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GENERAL ABSTRACT

Filamentous fungi occur widely in different parts of the environment including water, soil and
air. Their occurrence in the environment especially in large amounts and under certain
conditions pose dangerous health risks to humans, especially immunocompromised individuals
as a result of the compounds they produce during metabolism. In this regard, filamentous fungi

are associated with a range of diseases including invasive and superficial infections.

In this study, species from the genera Aspergillus, Fusarium and Penicillium were used to
investigate their combined toxic effects when exposed to two human cell lines (hepatocytes
and renal epithelial cells “in vitro”). Reference isolates used were: Aspergillus niger (A. niger),
Aspergillus flavus (A. flavus), Fusarium oxysporum (F. oxysporum), Fusarium verticillioides
(F. verticillioides), Penicillium chrysogenum (P. chrysogenum) and Penicillium expansum (P.
expansum) isolated from maize samples. Isolates were cultured on Malt Extract agar/broth and
Potato dextrose agar/broth at three incubation periods (4, 9 and 14 days). Isolates were
identified following deoxyribonucleotide acid (DNA) extraction, amplification and sequencing
of amplified products. Fungal species were further screened for mycotoxin production after
different incubation periods by high performance liquid chromatography (HPLC) analysis
using specific mycotoxin standards. Production of mycotoxins varied among isolates with F.
verticilliodes and F. oxysporum producing more mycotoxins compared to other species.
Aspergillus flavus produced aflatoxins (AFs) at different stages of growth up to 11.6ug/g at 9
days whereas, A. niger produced ochratoxin A (OTA) between 8.63*10° and 5.8*10“ug/g at
4 and 14 days of growth respectively. Production of fumonisin B1 (FB;1), deoxynivalenol
(DON) and nivalenol (NIV) by Fusarium species was up to 114.6ug/g at 4 days, 0.15u9/g at

14 days and 1035.27ug/g at 4 days respectively.
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One characteristic of toxicity induction by microorganisms on both human and animal cells is
the reduction of cell viability of the latter. A resazurin salt assay test was conducted in order to
determine this effect. Human hepatocytes and renal epithelial cells were exposed to individual
filamentous fungi species and their combinations for 24, 48 and 7h and cell viability determined
by the ability of the cells to reduce resazurin to resofurin. Individual filamentous fungi and
their combinations were able to induce a reduction in cell viability of the human cell lines at
72h of exposure with initial increase in cell proliferation at 24 and 48h. After incubation for up
to 72h, there was reduction of cell viability down to 39.9 and 35.6% for hepatocytes and renal
epithelial cells respectively. Filamentous fungi combinations, especially combinations of A.
niger species and others had more deleterious cell viability reduction compared to individual

species.

Cytokine secretion/production is one of the means through which the human system combats
infections. Although these cytokines contribute to protecting the human system from
infections, an imbalance in their secretion could help in promoting inflammation upon
infection. To investigate the induction of cytokine production by the hepatocytes upon
exposure to individual filamentous fungi species and their combinations, cytometric Bead
Array (CBA) of Thl and Th2 human cytokines were determined. The cells were exposed to
fungal isolates individually and in combination for 3, 6, 12 and 24h and cytokine expression
measured using an Accuri C6 flow cytometer. Cytokine expression was measured for some of
the cells exposed to A. flavus, F. verticillioides, F. oxysporum, P. chrysogenum and P.
expansum with the production of interleukin 2 (IL-2), interleukin 4 (IL-4) and interferon
gamma (IFN-y). Fungi combinations containing F. verticillioides and F. oxysporum induced
secretion of five cytokines; IL-2, IL-4, IFN- y, Tumour necrosis factor (TNF) and interleukin

10 (IL-10) up to 2.940pg/ml, 3.693pg/ml, 4.720pg/ml, 2.093pg/ml and 0.623pg/ml.
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This study has been able to fill the knowledge gap in terms of synergistic action of some
filamentous fungal species when exposed to certain cells in the human system. Furthermore,
the production of DON by F. oxysporum in this study is a novel finding which has not been
documented. The significance of this study is that the continuous exposure of humans to co-
occurring filamentous fungi can be deleterious resulting in abnormal cell multiplication and

reduction in cell viability as well as organ shut down.
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CHAPTER ONE

GENERAL INTRODUCTION

Fungi are a large group of plant-like living organisms without chlorophyll (Ravichandra, 2013).
They derive their nourishment and energy from dead organic matter and so are referred to as
heterotropic eukaryotes. Fungi are mostly plant parasites and commonly found in the soil, air,
water and contaminated food; they are divided into yeasts and filamentous fungi which are also
referred to as moulds (Hageskal et al., 2009; More et al., 2010). Between the two groups of
fungi, filamentous fungi, which constitutes the focus of this study, has been reported to be in
existence over the last two centuries (Leslie and Summerell, 2006) and in association with

human and animal health (Georgiadou and Kontoyiannis, 2012).

Genera Aspergillus, Fusarium and Penicillium are some of the groups of fungi classified under
filamentous fungi that have been reported to be in association with humans and animals
(Negedu et al., 2011; Sampietro et al., 2010). This group of fungi are ubiquitous and widely
distributed. Their vast distribution cause them to have both positive and negative effects in our
daily lives due to the metabolites they produce during their different growth phases. Positive
effects associated with these micro-organisms include application in agriculture and food
production as well as in the medical and pharmaceutical industry (Ward, 2012b). Negative
effects include their ability to act as pathogens or produce pathogens which contribute to or
aggravate disease conditions in humans and animals (Georgiadou and Kontoyiannis, 2012;

Solé and Salavert, 2008).

Recent studies have shown the possibility of biotechnological implementation of some
filamentous fungal species proposing their use in the biopharmaceutical industry (Chavez et

al., 2010; Rodriguez-Rodriguez et al., 2012; Ward, 2012b). This is because they have been
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studied to be excellent producers of extracellular enzymes. They are also suitable hosts for the
production of recombinant proteins that could be implemented in food and pharmaceutical
industries (Chavez et al., 2010; Morath et al., 2012). Infections with opportunistic fungal
pathogens have become a major clinical problem due to an increasing number of
immunocompromised patients with AIDS, organ and bone marrow transplantation or treatment
with cytotoxic drugs. Also, filamentous fungi produce secondary metabolites such as
mycotoxins which have negative impacts on the agricultural industry. They are also associated
with a variety of human and animal diseases such as oesophageal cancer in humans, Benign
Endemic Nephropathy (BEN) in humans and equine leuco-encephalo malacia (ELEM) in
horses (Brown et al., 2012; Richard, 2007). A wide range of these filamentous fungal species
have also been reported to induce toxicity and immune suppression in humans and animals
(Georgiadou and Kontoyiannis, 2012) when inhaled or ingested and as such, regarded as human
and animal pathogens. Relative studies have been done with regard to understanding the health
effects of these fungi when inhaled or ingested (Khan and Karuppayil, 2012; Knutsen et al.,
2012; Solé and Salavert, 2008) although there has been limited information on their mode of
toxic activity in humans and animals. Some of these filamentous fungi with particular reference
to Aspergillus, Fusarium and Penicillium species, have been reported to be associated with

mycosis in both humans and animals.

Aspergillus species have been linked to pulmonary infections and infections of the digestive
tract with the two most commonly mentioned being A. fumigatus and A. flavus. Fusarium
species have also been reported to induce immune suppression in individuals resulting in a
variety of infections of the skin, lungs, blood, sinuses and the liver. Penicillium species have
also been reported to induce diseases in humans and animals, thus classified as pulmonary and
gastro-intestinal tract (GIT) pathogens (Liu, 2011a). These fungal genera have also been

mentioned in relation to immune-compromised individuals such as HIV individuals susceptible
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particularly to P. marneffei (Woo et al., 2006) and patients with haematological malignancies

exposed to A. fumigatus and A. flavus (Gongalves et al., 2012; Kupfahl et al., 2008).

1.1 Problem statement

Filamentous fungi commonly occur in the environment because they do not require any strict
environmental conditions for survival. Furthermore, they occur mostly in combination such
that it is possible to find two or all three fungal genera occurring in the same environment at
the same time. Very few studies have been conducted with regard to understanding the
combined negative health effects of these fungal genera in humans and animals. Considering
the mode of action of these pathogenic and toxigenic fungal species, it is therefore imperative
for further studies to be conducted in order to understand how these fungal species interact with
one another, their modes of action (singularly and in combination) with other fungi in order to
induce toxicity and pathogenesis on different organs of the body. A better understanding of the
action of these fungi on humans and animals at a cellular level will contribute to intervention

strategies aimed at controlling or impeding their negative health effects.

1.2 Aim of the study

Due to the different negative health effects of these group of filamentous fungal species when
inhaled or ingested and the wide distribution of these fungal spores in the environment, the
study investigated possible interactions of selected filamentous fungal species of the genera

Aspergillus, Fusarium and Penicillium to induce toxicity on selected human cell lines in vitro.

1.2.1 Objectives of the study

The objectives of this study were to:

1. Determine the level of mycotoxin production by selected filamentous fungal isolates at

different growth stages;
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Evaluate the effect of the fungal isolates at different growth stages, individually and in

combinations on cell viability of selected cell lines;

Determine and measure cytokine expression induced by the fungal isolates on selected

cell lines; and

Evaluate the relationship between toxicity induction and cytokine expression by the

isolates across different cell lines.
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CHAPTER TWO

The ubiquity of filamentous fungi in relation to their importance and health risks

associated with exposure to species

Abstract

Filamentous fungi are found in different habitats in the environment. They occur in mixtures
and one may find many genera of filamentous fungi dominating a particular habitat or substrate.
The wide distribution of filamentous fungi has resulted to its use by mankind for different
purposes. Despite the economic and medical benefits of fungi, most with special reference to
filamentous fungi produce metabolites that have been associated with a range of health risks in
humans and animals. The association of filamentous fungi and their metabolites with different
negative health conditions in humans and animals has triggered the need to investigate the
different health risks induced by this family of heterotrophs. The aim of this review is to discuss
the different genera of filamentous fungi and their economic relevance, extending the
discussion to health risks associated with commonly occurring filamentous fungal species as

well as evaluate their pathogenicity and mycotoxic properties.

Keywords: Air, soil, infections, Aspergillus, Fusarium and Penicillium

2.1 Introduction

Fungi, a member of a large group of eukaryotes are also classified as a kingdom and separate
from plants, protists, animals and bacteria. With cell walls made up of chitin (a main disparity
from plant cell walls which contain cellulose and bacterial cell walls), fungi are abundant in
the environment and inconspicuous because of their small structures and their cryptic lifestyles

on substrates they inhabit (Pitt et al., 2000). Naturally occurring in different parts of the
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environment and ecosystem, filamentous fungi are some of the most abundant known fungi

(Kirk et al., 2008).

Also referred to as moulds, filamentous fungi are so-called because they possess hyphae which
form branches making up their mycelia. They are reported to occur naturally as well as
contaminate different surfaces both indoors and outdoors. As a result of their vast occurrence
in the environment, these type of fungi have been investigated over the years in terms of their
positive and negative uses for mankind (Bennett, 1998; Bennett and Klich, 2009; Sauer et al.,
2008; Ward, 2012a). Due to the ubiquitous occurrence of filamentous fungi and their
applications in different sectors of the economy, this review discusses the wide occurrence of
filamentous fungi in the environment, describes the different genera of filamentous fungi in
existence as well as analyse the positive and negative effects of these group of fungi to

mankind.

