientists at the USDA introduced the addition o f  

com-steep liquor to the Czapek/Dox formula, a by-product o f cornstarch manufacture, to 

provide the cultures with an extra source o f  nitrogen78. When a number o f  nitrogen 

sources were investigated for the growth o f  Fusarium oxysporum, Cheilas et al. (2000) 

reported that enzymatic activity was generally higher when organic nitrogen sources were 

used in the media. O f all the organic nitrogen sources they tested, the highest activity was 

observed with com-steep liquor28.

Czapek/Dox/1% com  steep liquor was the best medium for the growth o f P. 

brevicompactum  and P. chrysogenum isolates, as determined by the dry weight o f the 

mycelium. During a preliminary trial, it was observed that the fungal biomass decreased 

i f  the cultures were incubated for more than two weeks at 25 °C. It was first hypothesized 

that since secondary metabolism begins after nutrients utilized during primary 

metabolism become limited, incubating the cultures for a longer period o f time might 

increase secondary metabolite production. However, this was not the case as the biomass 

deteriorated rapidly after 15 days without any significant increase in the amount o f  

secondary metabolites present.
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Roux bottles were chosen for the experiment to help increase the metabolite 

yields by providing low but changing oxygen tension96. Maintenance o f  adequate levels 

o f O2 , usually measured as dissolved oxygen, can often be critical to the success o f  the 

fermentation. There have been numerous studies investigating the effects o f  dissolved 

oxygen on fungal bioprocesses. Generally, in these studies moderately enhanced levels o f  

O2  supply resulted in improvement in growth, product formation and acceptable 

morphological changes, while the negative impact o f  higher levels o f  dissolved oxygen 

on morphology and product synthesis were generally assumed to be a consequence o f  

oxidative stress9. It was also important to keep the cultures in the dark since the 

sensitivity to light o f some secondary metabolites such as roquefortine C and the 

brevianamides has been previously reported96,113.

5.3 Identification o f  secondary metabolites

Culture filtrates were extracted in ethyl acetate, chloroform and in the case o f

penicillin, in butyl acetate. The crude extracts were screened by HPLC-DAD and LC- 

MS in order to determine the best extraction solvent. It was seen that, as expected, 

chloroform extracted mostly non-polar compounds including ergosterol and triterpenoids. 

Ethyl acetate resulted in extracts that consisted o f  low molecular weight polar secondary 

metabolites. Butyl acetate was a good solvent for the extraction o f penicillin, as 

confirmed later during recovery studies.

The results o f  several surveys o f  Canadian lumber in the 1990’s revealed that P. 

brevicompactum  is one o f  the most common inhabitants o f  the sapwood o f conifer 

lumber in North America and it is often reported in indoor air89. P. brevicompactum  

strains have been reported to produce mycophenolic acid, brevianamide A , B and F, 

asperphenamate, pebrolide and botryodiploidin in indoor environments. Most o f  the
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building associated strains o f  P. brevicompactum  isolated from Canadian homes in this 

study produced roquefortine C, mycophenolic acid or meleagrin but only the wood  

strains produced significant amounts o f  asperphenamate and brevianamide A.

P. chrysogenum  strains have been reported to produce roquefortine C, meleagrin, 

chrysogine and penicillin G in water-damaged buildings. Most o f  the building associated 

strains o f  P. chrysogenum  isolated from Canadian homes in this study produced penicillin 

G, roquefortine C, meleagrin and xanthocillin x. This finding has not previously been 

reported in the literature.

5.4 Meleagrin

The biosynthetic pathway for the transformation o f  roquefortine C into oxaline 

with meleagrin as an intermediate has been proposed by several groups92,79. According to 

Samson et al., P. confertum  is the only Penicillium  species reported to produce meleagrin 

with no apparent accumulation o f  either roquefortine C or oxaline43. Roquefortine C is 

produced by P. crustosum, P. griseofulvum, P. expansum, P. roqueforti, P. carneum, P. 

paneum i3. In addition, several species are known to produce both meleagrin and 

roquefortine C and these include P. chrysogenum, P. flavigenum, P. glandicola, P. 

vulpinum and P. concentricum43. The only species reported to accumulate all three 

metabolites is P. atramentosum  (Figure 4.14)43.