A range of filamentous fungi species which belong to different genera have been associated
with many infections affecting different organs of the human body such as the eyes, ears, nasal
cavity, nails, skin, respiratory tracts and internal organs (Ahmadi et al., 2012; Deshpande and
Koppikar, 1999; Georgiadou and Kontoyiannis, 2012; Gugnani et al., 1976; Howard, 2002).
Filamentous fungal species have the ability to synthesise a variety of natural products as
primary and secondary metabolites. Although some, especially those which belong to the genus
Aspergillus (Aspergillus niger) and genus Penicillium (Penicillium citrinum) are used in food
and pharmaceutical industries due to the metabolites they produce (Jahromi et al., 2012; Laich
et al., 2002), these fungi have also been reported to be associated with infections and diseases
(Person et al., 2010; Walsh et al., 2004). Some filamentous fungi have been reported to cause
both superficial infections such as skin and nail infections, as well as invasive infections

particularly in immune-compromised individuals (Ahmadi et al., 2012; Georgiadou and
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Kontoyiannis, 2012; Hedayati et al., 2007c; Jain et al., 2011; Oshikata et al., 2013; Vonberg
and Gastmeier, 2006b).

Production of mycotoxins by certain filamentous fungi, usually in response to certain
conditions such as humidity and temperature (D’ Mello and Macdonald, 1997.; Kuiper-
Goodman, 1995) pose health risks to humans and animals. Diseases associated with
mycotoxins include oesophageal cancer, liver cancer and Balkan Endemic Nephropathy (BEN)
in humans, as well as equine leuco-encephalo malacia (ELEM,), hormonal disorders,
immunosuppression and even deaths in animals (Brown et al., 2012; Dutton, 1996; Grollman

and Jelakovic, 2007; Richard, 2007).

Due to the ubiquitous occurrence of filamentous fungi and their applications in different sectors
of the economy, this review discusses the wide occurrence of filamentous fungi in the
environment, describes the different genera of filamentous fungi in existence as well as analyse
the positive and negative effects of these group of fungi to mankind. Also, inspite of the fact
that most filamentous fungi have been used and are still manipulated biotechnologically in the
food and pharmaceutical/medical industry, it is of utmost importance to extensively examine
the health risks of these filamentous fungi, especially those that commonly occur in the
environment or in food, discussing the ability of these fungi to exert negative health effects,
especially in humans taking into consideration their mycotoxic, cytotoxic, DNA damaging and

immune-suppressing properties.

2.2 Filamentous fungi

A high percentage of known filamentous fungi tend to originate from the sub- Phylum
“Pezizomycotina” (Kirk et al., 2008; Moretti, 2009). Filamentous fungi encompass many
genera of fungi including: Aspergillus, Penicillium, Fusarium, Cladosporium, Emericella,

Eurotium, Paecilomyces, and Curvularia (Figure 2.1) with Aspergillus, Penicillium, Fusarium,
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Alternaria and Cladosporium being the most investigated than the other genera (Pitt and
Hocking, 1997b). In the following sections, the different genera of fungi in the group of
filamentous fungi are mentioned and described taking into consideration the most and less

occurring genera.

25



Fungi
|
Dikarya

Ascomycota

Pezizomycota

Basidomycota

Dothideomycetes

Capnodiales Pleosporales

Pleosporaceae

Alternaria

Davidiellaceae

Cladosporium

Source: (Kirk et al., 2008; Moretti, 2009; Pitt et al., 2000)

Euascomycetes Eurotiomycetes

Pleosporales Eurotiales

Pleosporaceae Trichocomaceae

Curvularia
Aspergillus
Emericella
Eurotium
Neosartorya
Paecilomyces
Penicillium

Sordariomycetes

Hypocreales

Hypocreaceae Nectriaceae
AcrerJonium | ]
. Fusarium
Nectria

trichoderma

Figure 2.1: Distribution of filamentous fungi in phylum Ascomycota
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2.2.1 Aspergillus
As a member of the Trichocomaceae family in the order Eurotiales, Aspergillus are reportedly

the most abundant and widely distributed filamentous fungi globally although they are more
frequent in warmer regions and occur more in milder zones than in warmer regions (Klich,
2002). Usually regarded as a soil fungi (Barkai-Golan, 2008), they are ubiquitous,
cosmopolitan and commonly isolated from soil, plant debris and indoor environment. They
have the ability to grow at reduced water activity and occur on stored foods and feed which
turn mouldy. Some species of Aspergillus have been accepted to be mitosporic without any
known sexual spore production while a teleomorphic state has been described for other species
of this genus (Kirk et al., 2008). With their characteristic dark colours ( black, grey or green
and in other cases white or milky), there are over 185 species of the genera Aspergillus, with
A. fumigatus being the most commonly isolated species followed by A. flavus and A. niger
(Klich, 2002d). Other species of Aspergillus isolated so far, though less commonly are: A.
clavatus, A. glaucus group, A. oryzae, A. versicolor, A. nidulans, A. terreus, A. ustus and a host

of others (Klich, 2002d).

2.2.2 Fusarium

First reported in 1809, these group of filamentous fungi, widely distributed in plants, the soil
and known to contain a range of plant-pathogenic fungal species have been in existence for the
past two centuries (Leslie and Summerell, 2006). They are primary plant pathogens, require
high water activity for growth and are characterised by production of septate, fusiform to
crescent-shaped macroconidia with or without microconidia (Leslie and Summerell, 2006; Pitt
and Hocking, 1997c). Aside from their ability to act as plant pathogens, Fusarium species have
been linked to a wide range of diseases and infections in humans and animals (Nucci and

Anaissie, 2007b). Commonly occurring species of the genus, Fusarium include Fusarium
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verticillioides, Fusarium graminearium, Fusarium proliferatum, Fusarium sporotrichiodes,

Fusarium solani, Fusarium chlamydosporum among others (Leslie and Summerell, 2006).

2.2.3 Penicillium

Penicillium species are among the most common decomposers in nature. This genus of
ascomycetes fungi are closely related to Aspergillus species but in general, are less thermo-
tolerant and are most prominent ecologically in cooler areas, though they are by no means
absent in the tropics (Howard, 2003). The genus Penicillium is characterised by production of
conidia in a penicillus and it is widely distributed in the environment. Although it is certain
that Penicillia are more diverse in terms of species and range of habitats since they have the
ability to grow in almost any environment (Pitt and Hocking, 1997c), there are a wide range
of Penicillium species in nature such as P. citreonigum, P. polonicum, P. digitatum, P.
chrysogenum, P. roqueforti, P. citrinum, P. janthinellum, P. simplicissimum, P.
aurantiogriseum, P. camemberti, P. verrucosum and P. expansum among others (Pitt and

Hocking, 1997c).

2.2.4 Cladosporium

This genus is a commonly isolated saprophytes and plant pathogens which produces olive-
green to brown or black colonies (Pitt and Hocking, 1997c). They occur mostly in outdoor
environments and only occur indoors on moist surfaces. Cladosporium species occur as
pathogens on fresh fruits with one of the species Cladosporium fulvum being the common
cause of tomato leaf mould disease (Rivas and Thomas, 2005). Some common Clasdosporium
species include C. fulvum, C. cladosporioides, C. herbarum, C. salinae, C. spinulosum, C.

fusiforme and C. arthropodii among the over 30 known species.

28



2.2.5 Alternaria, Acremonium and Curvularia

Alternaria species are reported to be the major plant pathogens causing at least 20% of
agricultural spoilage (Nowicki et al., 2012). As a member of the Pleosporaceae family, this
genus includes species that are found to occur almost everywhere with thick green, black or
grey colonies. Some of the isolated Alternaria species from water, food, air and plants include:

A. alternata, A. molesta, A. solani, A. japonica, A. longipes, and A. infectoria.

The genus Acremonium is reported to be a large and varied genus characterised by fine and
hyaline hyphae produced mostly by simple phialides and single-celled conidia (Howard, 2003).
Commonly isolated from dead plant materials and soil, this genus is made up of about 100
species with Acremonium strictum reported as one of the most common species isolated from

food.

Mostly found in tropical regions and seldom in temperate zones, the genus Curvularia is a
pathogen of many plant species and soil. This genus has the ability to withstand very high
temperature up to 40°C which explains its predominance in tropical regions (Pitt and Hocking,
1997c¢). Curvularia species are not as numerous as the other genera of filamentous fungi group
and have been mostly isolated from soil and plant tissues/seeds. Some commonly isolated
Curvularia species are: C. clavata, C. penniseti, C. protuberata, C. trifolii, C. tuberculata, C.
lunata, C. pallescens, C. ovoidea with C. lunata and C. pallescens commonly isolated (Pitt and

Hocking, 1997c).

2.2.6 Emericella and Eurotium

The genus Emericella was first mentioned in 1857 (Berkeley, 1857) and is a teleomorph of
Aspergillus species. Referred to as the sexual state of Aspergillus species because of their
closeness to this genus, they are likely to be present alongside their related Aspergillus species

during long-term growth (Verweij et al., 2008; Zalar et al., 2008). Producing ascopores
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(conidia) that are brightly coloured with smooth to roughened texture (Kirk et al., 2008),
species of the Emericella genus grow rapidly and are common in tropical and sub-tropical
regions of the world (Matsuzawa et al., 2010). The genus includes over thirty (30) species such
as Emericella olivicola, E. nidulans, E. stell-maris, E. filifera, E. quadrilineata and E.

discophora (Verweij et al., 2008; Zalar et al., 2008).

Closely related to the genus Emericella and also a member of the family Trichocomaceae, the
genus Eurotium is another anamorph of Aspergillus species commonly foung in tropical and
sub-tropical regions of the world (Kirk et al., 2008) They are characterised by sperical to
ellipsoidal spores that grow in chains and are rough walled. With a moderately rapid growth
rate, colonies of Eurotium species are usually yellow or dullgreen to bluish green and have the
ability to grow very well even at low water activity (Butinar et al., 2005). Common Eurotium
species include Eurotium amstelodami, E. herbariorium, E. repens and E. rubrum among

others (Butinar et al., 2005; Hubka et al., 2013).

2.2.7 Paecilomyces

As a member of the similar family as Aspergillus, Eurotium, Emericella and Penicillium, the
genus Paecilomyces is often confused with the Penicillium genus because of their close
morphological resemblance (Kirk et al., 2008). Growing rapidly, some species of this genus
are regarded as thermophilic organisms due to their ability to grow well at high temperatures
of up to 50°C (Inglis and Tigano, 2006). Some commonly isolated Paecilomyces species
include Paecilomyces variotii (Steiner et al., 2013), P. lilacinus (Inglis and Tigano, 2006;

Pastor and Guarro, 2006) and P. fulvus (Egbuta et al., 2015b).
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2.3 Distribution of filamentous fungi in the environment

Due to their ubiquitous nature, filamentous fungi are widely distributed in the environment.
The vast variety of substrates on which filamentous fungi are able to grow on has also
contributed to their wide distribution in the environment worldwide (Pitt and Hocking, 1997a).
Although most filamentous fungi require high temperatures of up to 30°C and increased water
activity up to 0.97 for growth (Astoreca et al., 2007), this contributes to their occurrence in
mostly hot and humid regions of the world. Some fungi such as the Penicillium genus also
have the ability to grow in temperate areas (Kirk et al., 2008) causing such species to occur in
colder areas of the world. The adaptive characteristics of filamentous fungi to different
environmental conditions is therefore contributory to its vast occurrence in the environment.
The section below evaluates their distribution (Table 2.1) in three habitats of the environment:

air, soil and water.
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Table 2.1: Distribution of filamentous fungi in the environment

Filamentous fungus

Air

Environmental habitat
Soil

Water

Reference

Acremonium

A. strictum

A. macroclavatum
Alternaria

A. alternata

A. chartarum

A. dianthicola

A. ternuissima
Aspergillus

A. caatingaensis

> rrrrrrrrrrrr

. caespitosus
. flavus

. fumigatus

. nidulans
niger
nominus

. parasiticus
. pernambucoensis
. restrictus

. sydowii
tamari

. terreus

. ustus

Cladosporium

C. cladosporioides
C. dominicanum
C. fusiforme

C. herbarum

C. salinae

C. sphaerospermum
C. velox
Curvularia

C. lunata

C. senegalensis

C. ramosa

v
v

v
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AN
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(Goldbeck et al., 2013; Watanabe et al., 2001)

(Arvanitidou et al., 2000; Pastor and Guarro, 2008)

(Horn and Dorner, 1998; Khan and Karuppayil, 2012; Klich, 2002a; Klich,
2002b; Nikaeen and Mirhendi, 2008; Oliveira et al., 2013; Panagopoulou et
al., 2002; Vesper et al., 2007; Warris et al., 2002)

(Ogorek et al., 2012; Zalar et al., 2007)

(Lucas et al., 2008; Pratt, 2006; Wang et al., 2014)



Emericella

E. rugulosa

E. quadrileanata
Eurotium

E. amstelodami
E. chevalieri

E. herbariorium
E. rubrum
Fusarium

. acuminatum
. avanaceum

. chlamydosporum
. concolor

. culmorum

. equiseti

. graminearum
. nivale

. OXysporum

. proliferatum
. sambucinum
. solani

. subglutinans
. sporotrichiodes
. tricinctum

. verticilliodes
enicillium

. Citrinum

. commune

. chrysogenum
. glaber

. lanosum

. marneffei

. notatum

. oxalicum

. sclerotiorum
. spinulosum
Paecilomyces
P. lilicanus

P. variotii
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(Klich, 2002a)

(Klich, 2002a)

v (Asan, 2011; Edel-Hermann et al., 2015; Funnell-Harris and Pedersen, 2011;
Gordon and Martyn, 1997; Gordon et al., 2015; Palmero et al., 2009;
v Sautour et al., 2012; Scheel et al., 2013; Vigier et al., 1997)

(Cruz etal., 2013; Dayalan et al., 2011; Jussila et al., 2002; Pryce-Miller et
al., 2008; Sawane and Saoji, 2004; Trisuwan et al., 2014)

(Luangsa-ard et al., 2011; Steiner et al., 2013; Tarkkanen et al., 2004)

33



2.3.1 Air
Present in both outdoor and indoor air, species of the filamentous fungi family are widely

distributed in the air (Khan and Karuppayil, 2012; Ogorek et al., 2014). They have been
isolated from air samples collected from different areas such as hospitals, outdoor areas and
households (Karwowska et al., 2004; Ogorek et al., 2014; Panagopoulou et al., 2002). Among
the many species of filamentous fungi, the Aspergillus, Penicillium and Cladosporium genera
have been mostly isolated with lesser occurrence of Fusarium and other species (Viegas et al.,
2010). Within the genus Aspergillus, A. flavus, A. niger and A. fumigatus are the most common
species isolated from air samples collected from both indoor and outdoor areas (Karwowska et

al., 2004; Khan and Karuppayil, 2012; Panagopoulou et al., 2007).

2.3.2 Soil
The growth habit of filamentous fungi mycelia which is based upon hyphelial extension and

branching, has contributed to the wide range of filamentous fungi species found naturally in
soils from different regions of the world (Ritz and Young, 2004). The occurrence of
filamentous fungi such as Penicillium, Aspergillus, Trichoderma, Curvularia and
Paecilomyces species have been reported in soil from semi-arid areas characterised by low
rainfall (Oliveira et al., 2013). The presence of a variety of filamentous fungi species have also
been reported in soil from colder regions such as the Antarctica (Kurek et al. (2007); Hughes
et al. (2007). Although humidity is one condition which favours growth of filamentous fungi,
some species of this family of fungi such as Aspergillus, Cladosporium, Penicillium and
Alternaria are able to thrive in soil from desert areas including places that have not recorded

rainfall in decades (Sterflinger et al., 2012).

2.3.3 Water
The presence of fungi in water has been reported to contribute to odour and taste (Gongalves

et al., 2006; Paterson et al., 2009). Fungal biomass have been reported in water systems from
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different parts of the world (Hayette et al., 2010; Sonigo et al., 2011). A range of genera of
filamentous fungi have been isolated from different sources of water such as rivers,
underground water, dead sea, tap and bottled water. Yamaguchi et al. (2007), Warris et al.
(2001) and Okpako et al. (2009) reported isolation of Penicillium, Aspergillus, Cladosporium,
Alternaria and other genera of filamentous fungi form tap water and drinking water.
Occurrence of filamentous fungi genera with the dominance of Penicillium, Cladosporium and
Alternaria species have also been isolated from bottled and processed water (Okpako et al.,
2009). Filamentous fungi isolated from rivers and underground water include Penicillium
species and other genera of this family (Mohamed et al., 2014). They also occur in water high
in salts and minerals (Mbata, 2008). Among the commonly occurring filamentous fungi genera,
Fusarium species have been seldom isolated from water (Gongalves et al., 2006; Varo et al.,
2007; Warris et al., 2001) with little or nothing reported with regard to the occurrence of

Fusarium in water.

2.4 Economic importance of filamentous fungi

Filamentous fungi are currently being used in the manufacturing and agricultural sectors all
over the world. They are a source of raw materials for food, chemical, pharmaceutical and
cosmetic industries (Michelson, 2010; Schuster et al., 2002; van der Straat et al., 2014). Apart
from their positive impacts, filamentous fungi can have negative economic impacts, thus being
beneficial or detrimental economically. There is therefore a need to evaluate the economic

advantages and disadvantages of filamentous fungi as presented in Table 2.2.
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Table 2.2: Economic applications of filamentous fungi

Fungi Agriculture Industry Medical References
A. flavus Bioremediation (Kurniati et al., 2014; Romero et
al., 2010)
A. niger Production of citric acid in food, cosmetics (Schuster et al., 2002)
and adhesives; source of enzymes and
production of gluconic acid
A. oryzae Production of kojic acid used in the cosmetics (Ogawa et al., 1995)
and food industries

A.terreus

F. venenatum

Production of itaconic acid, a synthetic

Source of antibiotics (Lovostatin)
polymer

Industrially produced as food

(van der Straat et al., 2014)
(Jahromi et al., 2012)

F. oxysporum
P. adametzioides
P. aethiopicum
P. brevicompactum
P. camamberti
P.chrysogenum Production of antibiotic (penicillin)
P.citrinum

Biocontrol agent
Biocontrol agent

(Katona, 2002)
(Kaur et al., 2010)
(Ahmed et al., 2015)
(Frisvad et al., 2004)
(Barthomeuf et al., 1991)
(Michelson, 2010)
(Laich et al., 2002)

Production of antibiotic (griseofulvin)
Confectionary production

Used in cheese production

Production of antibiotic (mevastatin) (Jahromi et al., 2012)
P. expansum Production of antibiotic (patulum) Frisvad et al., 2004)
P. funiculosum Used in animal feed processing
P. glaucum

(Sahasrabudhe et al., 1987)

Production of immunosuppressant (Frisvad et al., 2004)

drug.
P. griseofulvum

Production of antibiotics(griseofulvin,
patulin and penicillin)
Production of antibiotics(griseofulvin)

Production of antibiotic penicillin

(Laich et al., 2002)
P. janezewski

Frisvad et al., 2004)
P. nalgiovense

(Laich et al., 2002
P. patulum

Production of antibiotics(griseofulvin

Frisvad et al., 2004)
and patulin)
P. purpurogenum

Confectionary production
P. roqueforti

(Barthomeuf et al., 1991
Cheese production, flavours and fragrances

(Nelson, 1970)
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2.4.1 Agriculture
Filamentous fungi have been implemented as bioremediation agents (D'Annibale et al., 2006;

Mancera-Lopez et al., 2008), degrading the contents of high chemically contaminated soil and
thereby reducing toxicity of the soil. Species such as A. flavus and Paecilomyces farinosus have
the ability to degrade Benzo [a] pyrene in soil (Romero et al. (2010), whereas, Fusarium
species can also bioremediate soils high in polycyclic aromatic hydrocarbons (Potin et al.,
2004). The discovery of filamentous fungi activity in bioremediation of soil has prompted more
studies of other naturally occurring soil filamentous fungi for bioremediation properties. One
example of such is the study by Kurniati et al. (2014) whereby filamentous fungi were
investigated for reducing mercury in soil. These micro-organisms have also made positive
impacts in their use as biocontrol agents against microbes and harmful compounds in plants
and crops (Abbas et al., 2011; Ahmed et al., 2015; Kaur et al., 2010). The potential of using
filamentous fungi in biofuel production has been investigated by Zheng et al. (2012) and found

to be feasible.

Some genera of filamentous fungi are reported in association with plant diseases and food
spoilage in agriculture, contaminating crops at different stages of production (Dutton, 2009).
Aspergillus species such as A. niger, A. flavus, A. fumigatus, A. alliaceus, A. carbonarius and
A. ochraceus, as well as Fusarium, Penicillium and Alternaria genera are some examples that
cause infections and contamination in plants and plant products respectively (Dutton, 2009;
Egbuta et al., 2015b; Perrone et al., 2007). Fungal Infection/ contamination of food crops and
food products results to a reduced nutritional value and quality of food crops (Perrone et al.,

2007) as well as subsequent economical losses (Zain, 2011).

2.4.2 Manufacturing industry
In the paper manufacturing industry, filamentous fungi are implemented in the manufacture of

high quality paper suitable for writing and printing (Jerusik, 2010), with reports that fungal
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mycelium make up about 10% of good paper quality content. The use of filamentous fungi in
industries to compost industrial waste has also been reported by Mohammad et al. (2012)
indicating the contribution of these micro-organisms in disposal of waste generated from

processing palm produce.

2.4.3 Food industry
As a source of different enzymes (Archer, 2000; Guimaraes et al., 2006; Khokhar et al., 2012),

filamentous fungi are currently being used in different areas of the food manufacturing industry
(Kirk et al., 2008) . The activity of filamentous fungi during fermentation has contributed to
its use in food manufacturing. An example of such is the use of A. niger for fermentation to
produce citric acid (Majumder et al., 2010; Max et al., 2010), which is one of the main sources
of industrially produced citric acid. Also, the ability of filamentous fungi to produce enzymes,
vitamins, lipids, proteins, flavours and other valuable compounds which are implemented in

food production (Sahasrabudhe and Sankpal, 2001).