Among the strains tested in our study, some were mostly meleagrin producers 

(DAOM 175758, DAOM 175157, DAOM 234051, DAOM 178758, DAOM 155628, 

DAOM 155627), some were mostly roquefortine C producers (DAOM 234061, DAOM  

171025, DAOM 234056, DAOM 234066, DAOM 234056) and some strains produced 

both in relatively equal amounts (DAOM 234065 and DAOM 190864) (Figure 4.13). The 

effect o f  dry mycelium weight on the accumulation o f  secondary metabolites was taken
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into consideration. It was found that there was no significant relationship between the 

biomass and the amount o f  secondary metabolites produced.

A  search o f the literature revealed a discrepancy with regard to the published 'H 

NMR data and the stereochemistry o f  meleagrin. Derivatization o f  meleagrin into 

meleagrin acetate, N-methyl meleagrin and N-methyl oxaline was therefore necessary in 

order to validate its structure. The synthetic derivative meleagrin acetate was prepared 

upon acetylation with acetic anhydride and N-methyl oxaline was prepared upon 

methylation with diazomethane. N-methyl meleagrin was expected as the major product 

o f the methylation reaction as it was reported by Kawai et al. (1984)49. However, N- 

methyl meleagrin was only formed as a minor product during this reaction. Interestingly, 

methylation o f meleagrin with CH2N 2  by Kawai et. al., resulted in the formation o f  N- 

methyl meleagrin and not N-methyl oxaline49. This is thought to be due to the higher 

reactivity o f  the imidazole ring (pKa ~7) compared to the enol (pKa~10) and amide 

moieties (pKa ~15). Figure 5.1 shows the correct structure and stereochemistry o f  

meleagrin.

OH
Me

Me'

HN

OMe

H

Figure 5.1 Structure and stereochemistry o f meleagrin.
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Table 4.14 Production o f roquefortine C, meleagrin and oxaline by different Penicillium  

species with respect to their classification by series and section43.

Secondary
metabolite

Species Series Section

meleagrin only P. confertum Mononematosa Chrysogena

roquefortine C only P. crustosum Camemberti Viridicata

P. griseofulvum Urticicolae Penicillium

P. expansum Expansa Penicillium

P. roqueforti Roqueforti Roqueforti

P. carneum Roqueforti Roqueforti

P. paneum Roqueforti Roqueforti

meleagrin and 
roquefortine C

P. chrysogenum Chrysogena Chrysogena

P. flavigenum Chrysogena Chrysogena

P. glandicola Claviformia Penicillium

P. vulpinum Claviformia Penicillium

P. concentricum Claviformia Penicillium

meleagrin, 
roquefortine C and 

oxaline

P. atramentosum Camemberti Viridicata

4.5 Toxicity studies

P. brevicompactum  strains DAOM 215331 and DAOM 215335 were identified as 

strong producers o f  brevianamide A, mycophenolic acid, asperphenamate and a Raistrick 

phenol derivative. These strains were chosen for large scale fermentation for the isolation 

o f  these metabolites to be used for studies o f  the toxigenic potential o f  building- 

associated fungi and to investigate their biological activity. Building-associated P.
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chrysogenum  strains DAOM  234067 and DAOM 234065 were identified as good 

producers o f  roquefortine C and meleagrin. This species had not previously been 

considered to produce major secondary metabolites but it was shown that this view might 

need to be altered as most o f  the indoor strains were producers o f roquefortine C and 

penicillin G.