2.4.4 Pharmaceutical/Medical
Chemical compounds produced by filamentous fungi are important to the medical and

pharmaceutical industry. This importance can be beneficial or detrimental properties of the
compounds and their effects on both humans and animals. Filamentous fungi produce different
metabolites that have proven to have different inhibitory effects in metabolic pathways. An
example of such compounds are the Statins which include Lovostatin produced by A. terreus
(Goswami et al., 2012b), Mevastatin produced by P. citrinum (Manzoni and Rollini, 2002) and
Pravastatin produced by P. chrysogenum (McLean et al., 2015). The function of Statins is to
inhibit the enzyme hydroxymethyl glutaryl-Coenzyme A (HMG-CoA) reductase which is the
first enzyme in cholesterol biosynthesis (Manzoni and Rollini, 2002), thereby lowering blood
cholesterol levels in individuals who have high cholesterol levels. Some other filamentous

fungus (Fusarium oxysporum) have been investigated and found to produce Cyclosporin-A(an
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immunosuppressant) currently used in the treatment of cancer, organ transplant patients and in

the treatment of auto-immune diseases including AIDS (Sharmila et al., 2012).

The ability of filamentous fungi to inhibit microbial growth has also been investigated. He et
al. (2002) found that filamentous fungi species could produce Pyrrocidines A and B, which are
effective antibiotics against gram-positive bacteria including resistant strains. Echinocandins
produced by Aspergillus species have been reported by Goswami et al. (2012a) to inhibit an
enzyme that facilitates fungal cell wall formation in fungal species. Other anti-microbial
activities of filamentous fungi reported include inhibition of Escherichia coli, Staphylococcus
aureus and Candida albicans (Svahn et al., 2012) and anti-oxidant activities (Smith, 2014).
Filamentous fungi biofilm are currently used as biocatalysts for the production of human drug
metabolites since they have been proven to have longer effective time (Amadio et al., 2013).
This is a process required for drug development which contributes to assessing toxicity of a

drug in pharmacokinetic studies.

2.5 Production of toxins by filamentous fungi

Previously mentioned in the text, many species belonging to the filamentous fungi group
produce secondary metabolites known as mycotoxins. In most cases, these substances have
toxic effects on humans and animals (Bennett and Klich, 2003). These mycotoxins include the
aflatoxins, ochratoxins, fumonisins, trichothecenes, deoxynivalenol, zearalenone, gliotoxin,
etc. There are over 300 mycotoxins synthesised by filamentous fungi (Hussein and Brasel,
2001) and production of mycotoxin is common with species of genus Aspergillus, Penicillium,
Fusarium, Alternaria and Cladosporium (Sweeney and Dobson, 1998b). It is usually common
to find one mycotoxin being synthesised by more than one fungal species and genera as is the
case with ochratoxin A produced by A.niger, A.ochraceus and P.viridicatum. There is also

another situation where one fungal species has the ability to produce more than one mycotoxin
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as is the case with F.verticilliodes and F.culmorum producing fumonisin B1, moniliformin,
nivalenol, deoxynivalenol and other mycotoxins at the same time (Lillards-Roberts, 2011) as

shown in Table 2.3.
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Table 2.3: Filamentous fungi species and mycotoxins produced

Fungal species

Mycotoxin produced

Aspergillus
A. carneus
A. clavatus
A. flavus
A. fumigatus
A. nidulans
A. niger
A. ochraceus
A. terreus
A. ustus

A. versicolor
A. parasiticus
Fusarium
F. avenaceum

F. culmorum
F.equiseti

F. nivale
F. oxysporum

F. roseum
F. solani
F. verticillioides
F, graminearum
Penicillium
P. viridicatum
P. citrinin

Citrinin

Cytochlasin E, Patulin, Tryptoquivalene
Aflatoxins, Sterigmatocystin

Fumagilin, Gliotoxin, Verruculogen, viriditoxin
Sterigmatocystin

Malformin, Oxalic acid, Ochratoxin A
Ochratoxin A, Penicillic acid, Destruxin,
Citrinin, Citreoviridin

Austdiol, Austamide, Austocystin
Cyclopiazonic acid, Sterigmatocystin
Aflatoxins

Enniatins, Fructagenin +1, HT-2 toxin, Ipomeanine, Lateritin +1, Lycomerasmin +1, Moniliformin, Monoacetoxyscirpenol,
Neosolaniol, Nivalenol, Sambucynin

Deoxynivalenol,Fructagenin +1, HT-2 toxin, Ipomeanine, Lateritin +1, Lycomerasmin +1, Moniliformin, Neosolaniol
Moniliformin, Nivelenol, Monoacetoxyscirpenol, Acetoxyscirpenediol, Acetyldeoxynivalenol, Acetylneosolaniol, Acetyl T-2
toxin, Avenacein +1, Beauvericin +2, Butenolide, Calonectrin, Deacetylcalonectrin, T-1 toxin, zearalenol, T-1 toxin, T-2 toxin,
Deoxynivalenol diacetate, HT-2 toxin, Ipomeanine, Lateritin +1, Lycomerasmin +1, Moniliformin, Monoacetoxyscirpenol,
Sambucynin.

Moniliformin, Monoacetoxyscirpenol, Neosolaniol, Nivalenol, Acetoxyscirpenediol, Acetyldeoxynivalenol, Acetylneosolaniol,
Acetyl T-2 toxin, Avenacein +1, Beauvericin +2, Butenolide, Calonectrin, Deacetylcalonectrin, zearalenone

Fructagenin +1, Moniliformin, Monoacetoxyscirpenol, Neosolaniol, NT-1 toxin, N-2 toxin

Enniatins, T-1 toxin, T-2 toxin, Sambucynin, Scirpentriol

Fumonisins, Monoacetoxyscirpenol, Neosolaniol, Ipomeanine, Avenacein +1, Beauvericin +2, Fusaric acid, Fusarin
Zearalenone, Yavanicin+1

Ochratoxin A, Rubrosulphin, Viopurpurin, Viomellein
Citrinin
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P. verrucosum
P. hirsutum
P. citreoviride
P. islandicum
P. expansum
P.roqueforti
P. griseofulvum
P. claviforme
P. crustosum
P. rubrum
P. brunneum
P kloeckeri
P. rugulosum
P.aurantiogriseum

Citrinin

Citrinin

Citreoviridin
Islanditoxin

Patulin

Patulin

Patulin

Patulin

Penitrem, Viomellein
Rubratoxin
Rugulosin

Rugulosin
Sterigmatocystin, Rugulosin
Viomellein

Source: (Barkai-Golan, 2008; Lillards-Roberts, 2011; Sweeney and Dobson, 1998b)
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Aspergillus species are producers of a wide range of mycotoxins such as aflatoxins and
sterigmatocystin (produced by A. flavus), ochratoxin A, malformin, oxalic acid and fumonisin
B> (produced by A. niger), viriditoxin and gliotoxin (produced by A. fumigatus),
tryptoquivalene and cytochalasin E (produced by A. clavatus) among others (Bennett and
Klich, 2003). Fusarium species are known producers of mycotoxins such as fumonisins,
acetoxyscirpenediol, moniliformin, nivalenol, enniatins, fusaric acid, and fusarin among others
(Sweeney and Dobson, 1998a). Other mycotoxins produced by Penicillium species include
ochratoxin A, islanditoxin, penitrem, rubratoxin, rubroskyrin, rubrosulphin, rugulosin, citrinin,

citreoviridin, gliotoxin, patulin, viopurpurin and viomellein (Sweeney and Dobson, 1998a).

Richard (2007) reported that mycotoxins synthesised by filamentous fungi have been
conjecturally associated with diseases. They induce powerful biological effects of which a
prolonged and continuous exposure either by ingestion or inhalation could lead to harmful and
negative health implications (Prelusky et al., 1994; Steyn, 1995). Aflatoxins, one of the five
most important occurring mycotoxins (IARC, 2002b), comprises of aflatoxin B1, B2, G1 and
G2. They are primarily hepatoxic toxins that mainly target the liver. Aflatoxin B1 (AFB,) is the
most potent and classified as a human Group 1 carcinogen by the International Agency for
Research on Cancer (IARC, 1993a-b) Ochratoxin A is another major mycotoxin classified as
a possible human carcinogen by the IARC. Targeting mainly the kidney, this toxin is
nephrotoxic, teratogenic, carcinogenic and immuno-suppressive in many animal species
(Stoev, 1998). Other major mycotoxins such as fumonisins, deoxynivalenol and zearalenone
also induce carcinogenic, teratogenic, mutagenic, genotoxic and immune suppressing effects

in humans and animals (Hussein and Brasel, 2001; Kumar et al., 2008; Richard, 2007).

There are severe negative health conditions associated with mycotoxin poisoning in humans
and animals. One of such cases is the Balkan Endemic Nephropathy, where it was reported that

OTA was associated with this disorder in the Balkan areas of south-eastern Europe (Grollman
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and Jelakovic, 2007; Pfohl-Leszkowicz et al., 2002; Richard, 2007). Hussein and Brasel
(2001) also reported acute aflatoxin exposures associated with epidemics of acute hepatitis in
China and Africa which resulted in deaths. Some of the metabolites are classified as
carcinogens by the International Agency for Research on Cancer because of the negative health
effects (Table 2.4) they exert on different organs of the body (IARC, 1993a-a; IARC, 1993b-

b; IARC, 2002b; IARC, 2012a).
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Table 2.4: Health effects of common mycotoxins and target organs

Mycotoxin Health effect Target organ Reference
Aflatoxins Hepatotoxic and immune-suppressive Liver (Steyn, 1995)
Ochratoxin A Carcinogenic,  genotoxic, Immuno-  Kidney, liver (Mally, 2012; Pfohl-Leszkowicz and Manderville, 2012;

Fumonisins

Deoxynivalenol

T-2 toxin

Zearalenone

Nivalenol

Sterigmatocystin

Cyclopiazonic acid

Moniliformin

suppressive, nephrotoxic and causing
upper urinary tract disease

Carcinogenic, hepatotoxic, nephrotoxic,
immunosuppressive

Nausea, vomiting, diarrhea, reproductive
effects and toxicosis

Hepatotoxic, immune-

suppressive

genotoxic and

Carcinogenic, hormonal imbalance and
reproductive effects

Anorexic, immunotoxic, haematotoxic and
genotoxic

Genotoxic, cytotoxic, immunotoxic and
carcinogenic

Immunotoxic and hepatotoxic

Cardiotoxic, muscular disorders,

immunotoxic

Gastro-intestinal tract (GIT),
liver, Kidney

Reproductive organs, GIT

GIT, Immune system

Reproductive organs

GIT, immune system

Liver, immune system, kidney

Muscle,
spleen

hepatic tissue and

Heart, kidney, and muscles

45

Sorrenti et al., 2013)

(Chuand Li, 1994; Marasas et al., 1988; Soriano and Dragacci,
2004)

(Kuiper-Goodman, 1994; Prelusky et al., 1994; Richard, 2007)

(Hymery et al., 2009; Li et al., 2006)

(D’ Mello and Macdonald, 1997.; Miller and Trenholm, 1994.)