Brevianamide A, mycophenolic acid and roquefortine C were identified, isolated 

and purified by means o f  several chromatographic methods. For the toxicology studies 

the documentation o f  the purity o f  these compounds is o f  outmost importance. 

Establishing the purity o f  the samples during the isolation process is quite difficult, 

especially when the retention times are similar for two desired peaks during HPLC 

analysis. HPLC coupled with MS and/or NMR offer effective ways o f  obtaining purity 

information about the samples.

Brevianamide A  was isolated as a yellow solid with a melting point o f 200-212°C 

(lit. 190-220°C)14. Mycophenolic acid was isolated as white crystals; melting point 141- 

142°C (lit. 139-141°C)35. Roquefortine C was obtained as white crystals, melting point 

195-200°C (lit. 195-200°C)87. For all three compounds, 13C and 'H NM R spectra, optical 

rotations and the IR maxima were similar to the literature values (see Results section). 

The purity based on 'H NMR, optical rotation and melting point was assessed at >98%.

Rand et al. (2005) conducted the toxicity experiments using brevianamide A, 

mycophenolic acid and roquefortine C isolated from the indoor strains o f  P.

7 7brevicompactum  and P. chrysogenum  in this study . They were able to show that these 

three compounds induced a transient dose and time dependent inflammatory response 

expressed as differentially elevated and persistent macrophage, neutrophil, macrophage

- 9 5 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



inflammatory protein-2, tumor necrosis factor-a and interleukin-6 concentrations in the 

bronchioalveolar lavage fluid (BALF) o f  intratracheally exposed mice77. In addition, 

brevianamide A  and mycophenolic acid induced cytotoxicity evident as significantly 

increased lactose dehydrogenase concentration in mouse BALF at 250nM/animal and at 6 

and 24 hours post instillation77. The toxins also stimulated vascular leakage, observed as 

increased BALF albumin concentrations in lungs o f  moderately and high dosed 

animals77. The results demonstrated that these toxins result in differing inflammatory 

and/or cytotoxic response patterns. This is important because it indicates that differences 

in the lung inflammatory response patterns stimulated by toxin exposures might prove to 

be significant in the development o f  biomarkers o f  exposure.

4.6 Cluster analysis

It has been estimated that approximately one hundred genes may be involved in 

the production o f  a single secondary metabolite24. Characters that result in variations are 

in some cases the final expression o f  relatively large biosynthetic pathways. These 

pathways contain a number o f  control and regulation genes and so a relatively small 

alteration o f the genome can significantly alter secondary metabolite production23. In this 

study, the secondary metabolites which showed variation are derived via different 

metabolic routes. Penicillin G is a (5-lactam derived from aminoadipic acid, cysteine and 

valine. Roquefortine C and meleagrin are derived from dimethylallylpyrophosphate, 

tryptophan and histidine. Xanthocillin x is formed from tyrosine from the Shikimic acid 

pathway26.

Scott et al., studied the phylogenetic relationships o f  species in the P. 

chrysogenum  group using isolates collected from houses in Wallaceburg, Ontario86. The 

Wallaceburg study investigated the relationship between house construction and
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operating characteristics, condensation on interior surfaces, biological contamination and 

health factors . The phylogenetic relationships were inferred from an analysis o f  partial 

sequences o f  the P-tubulin gene.

Statistical analysis by Scott et al., revealed two lineages and four well-supported 

clades among the strains tested. Clade 1 included strains DAOM 215337, DAOM 171025 

and DAOM 178623 and eleven isolates (5%) from Wallaceburg house dust. Clade 2, a 

sister o f  clade 1, contained two Wallaceburg isolates. Clade 3 included six Wallaceburg 

isolates. Clade 4 included the majority o f  the Wallaceburg isolates (96%) along with the 

British strain isolated by Alexander Fleming (NRRL 824) and thus related to this known 

penicillin producer. The study showed that P. chrysogenum strains from clade 1 are 

uncommon in the indoor dust microbiota relative to isolates from clade 4. In addition, 

Scott et al. suggested the creation o f new taxa to accommodate the different lineages 

observed based on the phylogenetic positions o f  the major penicillin-producing strains86.