(Bony et al., 2007; Kubosaki et al., 2008; Wu et al., 2012)

(Huang et al., 2014; Terao et al., 1978)

(Antony et al., 2003; Burdock and Flamm, 2000; Morrissey et

al., 1985)

(Peltonen et al., 2010; Zhang et al., 2010)



Enniatins Immunotoxic, cytotoxic Immune system (Gammelsrud et al., 2012 ; Juan-Garcia et al., 2013; Prosperini

etal., 2014)
Gliotoxin Immunotoxic, nephrotoxic, hepatotoxic Kidney, liver, immune system  (DeWitte-Orr and Bols, 2005; Mueller et al., 2013; Nieminen
and genotoxic et al., 2002; Niide et al., 2006)
Citreoviridin Teratogenic and immunotoxic Not specific (Hou et al., 2014; Morrissey and Vesonder, 1986)
Citrinin Nephrotoxic Kidney (Bennett and Klich, 2003)
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2.6 Infections induced by filamentous fungi

Filamentous fungal species are widespread in the environment and have been reported in

association with some human and animal infections and diseases (Howard, 2002; Howard,

2003). A host of fungal infections have been reported in association with Aspergillus, Fusarium

and Penicillium (Table 2.5). These fungal genera induce infections in a specific manner

attacking specific organs and parts of the body (Vonberg and Gastmeier, 2006a).

Table 2.5: Infections induced by fungi species and organs they target

Fungi specie Target organ Disease induced Reference
Aspergillus candidus Respiratory tract, brain, ear Respiratory disease, otomycosis, (Ahmadietal.,2012; Ribeiroetal.,
and nails onychomycosis, brain granuloma  2005)
Aspergillus flavus Nails, respiratory tract, Sinusitis, Keratitis, aspergillosis, (Hedayati et al., 2007a; Zhang et
bone and eye osteomyelitis al., 2005)

Aspergillus fumigatus
Aspergillus niger

Aspergilus versicolor

Fusarium oxysporum

Fusarium solani

Fusarium verticillioides
Penicillium citrinum

Penicillium marneffei

Respiratory tract

Ears, throat and respiratory
tract

Nose, eyes, throat, nails,

Eyes and Nails

Eyes, respiratory tract,
nails, skin and bone

Eyes, skin, internal organs
such as lungs, etc.
Eyes and respiratory tract

Blood, skin and respiratory
tract

Pulomonary infections
Otomycosis, pulmonary
aspergillosis

Invasive aspergillosis,
onychomycosis

Keratitis, onychomycosis

Keratitis, sinusitis,
endophtalmitis, onychomycosis,
cutenous infections, mycetoma
and arthritis

Keratomycosis, skin lesions,
proliferation of internal organs
Keratitis, asthma, pneumonia

Fungemia, skin lesions, anaemia

(LatgE, 2003)

(Georgiadou and Kontoyiannis,
2012)

(Benndorf et al., 2008; Charles et
al., 2011)

(Jain et al., 2011)

(Esnakula et al., 2013; Jain et al.,
2011)

(Cocchietal., 2011; Georgiadou et
al., 2014; Mochizuki et al., 2012)
(Mok et al., 1997; Walsh et al.,
2004)

(Walsh et al., 2004)
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2.6.1 Aspergillus species

Within the genus Aspergillus, over 20 species have been reported as causative agents of
opportunistic infections in man. Apart from the production of mycotoxins, Aspergillus species
are well-known to play a role in three different clinical settings in man: opportunistic infections,
allergic states and toxicoses (Howard, 2003) with the most route of transmission of spores
being through inhalation (Vonberg and Gastmeier, 2006a). Aspergillus species have been
mentioned in association with a range of infections such as allergic bronchopulmonary
aspergillosis (ABPA), aspergilloma, chronic necrotizing aspergillosis (CNA) and invasive
pulmonary aspergillosis (IPA) generally referred to as aspergillosis. They usually affect the
lungs and could also spread to other parts of the body. Aspergillosis usually affects people with
existing health conditions, especially those with damaged lungs and suppressed immunity
(Khan and Karuppayil, 2012) and the use of drugs and medications have contributed to
reducing immunity even in healthy individuals. Common signs associated with aspergillosis
include difficulty in breathing, increased thirst, diarrhoea and fever (Pattron, 2006). Out of all
the species of genus Aspergillus, A. niger, A. flavus, A. fumigatus, A. versicolor and A. nidulans
are reported to have the ability to induce disease and infection (Galimberti et al., 2012). Even
though A. ochraceus has the ability to produce mycotoxins, there is no report of this species

inducing any form of infection in humans or animals.

2.6.1.1 Aspergillus fumigatus

Aspergillus fumigatus is the most commonly occurring aerial pathogen with life-threatening
properties (Chaudhuri et al., 2011). It is commonly isolated from blood and tissues of
individuals exhibiting symptoms associated with A. fumigatus infection (Galimberti et al.,
2012; LatgE, 2003). Aspergillus fumigatus has been reported in association with a range of
pulmonary infections. It has been reported to produce metabolites such as polypeptide allergens

responsible for asthma and rhinitis (LatgE, 2003). It also produces mycotoxins such as
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gliotoxins that have negative health effects on humans and animals as well as —1,3 glucans
that are known modulators of the immune system (Fisher et al., 2000; Kupfahl et al., 2008).
Aspergillus fumigatus has been reported as a source of increased immune-suppression and
possibly mortality in immuno-compromised individuals, with the characteristic of immune-
suppression attributed to the production of the toxic metabolite gliotoxin during hyphal growth
under specific favourable conditions (Kupfahl et al., 2008). A recent study by Wartenberg et
al. (2011) revealed the production of proteins and other allergens by A. fumigatus. It also has

the ability to induce infections and diseases.

2.6.1.2 Aspergillus flavus

Aspergillus flavus, a commonly isolated Aspergillus species from soil and contaminated food
commodities, is also a common fungal pathogen associated with a range of fungal infections.
Aa a common causative agent in invasive aspergillosis and superficial infections, A. flavus has
been associated with clinical syndromes such as chronic granulomatous sinusitis, Kkeratitis,
cutenous aspergillosis, wound infections and osteomyelitis (Hedayati et al., 2007a; Zhang et
al., 2005). This fungal species has been reported to cause adverse health conditions in immuno-
compromised individuals which could sometimes be fatal (\Vonberg and Gastmeier, 2006a) and
can be virulent in healthy individuals exposed to the spores. Li et al. (2009) reported a virulent
case of severe infection at Huashan hospital, Fadan University, China which started as a rash
and was consequently followed by swelling, purulent secretions, skin erosion and bleeding on
the glans. This severe cutaneous aspergillosis had to be treated with an antifungal agent and

subsequent plastic surgery to close the wound.

2.6.1.3 Aspergillus versicolor

This slow growing Aspergillus species is commonly found in damp indoor environments and

food products (Engelhart et al., 2002). Apart from the production of hepatoxic and carcinogenic
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mycotoxin sterigmatocystin (Fog Nielsen, 2003), this opportunistic pathogen has been reported
to contain more than 20 allergens and it irritates the nose, eyes and throat (Benndorf et al.,
2008). Aspergillus versicolor has been reported to be another causative agent of aspergillosis
with the fungi being a major cause of onychomycosis ,a fungal infection of the nails (Torres-
Rodriguez” et al., 1998). Aspergillus versicolor is also a causative agent of invasive
aspergillosis as shown in a case study by ,Charles et al. (2011). An immuno-competent patient
on mechanical ventilation support was reportedly diagnosed to have invasive pulmonary
aspergillosis due to A. versicolor which eventually culminated in the death of the patient due

to treatment failure.

2.6.1.4 Aspergillus candidus

Aspergillus candidus, a common contaminant of grain dust and common producer of potent
cytotoxic substances, p-terphenyl metabolites and terpenins (Krysinska-Traczyk and
Dutkiewicz, 2000; Shahan et al., 1998) is reported to be one of the causes of respiratory
diseases in humans. This fungus has been identified as a potential respiratory hazard for
individuals who are constantly exposed to it, even in immune competent individuals. A range
of infections have been attributed to this Aspergillus species which includes invasive
aspergillosis, otomycosis, brain granuloma, onychomycosis, allergic alveolitis and

mycotoxicosis (Ahmadi et al., 2012; Ribeiro et al., 2005)

2.6.1.5 Aspergillus niger

With the ability to grow on a wide variety of substances, A.niger is a common contaminant of
food, soil and indoor environment. Although its spores are widespread, the fungus has been
reported to be a less likely cause of human diseases compared to other Aspergillus species
(Person et al., 2010). Aspergillus niger normally invades tissues which have already been

rendered susceptible by bacterial infections, physical injury or accumulation of cerumen in the
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external auditory canal. Along with other Aspergillus species, A. niger is another causative
agent of otomycosis, a superficial fungal infection in the ear, throat or nose that can be sub-
acute or chronic. As is the case with most filamentous fungal species, immune compromised
individuals are also susceptible to A. niger infections. In most cases, they cause invasive
pulmonary aspergillosis (Georgiadou and Kontoyiannis, 2012; Person et al., 2010)

characterised by chronic productive cough and coughing up blood.

2.6.2 Fusarium species

This genus of filamentous fungi which contains over fifty species commonly found in the soil
and in association with plants such as cereals and grains, is a causative agent of superficial and
systemic infections. The fungi can infect humans and animals and infection can be through
inhalation of air-borne conidia and through cuts in the skin (Georgiadou et al., 2014). In
addition to the fact that it causes a range of opportunistic infections, some Fusarium species
produce mycotoxins which affect human and animal health if they enter the food chain.
Infections caused by Fusarium species are generally referred to as fusariosis which is largely
dependent on the immune status of the host and the route of entry of the infection (Nucci and

Anaissie, 2002; Nucci and Anaissie, 2007b).

Among immunocompetent hosts, the common Fusarium infections are Kkeratitis and
onychomycosis with other less common conditions such as sinusitis, pneumonia,
thrombophlebitis and fungemia (Nucci and Anaissie, 2007b). With immune-compromised
individuals, those at high risk of fusariosis are those with prolonged and profound neutropenia
as well as T-cell immunodeficiency (Consigny et al., 2003). It is not all species of the genus
that possess the ability to induce disease or infection with only a few causing infections such
as F. verticilliodes, F. solani complex, F. oxysporum and F. proliferatum, with F.solani being

the most frequent (Nucci and Anaissie, 2007b).
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2.6.2.1 Fusarium verticilliodes

Commonly contaminating maize, rice, other cereals and grains, F. verticillioides is one of the
producers of the mycotoxin fumonisin which has been reported to have adverse negative health
effects including oesophageal cancer (Chu and Li, 1994; Craddock, 1992; Sydenham et al.,
1990). This human pathogen is a common causative agent of infection in immune-
compromised individuals than in immune-competent individuals. This is because one of the
important predisposing factors to F. verticillioides infection is severe prolonged neutropenia
(Cocchi et al., 2011; Georgiadou et al., 2014). Infection by F.verticilliodes has been reported
to occur in immune-compromised individuals who have undergone major organ re-transplant
due to rejections by their bodies (Cocchi et al., 2011; Consigny et al., 2003; Tezcan et al.,

2009).

Another infection induced by F. verticillioides is Fusarium keratomycosis, a fungal infection
of the cornea characterised by red and painful eyes as well signs of ulcers (Mochizuki et al.,
2012). Symptoms associated with F. verticillioides infections include necrotic lesions on the
skin, mostly on the legs, fever and endothelial proliferation of internal organs (Cocchi et al.,

2011; Georgiadou et al., 2014; Kriek et al., 1981; Tezcan et al., 2009).