However, in contrast to the study by Scott et al., our indoor isolates and 

penicillin-producing strains were evenly distributed throughout the experimental set 

(Figure 4.13). The production o f penicillin G from strains growing on water-damaged 

building materials had not been previously reported. The penicillin producing strains 

DAOM 234052, DAOM 234056, DAOM 234059 and DAOM 234062 were isolated from 

pipewrap, wallboard and insulating material (Figure 4.13).

The results o f  our study do not support the view  that P. chrysogenum  should be 

split into new species. It can be observed that genetics have the potential to give a clear 

classification o f the organism, however since large parts o f the genome can be quite 

similar within some genera it is necessary that the right genes are chosen carefully or that
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a sufficiently large part o f  the genome is sequenced to give a usable delimitation o f  the 

different fungal species . Taxonomy o f  this species based on a polyphasic approach o f  a 

large number o f isolates should be pursued.
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6. Conclusions

The chemotypes o f  P. brevicompactum  and P. chrysogenum  fungal strains 

isolated from o f  water-damaged buildings were determined. It was apparent that the 

strains were consistent in their production o f  known secondary metabolites irrespective o f  

geographic or environmental origin. This predictability may be o f  considerable 

importance in the built environment. In addition, the structure and stereochemistry o f  

meleagrin were confirmed, after a search o f  the literature revealed a discrepancy with 

regard to the published NMR data o f  this compound.

It was established that P. chrysogenum isolates associated with indoor 

environments or present in building materials are potential penicillin producers. Allergic 

reactions can be triggered by these compounds and thus presence o f penicillin or 

penicillin-like compounds is not desirable in indoor environments. However, taxonomy 

o f  this species based on a polyphasic approach o f  a larger number o f  isolates should be 

pursued to confirm this view.

In addition, the major secondary metabolites produced by these species were 

isolated and clear evidence o f their purity was presented. These compounds were 

submitted to test their toxigenic potential in intratracheally instilled mice.
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7. Going Forward

There is a need to isolate, identify and screen more Penicillium  isolates growing 

in water-damaged buildings. This w ill not only provide more information on the identity 

and frequency o f  species occurring indoors, but also on the secondary metabolites that 

they produce. Additionally, water-damaged building materials should be tested for the 

presence o f  secondary metabolites. This will help in the determination o f the differences 

between the metabolites present in raw materials versus those grown in the laboratory on 

synthetic media. Furthermore, there is a need for more toxicological testing so that 

associations can be made between these metabolites and the health o f  the building 

occupants.
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Figure A. 18 13C NMR spectrum of meleagrin in CD3CN (500 MHz).
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Figure A.20 13C NMR spectrum of meleagrin acetate in CD3CN (500 MHz).
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Figure A.21 1H NMR spectrum o f N-methyl meleagrin in CD3CN (500 MHz).
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Figure A.22 I3C NMR spectrum of N-methyl meleagrin in CD3CN (500 MHz).
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Figure A.24 13C NMR spectrum of N-methyl oxaline in CD3CN (500 MHz).
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Figure A.27 Gradient HMBC spectrum o f N-methyl oxaline (500 MHz).
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Spectroscopic Data 

Brevianamide A

Bright yellow crystals, m.p. 200-212°C, (lit. 190-220°C)14, [a]D+ 413° (EtOH).

*H NM R (500 MHz, CD3CN): 8 (ppm) 7.45 (d, J=7.8 Hz, 1H, H-4), 6.90 (t, J=7.8 Hz, 1H, H-6), 6.75 (t, J=7.8 Hz, 2H, H-5, H-7), 

3.35 (br s, 1H, NH), 2.35 (t, J=6.7 Hz, 2H, H-15), 2.45 (m 2H, H-13), 2.60 (m, 2H, H-8), 2.02 (m, 2H, H-14), 2.60 (m, 1H, H-19), 

1.80 (m, 3H, H-20), 1.05 (s, 3H, Me-21), 0.80 (s, 3H, Me-22), 7.62 (br s, 1H, NH).