2.6.2.2 Fusarium solani

The most virulent of all Fusarium species and often reported in relation to fusariosis, F. solani
is a Fusarium species that commonly occurs in the environment (O’Donnell et al., 2004; Zhang
et al., 2006). Fusarium solani, which also acts as a plant pathogen, has been reported to induce
a range of diseases and infections in both immune-competent and immune-compromised
individuals. These diseases include keratitis, endophtalmitis, onychomycosis, cutaneous
infections, sub-cutaneous infections, arthritis, mycetoma, sinusitis and disseminated infections

in immune-compromised individuals (Esnakula et al., 2013; Jain et al., 2011). Although a
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variety of Fusarium species are causative agents of mycotic keratitis, F. solani is frequently
reported compared to other species (Howard, 2003; Zhang et al., 2006). Cases of fungal
infections such as mycotic keratitis due to F. solani were reported as far back as the 1970s
(Gugnani et al., 1976) with individuals developing corneal ulcers. Symptoms of F. solani

infections include ulcers, fevers, skin lesions and organ membrane disruption.

2.6.2.3 Fusarium oxysporum

Fusarium oxysporum, which comprises all the species, varieties and forms within a group
called section Elegans, is a highly ubiquitous Fusarium species. It has the ability to survive in
different environments such as deserts, tropical and temperate forests as well as grasslands
(Gordon, 1997). Strains of this fungi species have been classified as non-pathogenic, human
pathogenic and plant pathogenic (Howard, 2002; Roncero et al., 2003). The human pathogenic
strains of F. oxysporum are known to cause infections in both humans and animals whether
immune-competent or immune-compromised (Jain et al., 2011). Infections such as keratitis,
onychomycosis are some of the infections associated with F.oxysporum as well as localised

necrotic diseases (Chithra et al., 2008; Jain et al., 2011).

2.6.3 Penicillium species

Penicillium species are diverse and widely distributed in the environment. Despite their
abundance and diversity in the environment, they are not commonly associated with human
and animal infections (Mok et al., 1997). Some of the few pathogenic species affecting plants,
P. citrinum, P. chrysogenum, P. digitatum, P. expansum and P. marneffei are commonly
associated with humans and animals with mode of infection mostly through inhalation and
sometimes ingestion (Imwidthaya et al., 2001; Walsh et al., 2004). Diseases resulting from

Penicillium infection are generally referred to as Penicilliosis. Species of this genus have been
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mentioned in association with infections such as keratitis, endophtalmitis, otomycosis,

pneumonia, endocarditis and urinary tract infections (Deshpande and Koppikar, 1999).

2.6.3.1 Penicillium citrinum

Considered as one of the commonly occurring Penicillium species, this fungus is a plant
pathogen as well as a human and animal pathogen. The fungus also produces the mycotoxins,
ochratoxin and citrinin, which has been reported in association with some fungal infections and
other diseases such as keratitis, asthma and pneumonia (Mok et al., 1997; Walsh et al., 2004)

which in some cases, may be fatal.

2.6.3.2 Penicillium marneffei

This fungus is the third most common opportunistic pathogen and attacks individuals suffering
from acquired immune deficiency syndrome (AIDS) especially in areas where it is endemic
(Imwidthaya et al., 2001; Mok et al., 1997). Penicillium marneffei is also a common fungus
that affects individuals with haematological malignancies as well as individuals receiving
immune-suppressive therapy when exposed to it. In areas such as Southeast Asia, this fungus
has continued to cause morbidity and mortality in human immunodeficiency virus (HIV)
positive patients who are either unaware of their status or unable to take anti- retroviral therapy
(Walsh et al., 2004). Individuals exposed to P. marneffei infections exhibit clinical
manifestations such as weight loss, skin lesions, fungemia, pulmonary lesions, anaemia, cough

and low-grade fever (Walsh et al., 2004).

2.6.3.3 Other less common pathogenic Penicillium species

Penicillium digitatum, P. expansum and P. chrysogenum are some of the other less common
pathogenic fungi belonging to the genus Penicillium. Although they are not frequently
mentioned in relation to penicilliosis, these fungal species cause infections in human that could

be fatal. Penicillin digitatum, which is a post-harvest plant pathogen, was reported in
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association with fatal pneumonia (Oshikata et al., 2013). Penicillium chrysogenum and P.
expansum have been reported to be causative agents of necrotising esophagitis,

endophthalmitis, keratitis and asthma (Walsh et al., 2004).

2.7 Cytotoxicity induction by filamentous fungi

Cytotoxicity is the ability of a compound or substance to induce toxicity on cells. Many
compounds are known to be cytotoxic to both human and animal cells thereby inducing
reduction in cell viabilities, apoptosis or complete cell death (necrosis). Fungi and their
metabolites are not left out in the group of cytotoxic compounds, especially to humans and
animals. Cytotoxic actions of fungi isolates are reported to be either beneficial or a health risk.
The beneficial cytotoxic effects of fungi isolates can be considered when these fungi act as
endophytes, inhibiting the pathogenic effects of other fungi species or bacteria in plants or food
crops (Suryanarayanan et al., 2000). Another beneficial cytotoxic effect of fungi is the ability
of some of these species to act as anti-tumour and anti-cancer agents thereby inhibiting the
uncontrolled proliferation of cancer cells (Arivudainambi et al., 2014; Gangadevi and
Muthumary, 2007; Sudarmono et al., 2006). Some species belonging to the genus Fusarium
have been reported to induce cytotoxicity in various cancer cell lines including HCT-116 cells
(Human colon carcinoma), MCF-7 cells (breast cancer cell), PC-3 cells (prostate cancer cell),
A-549 cells (human alveolar basal epithelial cells), HeLa cells and HepG2 cells (Chakravarthi

etal., 2013; Katoch et al., 2014).

The negative cytotoxic effects of fungal species have been recorded in some studies involving
normal human and animal cell lines. Species belonging to the Aspergillus genus such as A.
fumigatus, A. niger, A. flavus and A. ochraceus induce reduced cell viability and cell death in
cell lines exposed to them (Gniadek et al., 2011; Kamei et al., 2002). Aflatoxins, ochratoxins,

gliotoxin and other mycotoxins which are produced by these Aspergillus fungi, induce reduced
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cell viabilities in both human and animal cells at varying concentrations (Heussner et al., 2006;
Hussein and Brasel, 2001; Lei et al., 2013; Stoev et al., 2009). Fusarium species and their
metabolites also induce cytotoxicity on both human and animal cell lines. Studies conducted
by Abeywickrama and Bean (1992), Hameed et al. (2009) and Langseth et al. (1999) reveal
the cytotoxic effects of F. culmorum, F. acuminatum, F. graminearum, F. solani, F. equiseti,
F. poae, F. sporotrichioides and F. tricinctum on different mammalian cell lines inhibiting cell
viability and even causing cell death. The cytotoxic effects of Fusarium species could be
attributed to the secondary metabolites they produce during the course of their growth in
response to stimuli. Mycotoxins such as FBi, zearalenone, enniatins, T-2 toxin and
trichothecenes produced by Fusarium species exert cytotoxic effects on human and animal
cells at varying concentrations and duration of exposure (Abbas et al., 2013; Cetin and
Bullerman, 2005; Gutleb et al., 2002; Juan-Garcia et al., 2013; Wan et al., 2013). The
cytotoxic effects of Penicillium species are not as common as other genera of fungi mentioned
although a few Penicillium species have shown in past that they have the tendency to inhibit
cell proliferation and cell viability. Shah et al. (2014) examined the cytotoxic effects of P.
verrucosum on normal and cancer cells, resulting in reduced cell viabilities of normal cells and
inhibiting cell proliferation in cancer cells. A study conducted by Geiger et al. (2013) revealed
that Penicillium species isolated from shell-fish were able to exert cytotoxic effects on cell
lines when exposed thus posing a health concern for consumers of the product. Penicillium
species also produce the mycotoxins: ochratoxin A, citrinin, patulin and penicillinic acid, which
have cytotoxic effects on mammalian cell lines resulting in reduced cell viability depending on
the concentration and duration of exposure (Mwanza et al., 2009; Oh et al., 2012; Stoev et

al., 2009).

56



2.8 Immunosuppression by filamentous fungi

Immunosuppression, which is an act that brings about a reduction of the efficacy of the immune
system, occurs in two ways; deliberate immunosuppression where the activity of the immune
system is reduced by use of immunosuppressive drugs or immunosuppressant and in deliberate
immunosuppression whereby the efficacy of the immune system is reduced due to factors such
as aging, disease, malnutrition and infection (Abbas and Lichtman, 2010). Due to the different
health effects of these filamentous fungi species and the metabolites they produce, this group
of micro-organisms contribute in reducing the efficacy of the immune system of mammals

upon continuous exposure.

The subsequent effect of cytotoxicity induction by fungal species on cells and its components
can result to immunosuppression (Kamei et al., 2002). Corrier (1991) maintains that
filamentous fungal metabolites achieve reduced immune activity in cells by suppressing T and
B lymphocyte activity, immunoglobulin production and anti-body production. They also
reduce interferon activity and impair macrophage effect or cell functions. Furthermore, a study
by Pahl et al. (1996) revealed that gliotoxin produced by A. fumigatus could promote
immunosuppression by interfering with the activation of transcription factors involved in T cell
activation. Fontaine et al. (2011) reported that A. fumigatus secretes a polysaccharide
Galactosaminogalactan (GG) which favours aspergillosis by inducing neutrophil apoptosis.
The neutrophils which act as pathogen destroyers, are killed by the secretion of this

polysaccharide thus resulting in immunosuppression in the host.

2.9 DNA damage by filamentous fungi species

The DNA is the molecule which encodes all the genetic information necessary for proper

development and functioning of a living organism. It can be damaged due to alterations in the
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chemical structure of the DNA in the form of a break in the strand, a chemically changed base
or a missing base in the backbone. Alterations in the DNA of a living organism can result in
mutations in the cell and genomic instability (altered gene functions and expressions) which in
the long run, can contribute to progression of cancer in cells (Tudek et al., 2010). Filamentous
fungi are responsible for DNA damage alongside chemical carcinogens, metabolites,
ultraviolet radiation and polycyclic aromatic carbons. Mycotoxin production by filamentous
fungi is a possible indication that these group of micro-organisms are causative agents of DNA
damage in living organisms. This assumption is supported with previous studies showing the
ability of mycotoxins produced by filamentous fungi such as Aspergillus, Fusarium and
Penicillium to induce DNA damage both in human and animal cells (Fehr et al., 2010; McLean

and Dutton, 1995; Oh et al., 2012; Wang and Groopman, 1999).

A major reason for DNA susceptibility to damage by mycotoxins is due to the nucleophilic
hetero-atoms in the organic-bases of nucleic acids (such as nitrogen and oxygen atoms) which
are susceptible to attacks by mycotoxins forming covalent bonds with them (McLean and
Dutton, 1995). The association between DNA and mycotoxins result to the formation of DNA
adducts which impair DNA synthesis and eventually increase the activation of oncogenes
(McLean and Dutton, 1995; Pfohl-Leszkowicz et al., 2009; Wang and Groopman, 1999).
Aflatoxin Bz, ochratoxin A, sterigmatocystin and zearalenone, among other mycotoxins
produced by species of Aspergillus, Fusarium and Penicillium genera have been reported to
bind to DNA in the cells forming DNA adducts thus resulting in the activation of oncogene
formation, inhibition of DNA synthesis, disruption of normal DNA replication and DNA
polyploidy in cells (Egner et al., 2001; Wang and Groopman, 1999). A less commonly
occurring species, Alternaria alternata has also been reported to be associated with human
DNA damage. It does this by producing the mycotoxin alternariol, which interferes with the

human DNA topoisomerase (enzymes that regulate excessive winding or insufficient winding
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of DNA) resulting to instability in DNA and subsequently, DNA double strand break (Fehr et

al., 2010).

2.10 Presumed synergistic effects of fungi

Filamentous fungi commonly occur in the environment and it is always possible to find more
than one species in a particular place at a time. The possibility of synergistic health effects has
become important considering the fact that these fungi species exert acute and chronic health
effects individually. Several studies have reported the synergistic effects of metabolites of
filamentous fungi on human and animal cell lines. Studies by Mwanza et al. (2009), Stoev et
al. (2009) and Creppy et al. (2004) revealed that a combination of FB: produced by F.
verticillioides and OTA produced mainly by A. ochraceus and P. viridicatum induced a great
drop in cell viability of phytohaemagglutinin-p (PHA) and stimulated human and swine blood
lymphocytes compared to individual effects of the metabolites. A mixture of AFB; and DON
as well as AFB1 and ZEA resulted in synergistic cytotoxic effects on porcine kidney cells on a
dose-dependent ratio (Lei et al., 2013). Another study by Wan et al. (2013) and Ruiz et al.
(2011) revealed synergistic cytotoxic effects of Fusarium toxins: DON, ZEA, FB1, NIV, T-2
toxin and BEA) mixtures on normal swine jejunal epithelial cells and hamster ovarian cells

resulting in loss of cell viability.

2.11 Future prospects

It is imperative that research on infections caused by filamentous fungi species be conducted
in order to understand the molecular nature of the micro-organisms. This is because most fungal
infections are treated using antibiotics and sometimes, in the long run, develop resistance to
drugs and probably lead to death of the host (Charles et al., 2011). There is limited knowledge
on the molecular pathway of infections caused by most pathogenic fungi even though much is
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known about the metabolites they produce. Further knowledge on the molecular pathway of
infections, including genes expressed and enzymes activated by these fungi could contribute to
the design and manufacture of drugs. Furthermore, the presence of more than one species
occurring at a particular environment at a time, could lead to co-infections by different species
and cause more adverse effects since they are already pathogenic individually. Knowledge of
the genes expressed due to interaction of these fungi species and enzymes expressed could
contribute to combating the scourge of fungal infections. It is therefore recommended that
further research be conducted on co-infections by filamentous fungi species in order to examine
the molecular nature of the fungi at time of infection and to determine which genes or enzymes

to target when manufacturing drugs to combat fungal infections.

2.12 Conclusion

Considering the wide distribution and economic importance of filamentous fungi discussed in
this review, it is evident that filamentous fungi are both beneficial and detrimental to the human
race. Therefore, research work should be centred on exploiting the different uses of this group
of diverse organisms. Also, there is a need to address their negative health effects as well as
carry out studies to investigate various ways of reducing their harmful impacts. The impression
that infections caused by this group of micro-organisms seldom occur should be re-considered
because these filamentous fungi cause an alarming number of detrimental infections that should

not be overlooked.
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CHAPTER THREE

Production of mycotoxins by filamentous fungi at different growth stages

Abstract

The fungal species used to determine synergistic toxic effects of filamentous fungi on human
cells were screened for production of mycotoxin as part of the study. Aspergillus flavus, A.
niger, Fusarium oxysporum, F. verticillioides, Penicillium chrysogenum and P. expansum were
used. In other to investigate production of metabolites by the micro-organisms when cultured
at different incubation periods, using PDA (potato dextrose agar) and MEA (malt extract agar)
were used. Isolates were cultured for 4, 9 and 14 days at 25 °C in the dark and extracted with
methanol and methanol/formic acid (25:1, v/v) solution. High performance liquid
chromatography (HPLC) and thin layer chromatography were used to quantify and identify
mycotoxins present in the extracts. Mycotoxins detected in the different fungal extracts
included aflatoxin B1 (0.3-11.6 pg/g), aflatoxin Bz (0.01-4.2 pg/g), aflatoxin Gy (0.07-0.7
Hg/g), aflatoxin G2 (0-1.4 pg/g) produced by A. flavus; ochratoxin A (8.63*10°° pg/g) produced
by A. niger and fumonisin B (5.0-114.62 ug/g), deoxynivalenol (0-0.15 pg/g) and nivalenol
(358.15-1035.27 ug/g) produced by Fusarium species. Fungi species did not produce patulin,
ZEA and T-2 toxin. The production of deoxynivalenol by F. oxysporum isolates emerged as a
novel finding of the study. This might be explained by possible mutations in the isolate due to

several factors influenced by environmental conditions.

Keywords: Fusarium, Penicillium, Aspergillus, Fumonisins and HPLC
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3.1 Introduction

Secondary metabolism in micro-organisms which normally occur at the stationary or resting
phase of growth, a means by which the organism adapts to its environment (Schmidt-Heydt et
al., 2008). The production of secondary metabolites by micro-organisms (bacteria and fungi)
which is associated with developmental processes (Calvo et al., 2002) normally occur at
sporulation stages of microbial growth. Filamentous fungi, produce secondary metabolites such
as flavonoids (Araujo et al., 2013), terpenes (Kramer and Abraham, 2012), antibiotics (Funa et
al., 2007) and mycotoxins (Mounjouenpou et al., 2008; Taniwaki et al., 2009) which are
usually produced during or after sporulation stage of growth. (Calvo et al., 2002). Filamentous
fungi begin to sporulate at 2 to 4 days of incubation, it can be assumed that production of
metabolites by this group of fungi begins from this period and continues for as long as

conditions are favourable.

Myecotoxins, produced by filamentous fungi are chemical compounds that have more negative
effects in nature affecting humans, animals and plants/crops (Richard, 2007), thus they are
reported to be associated with immune-suppression, inflammation, cancers and hormonal
imbalance (Bennett and Klich, 2003; Bennett and Klich, 2009; Marin et al., 2013; Mwanza
et al., 2009; Shephard, 2008). One of such mycotoxins is aflatoxin produced by Aspergillus
flavus and Aspergillus parasiticus. Aflatoxins, especially aflatoxin B1 shown in Figure 3.1 is
classified as a group 1 human carcinogen by the International Agency for Research on Cancer
(IARC, 1993a-b) because of its association with liver and kidney abnormalities as well hepatitis

in both humans and animals .
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Figure 3.1: Chemical structure of aflatoxin Bz

Production of mycotoxins by filamentous fungi in most cases, is reported to be influenced by
climatic conditions such as temperature and humidity as well as other factors such as pests,
improper handling of crops/processed foods, improper storage and transportation (Picot et al.,
2010; Wagacha and Muthomi, 2008). Also, mycotoxin production by filamentous fungi is
specific to certain species. Regardless of the specificity of the mycotoxin produced, it is
common to find one mycotoxin being produced by two or more species, as well as one
filamentous fungi species producing more than one mycotoxin. For example, A. flavus and A.
parasiticus produce aflatoxins while A. niger can produce two mycotoxins citrinin (Vahidnia

and Chaichi-Nosrati, 2014) and ochratoxin A (Figure 3.2) (Abarca et al., 1994; Ostry et al.,

O, OH
N (¢]
H
-””I//CHg
Cl

Figure 3.2: Chemical structure of ochratoxin A

2013).

Laboratory culture of filamentous fungi on different biological growth media have also shown
that the degree of mycotoxin production varies with the media (Fakruddin et al., 2015; Marino

etal., 2014; Vismer et al., 2004). Based on the aforementioned, the aim of this study was thus
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to determine the degree of production of mycotoxins by some selected filamentous fungi in

order to determine their degree of toxicity.

3.2 Materials and methods

3.2.1 Fungal isolates

Three filamentous fungal genera (Aspergillus, Fusarium and Penicillium) isolated from food
samples (maize) were used for the analysis. The fungal isolates were obtained from the culture
collection centre of Food, Environment and Health Research Group (FEHRG), Faculty of

Health Sciences, University of Johannesburg.

3.2.2 Mycotoxin standards
Myecotoxin standards: aflatoxin B1 (AFB1), B2 (AFB2), G1 (AFG1) & G2 (AFG2); ochratoxin A
(OTA); Fumonisin By (FBy); Patulin (PAT); Zearalenone (ZEA); Nivalenol (NIV); T-2 toxin

and Deoxynivalenol (DON) were procured from Sigma Aldrich, South Africa.

3.2.3 Chemical solvents

All solvents used were of analytical grade and procured from Sigma Aldrich, South Africa and

Merck Pty Ltd, South Africa.

3.2.4 Culture of filamentous fungi

For Molecular identification of filamentous fungi species, two types of growth media were
used- Potato dextrose broth (PDA) and malt extract broth (MEA) for 4, 9 and 14 days at 30°C.
Fungal species were also cultured for mycotoxin production on Potato dextrose Agar (PDA)
and malt extract agar (MEA) at 30°C for the same three periods of 4, 9 and 14 days. Fungal
spores were harvested for metabolite extraction and mycelium collected for DNA extraction.

All treatments and analyses were done in triplicates.
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3.2.5 DNA extraction and PCR analysis

To confirm the species of reference isolates, Deoxyribose Nucleic Acid (DNA) was extracted
from mycelia of fungal isolates with a Zymo DNA extraction kit (Ingaba Biotec, South Africa).
Mycelia of fungal species were lysed in tubes containing beads with lysing solution. Fungal
DNA was subsequently extracted and amplified using a Polymerase chain reaction (PCR)
mastermix and  primer pair FF2/FRl. The FF2 forward primer (5'-
GGTTCTATTTTGTTGGTTTCTA-3) and FR1 reverse primer (5'-
CTCTCAATCTGTCAATCCTTATT-3") (Zhou et al., 2000) were procured from Ingaba
Biotec, South Africa. Polymerase chain reaction was done with a C-1000 Bio-Rad thermal
cycler. Initial denaturation of fungal DNA at 95°C for 3 mins was followed by 39 cycles of a
three-step denaturation at 94°C for 1 min, primer reannealing at 52°C for | min and extension
at 72°C for 2mins with further extension for 10mins at 72°C. PCR products were sequenced at

Ingaba Biotec, South Africa.

3.2.6 Extraction of mycotoxins from fungal isolates

This was done following modified method of Marino et al. (2014). Agar plugs of spores
weighing between 0.8g and 1.2g of PDA and MEA cultured isolates from the six reference
species (A. niger, A. flavus, F. oxysporum, F. verticilliodes, P. chrysogenum and P. expansum)
were collected at 4, 9 and 14 days of growth. The plugs were collected from triplicate cultures
per isolate and transferred to 2ml pre-weighed amber vials. In total, for each period of growth,
18 samples were collected per culture media used. Two (2) millilitres of methanol (CH40O) was
added to the fungal spores of all isolates with the exception of the vial containing A. niger, to
which 2 ml of methanol/formic acid ((25:1) (v/v)) was added. Fungal plugs were allowed to
stand in methanol for 2 to 3 h, after which the fungal spores in solvent were filtered with a

sterile 0.22um syringe filter. The filtrates were allowed to dry and fungal extracts re-dissolved
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in Iml methanol were stored for quantification by high performance liquid chromatography

(HPLC).