I3C NM R (500 MHz, CD3CN): 5 (ppm) 112.2, 202.5, 125.2, 119.8, 139.5, 37.8, 55.0, 171.2, 80.0, 30.0, 26.5, 48.2, 174.8, 45.0, 54.6, 

44.8, 24.2, 20.0, 162.2, 122.5.

I R iW  (CHC13, cm'1): 3317 (HN), 3226 (NH), 1679 (CO), 1669 (C =0), 1620, 1493, 1468, 1396, 1324, 1159, 1134, 1101, 954, 899, 

775.

M S (El) m/z (rel. int.): 365 ([M]+, 40), 297 (11), 296 ([M-C5H6]+, 41), 268 (6), 162 (6), 87 (16), 85 (82), 83 ([C6Hn]+, 100), 70 (6), 48 

(11), 44 (21), 29 (6).

HRMS: Calculated for C2iH23N 30 3, 365.1741,/ow «J365 .1750.

M ycophenolic Acid

White crystals, m.p. 141-142°C, (lit. 139-141°C)35.
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JH  N M R  (200 MHz, CDC13): 8  (ppm) 5.21 (m, 1H, H - l l) ,  5.20 (s, 2H, H-3), 3.76 (s, 3H, OMe), 3.34 (d, J=7.0 Hz, 2 H, H-10), 2.45 

(m 2H, H-14), 2.32 (m, 2 H, H-13), 2.15 (s, 3H, Me-16), 1.77 (s, 3H, Me-17), 7.75 (br s, OH).

13C N M R  (200 MHz, CD3CN): 8  (ppm) 165.0, 70.0, 118.3, 173.7, 61.7, 107.5, 153.9, 92.5, 146.2, 16.3, 122.3, 135.2, 35.1, 32.9,

174.7, 11.6 (Me), 23.2 (Me).

IRumax (CHCI3 , cm'1): 3417 (OH), 2932 (COOH), 1706 (O O ), 1625, 1447, 1297,1220, 1002, 861, 828, 709, 761, 650.

M S (El) m/z (rel. int.): 320 ([M]+, 27), 302 (22), 260 (15), 248 (15), 247 ([M-CH2 CH2 COOH]+, 100), 229 (22), 219 (37), 207 (80),

159 (17), 44 (17), 29 (29).

HRMS: Calculated  for Ci7H2 oQ6 , 320.1260 , found  320.1282.

Asperphenamate

White solid, m.p. 205-207°C, (lit.210°C, lit. 206-207°C, lit. 201-204°C)57’31, [a]D -82.3 (EtO H ).

*H N M R (200 MHz, CDCI3): 8  (ppm) 4.00 (J=12.5 Hz, 1H, H-2), 3.12 (J=12.5 Hz, 2H, H-3), 3.27 (H -l’), 4.40 (J=9.0 Hz, 1H, H-2’), 

2.85 (J—6.5 Hz, 2H, H -3’), 7.12 (m, 4H, H-5, 5 ’, 9, 9 ’), 7.20 (m, 4H, H-6 , 6 ’, 8 , 8 ’), 7,15 (m, 2H, H-7, 7 ’), 7.75 (m, 4H, H-13, 13’, 17, 

17’), 7.44 (m, 4H, H-14, 14’, 16, 16’), 7.51 (m, 4H, H-15, 15’).

13C NM R (200 MHz, CD3 CN): 8  (ppm) 172.4, 55.7, 37.5, 66.5, 51.2, 37.6, 139.2, 138.3, 130.2, 129.4, 129.4, 128.6, 127.5, 168.1, 

167.6, 132.7, 128.0, 128.6, 132.2.
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I R iW  (CHCI3, cm’1): 3306 (NH), 1751 (C =0), 1734 (O O ), 1638 (CONH), 1532, 1200, 694.

M S (El) m/z (rel. int.): 506 ([M]+, 0.1), 415 ([M-C7H7]+, 9), 294 (7), 269 (2), 252 (17), 251 ([PhCH2C(NHBz)=C=0]+, 3), 225 (7), 

224 ([PhCH2CHNHBz]+, 23), 149 (6), 148 (54), 147 (17), 146 (PhCH2C(NHBz)=C=O-105]+, 100), 118 (17), 105 ([C6H5CO]+, 100), 

91 (50), 77 (40).

LC-MS: 507 ([M +1]+).

R aistrick Phenol Derivative or 5,7-Dihydroxy-3(l-hydroxyethyl)phthalide".

White solid, m.p. 204-208°C, (lit. 206-208°C)99, [a]D-  65.5° (EtOH).

'H NM R (200 MHz, CDCI3): 8 (ppm) 7.87 (br s, 1H, OH), 8.45 (br s, 1H, OH), 6.37 (d, J=3.0 Hz, H-6), 6.50 (d, J=1.0 Hz, H-4), 5.25 

(d, J=4.7 Hz, H-3), 4.00 (d, J=7.0 Hz, OH), 1.81 (m, J=7.0 Hz, 1H, H-10), 1.13 (d, J=6.3 Hz, 3H, M e-11).

13C NM R (200 MHz, CD3CN): 5 (ppm) 172.5, 68.7,103.7, 165.0, 85 .0 ,158.7 ,118.7 , 152.5, 20.0, 18.7.

IROmax (CHCI3 , cm’1): 3329 (OH), 3093, (1710 (C =0), 1611 ,1450 ,1300 ,1221 ,1164 .

M S (El) m/z (rel. int.): 210 ([M]+, 5), 166 ([M -C02]+, 100), 165 (49), 138 (10), 137 (26), 45 (13).

HRMS: Calculated for C ,0H io05, 210.0528, found 210.0525.

Roquefortine C

Very fine feathery solid, m.p. 195-200°C, (lit. 195-200°C)86, [a]D -700° (CHC13).
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‘H NM R (200 MHz, CDC13): 8  (ppm) 12.97 (br s, 1H, H-19), 8.97 (br s, NH, H-2), 7.72 (br s, 1H, H-20), 7.29 (br s, 1H, H-22), 7.20 

(d, J=7.8 Hz, 1H, H-12), 7.10 (dt, J=7.8 Hz, J=1.3 Hz, 1H, H-10), 6.78 (dt, J=7.8 Hz, J=1.0 Hz, 1H, H - l l) ,  6.60 (d, J=7.8 Hz, 1H, H- 

9), 6.28 (br s, 1H, H-17), 5.99 (dd, J=11.0 Hz, J=17.2 Hz, 1H, H-24), 5.65 (s, 1H, H-6 ), 5.16 (dd, J=1.0 Hz, J=10.8 Hz, 1H, H-25), 

5.11 (dd, J=0.9 Hz, J=17.4 Hz, 1H, H-25), 4.95 (br s, NH, H-7), 4.07 (dd, J= J=6.0, J=11.5 Hz, 1H, H-16), 2.60 (dd, J=12.4 Hz, J=5.9 

Hz, 1H, H-15), 2.50 (dd, J=11.5 Hz, J=12.4 Hz, 1H, H-15), 1.16 (s, 3H, H-26), 1.02 (s, 3H, H-27).

IRumax (CHCI3 , c m 1): 3197 (NH), 2971, 1681 (CONR), 1606, 1483, 1433, 1357, 1316, 1239, 1215, 1102, 921, 751, 643.

M S (El) m/z {rel. int.): 389 ([M]+, 27), 321 (20), 320 (100), 319 (4), 198 (8 ), 192 (7), 161 (22), 158 (6 ), 150 (8 ), 143 (17), 131 (5), 

130 (50), 112 (7), 108 (11), 107 (5), 70 (9), 69 (9), 50 (5), 41 (15), 31 (14).

HRMS: Calculated for C22H23N 5O2 , 389.1854,/(W 3 8 9 .1 8 6 1 .

Meleagrin

Light yellow solid, m.p. 197-201°C, (lit. 250°C)49’65, [a]D -115° (CHC13).

*H NM R (75°C, 500 MHz, CDC13): 8 (ppm) 12.75 (br s, NH, H-14), 8.42 (s, 1H, H-15), 7.78 (br s, 1H, OH), 6.70 (br s, NH, H-19), 

7.67 (s, 1H, H-18), 7.19 (d, J=7.8 Hz, 1H, H-7), 7.52 (s, 1H, H-20), 7.48 (t, J=7.2 Hz, 1H, H-6), 7.26 (t, J=7.1 Hz, 1H, H-5), 7.79 (d, 

J=7.1 H z,lH , H-4), 6.28 (br s, 1H, H-22), 5.66 (s, 1H, H-8), 5.26 (br dt, J-17.2 Hz, J-10.2 Hz, 2H, H-23), 3.90 (s, 3H, N-OMe), 1.48 

(s, 3H, H-25), 1.43 (s, 3H, H-24).
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M S (El) m/z {rel. int.): 475 ([M]+, 7), 408 (10), 377 (10), 376 (51), 365 (61), 364 (M+-C5H9, 81), 335 (70), 334 (100), 333 (27), 319 

(16), 318 (46), 316 (20), 305 (33), 304 (14), 290 (15), 289 (23), 278 (17), 277 (43), 276 (14), 161 (17), 143 (14), 41 (19), 31 (22). 

HRMS: Calculated for C25H25N 5O5 , 475.19,57, found  475.1860 

N-m ethyl oxaline

1H N M R (500 MHz, CDCI3): 8  (ppm) 13.12 (s, NH, H-14), 8.35 (s,lH , H-15), 7.67 (s, 1H, H-18), 6.97 (d, J=7.7 Hz, 1H, H-7), 7.37 

(s, 1H, H-20), 7.30 (t, J=7.2 Hz, 1H, H-6 ), 7.10 (t, J=7.1 Hz, 1H, H-5), 7.58 (d, J=7.1 H z,lH , H-4), 6.12 (dd, J=17.3 Hz, J=10.9 Hz, 

1H, H-22), 5.28 (s, 1H, H-8 ), 5.00 (dd, J=17.2 Hz, J=10.2 Hz, 2H, H-23), 3.56 (s, 3H, N-OMe), 3.70 (s, 3H, OMe), 2.38 (s, 3H N- 

Me), 1.20 (s, 3H, H-25), 1.32 (s, 3H, H-24).

13C NM R (500 MHz, CDCI3): 8  (ppm) 166.3 (O O ), 158.7 (O O ), 147.1, 144.2, 138.5, 135.4, 129.7, 126.3, 125.3, 124.1, 123.7,

113.8, 110.9, 65.7 (N-OMe), 54.6 (OMe), 42.9, 23.6 (Me), 25.3 (Me).

IROmax (CHCI3 , cm'1): 3237 (NH), 1690 (CONH), 1637 (CONR), 1462, 1417, 1360, 1318, 1243, 1105, 1070, 827, 754.

M S (El) m/z {rel. int.): 461 ([M]+, 10), 394 (26), 393 (93), 392 (26), 362 (25), 361 (100), 330 (16), 318 (13), 290 (10), 216 (11), 185

(9), 163 (11), 161 (33), 149 (13), 142 (10), 131, 101 (10), 69 (13), 41 (5), 31 (11).

HRMS: Calculated for C25H27N 5O4 , 461.20651, found 461.20798.