3.2.7 High performance liquid chromatography (HPLC)

Quantification of mycotoxins was done with a Shimadzu HPLC equipment fitted with a DGU-
20A 5R degassing unit, a SIL-20A HT prominence autosampler and a CTO-20A. Aflatoxins,
ochratoxin A, zearalenone and fumonisin were detected using a fluorescence detector (Egbuta
et al., 2013) and the other mycotoxins, deoxynivalenol, citrinin, T-2 toxin, patulin and
nivalenol) (Aktas et al., 2004; Makun et al., 2011) were detected using a photo diode array
detector. Following the method described by Abdulkadar et al. (2004) with some
modifications, samples were post-derivatised using a kobra cell for the detection of aflatoxins
Detection of fumonisin was done following the method described by Phoku et al. (2012) and
(Shepherd et al., 1994)with pre-column derivatisation using OPA (ortho-phtalaldehyde).
Ortho-pthaladehyde was prepared by dissolving 40mg of OPA in 1ml methanol, and diluted
with 5ml 0.1 mol/L disodium tetraborate (Na2B4O7) and 50pl of 2-mercaptoethanol added to
the solution. Peak areas of mycotoxins detected were recorded and concentration of detected
mycotoxins calculated, using the equation generated from calibration curve of standard

mycotoxins used in the analysis.

3.2.8 Thin layer chromatography (TLC)

Further TLC analysis was performed using aluminium backed silica gel plates in specific
mobile phases for mycotoxins. Following the methods described by Egbuta et al. (2015a), 20ul
of fungal extracts were spotted on evenly cut TLC plates (20cm by 20cm) and placed in TLC
tanks containing mobile phases and run. After each run, plates were dried and viewed at
between 250 and 365 nm using a Spectroline CM-10A fluorescence analysis cabinet (UV

instrument) manufactured by Spectronics Corporation, Westbury, New York, USA.
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Compounds such as deoxynivalenol, nivalenol and fumonisins which did not fluorescence
under UV were further derivatised to enhance fluorescence. Deoxynivalenol and nivalenol
were derivatised using 20% Aluminium chloride in methanol whereas, fumonisins were
derivatised with prepared anisaldehyde solution. Derivatization was followed by heating plates
in an oven between 120°C and 180°C. Plates were viewed under UV light for deoxynivalenol

and nivalenol detection, while fumonisins were visible after heating in the oven.

3.2.9 Statistical analysis

Data generated from hplc was analysed using Microsoft Excel, 2010. Mean mycotoxin

concentrations were calculated and results presented.
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3.3 Results

Analysis using High Performance Liquid Chromatography revealed that some filamentous
fungi species used in this study produced mycotoxins. Table 3.1 summarises mycotoxins
production by fungal species at varying concentrations when cultured on PDA and MEA for
the different periods. Aspergillus flavus species cultured on MEA produced highest
concentrations of AFB1 after 9 days of growth which was the same as cultures on PDA. Figure
3.3 presents a graphical explanation of the degree of AFB1, AFB2, AFG1 and AFG2 by A.

flavus cultured on both PDA and MEA.

Table 3.1: Mycotoxin production by fungi species cultured on PDA and MEA
determined by HPLC

Filamentous fungi

A A F. F. P. P.
. flavus  niger  oxysporum verticillioides  chrysogenum expansum
Mycotoxins
Aflatoxins + - - - - -
Ochratoxin A - + - - - -
Fumonisins - - + + - -

Zearalenone - - - - - -

Deoxynivalenol - - + + - -
Nivalenol - - + - - -
T-2 toxin - - - - - -
Patulin - - - - - -

+: positive, -: negative
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Fig. 3.3: Production of aflatoxins by Aspergillus flavus cultured for 4, 9 and 14 days at
30°C

Extracts from F. verticilliodes and F. oxysporum contained varying concentrations of
deoxynivalenol (Fig 3.4) and fumonisin B1 (Fig. 3.5) and extracts from F. verticilliodes isolates
showing production of nivalenol (Fig. 3.6). There was an increase in FB1 production by F.
verticillioides after 9 days of growth on PDA and 14 days of growth on MEA. Fusarium
oxysporum also produced high concentration of FB1 (114ug/g) after 4 days of incubation on
MEA. Production of DON by F. verticillioides on MEA increased on the 14" day of growth
but was not the same for isolates cultured on PDA which showed more production of DON
after 9 days of growth with a decline in production at 14 days of growth. Production of
nivalenol was detected in fungal extracts from F. verticillioides isolates cultured on both
growth medium with production of NIV high at 4 and 9 days of growth on both MEA and PDA

respectively.
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Figure 3.5: Influence of media on production of fumonisin B1 by Fusarium verticillioides
and Fusarium oxysporum cultured for 4, 9 and 14 days at 30°C
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Figure 3.6: Influence of media on production of nivalenol by Fusarium verticillioides
cultured for 4, 9 and 14 days at 30°C

Methanol extracts from reference Fusarium isolates were analysed for zearalenone but none
was positive on both growth media. Extracts of A. niger were screened for ochratoxin A (OTA)
and citrinin production. There was very little production of OTA by A. niger on both PDA and
MEA (Fig 3.7), although more concentration of OTA was produced by isolates cultured on the
latter growth media after 14 days of growth. There was no production of citrinin by cultures of
A. niger at the different growth periods. Furthermore, Penicillium isolates did not produce any

mycotoxin screened for.
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Figure 3.7: Influence of media on the production of ochratoxin A by Aspergillus niger
cultured for 4, 9 and 14 days at 30°C

3.3.1 Thin layer chromatography (TLC)

Analysis of extracts using TLC technique confirmed the presence of the mycotoxins detected
via HPLC. Some of the fungal extracts had mycotoxin concentration levels below detection
limit for TLC whereas others were above the detection limit. Mycotoxins detected by TLC in
some fungal extracts are represented in figures 3.8 — 3.12. Extracts positive on TLC paper

corresponded with higher mycotoxin concentrated extracts analysed by HPLC.

Figure 3.8: Thin layer chromatography spots showing extracts positive for the production
of deoxynivalenol.

1- standard, 2 & 3- positive Fusarium extracts
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Figure 3.9: Thin layer chromatography spots showing extracts positive for the production
of nivalenol.

1- standard, 2- positive Fusarium extracts

Figure 3.10: Thin layer chromatography spots showing extracts positive for the
production of fumonisin B1.

1- standard, 2 & 3- positive Fusarium extracts



Figure 3.11: Thin layer chromatography spots showing extracts positive for the
production of aflatoxins.

1- aflatoxin Bi1 and aflatoxin Bz standard, 2- positive Aspergillus flavus extracts

3.4 Discussion

Production of mycotoxin in filamentous fungi is to enable this group of micro-organisms to
adapt to stress in the environment (Schmidt-Heydt et al., 2008). Stress can be abiotic (water
activity, temperature and pH) as well as biotic. Fungal species used in this study produced
different concentration of mycotoxins at the different periods of culture. Aspergillus flavus
produced different aflatoxins at different concentrations (Figure 3.4) on both PDA and MEA
when cultured for 4, 9 and 14 days. The level of aflatoxin production by A. flavus isolates used
in this study varied between the two culture media. Also, quantification of HPLC with post-
column derivatisation using a kobra cell indicated that there was variation in production of
aflatoxins at different durations of culture/growth of the fungus. Production of aflatoxin B1 on
PDA was highest after 9 days of culture (11.6ug/g) with subsequent reduction at 14" day of
culture (0.3 pg/g), whereas cultures on MEA produced highest AFB; concentration on the 14™
day of culture. The production of the other aflatoxins (B2 and G>) followed the same pattern of

production on PDA and MEA as AFB:. Production of aflatoxin G2 on PDA and MEA increased
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as the duration of culture incubation increased with highest concentration of 1.4ug/g on MEA
at 14 days of growth. The production of Afs on the two culture media as well the variation in
concentration at different durations of growth, conform with other studies regarding the
production of aflatoxins in different culture media such as Czapek dox agar, Yeast extract
sucrose broth and PDA (Fakruddin et al., 2015; Ritter et al., 2011; Schindler et al., 1967) as
well as other substrates (Klich, 2007; Lai et al., 2015). These studies corroborate with reports

that water activity and temperature contribute to aflatoxin production.

Extracts from F. verticillioides and F. oxysporum were also positive for deoxynivalenol with
increased production as incubation time increased on both culture media. Although production
of FB:1 by both fungal species was minimal on both growth media (Figure 3.5), F. verticillioides
produced more deoxynivalenol on PDA (0.02ug/g -0.12ug/g) compared to MEA (0- 0.02ug/9)
whereas, F. oxysporum produced more deoxynivalenol on MEA (0.04ug/g -0.15u0/9)
compared to PDA (0.004ug/g - 0.065ug/g). The findings of this study are in agreement with
results obtained by Matny (2013) who found production of deoxynivalenol by F. verticillioides
in millet, corn, straw and wheat cultures. However, no study has so far been documented on

the production of DON by F. oxysporum.

Fumonisins are mycotoxins known to be produced by Fusarium species, particularly F.
verticillioides and F. proliferatum (Rheeder et al., 2002). This study revealed that F.
verticillioides isolates produced FB: on both PDA and MEA at 4, 9 and 14 days of incubation.
Production of FB: (Figure 3.6) was more on MEA compared to PDA and the highest
concentration of FB1 was up to 114357.5ug/g at 14 days of incubation on MEA and the least
concentration of 7363.3ug/g at 14 days of culture on PDA. Picot et al. (2010), Samapundo et
al. (2005) and (Sanchis et al., 2006) stated that water activity, nutritional content of culture
media and temperature are ideal factors that influence the production of fumonisin by its

producers. This could be the reason for the decrease in production of FB1 by cultures on PDA.
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Fusarium oxysporum also produced FB:1 on both PDA and MEA as confirmed by previous
studies (Abbas et al. (1995) Seo et al. (1996) Irzykowska et al. (2012) Waskiewicz et al. (2010)
Waskiewicz et al. (2009). Fusarium oxysporum isolates produced very high concentration of
FB1 (114617ug/g) more than the amount produced by F. verticilliodes isolates. Other studies
have reported the production of FB1 by F. oxysporum from 300ng/g (Abbas et al., 1995) to
0.9ug/g (Irzykowska et al., 2012) and 4.8ug/g (Waskiewicz et al., 2010). A major reason for
the production of FBs is the presence of FUM gene clusters in F. oxysporum responsible for

the production of fumonisins (Proctor et al., 2008).

Production of nivalenol by F. oxysporum (Figure 3.7) showed highest production by the 9" day
of incubation on PDA (829.83pg/g) and on the 4™ day of incubation on MEA. Although there
are very few reports on the production of nivalenol by F. oxysporum, Lee et al. (1986) reported
on the production of nivalenol by some strains of F. oxysporum up to 77.4 ug/g. The report by
this study on the production of DON by F. oxysporum is a novelty and could be explained by
several factors among which is possibly a mutation of genes in the strains due to environmental
conditions and climate change. These assumptions are in correlation with the report of Paterson
and Lima (2010) who confirmed that in vitro studies have shown that fungal mutations can
occur when environmental conditions are changed, also, the increase of mycotoxins and UV

radiation may cause fungi to mutate on crops and produce different mycotoxins.

The concentration of OTA produced by A. niger isolates was not very much but there was a
variation in OTA production in the two cultures at different stages or duration of growth.
Production of Ochratoxin A on MEA was higher than its production on the other culture
medium (PDA) (Figure 3.8) with the highest concentration of OTA at 5.1*10™ ng/g. Also, there
was a reduction in the production of OTA by isolates on PDA after the 9" day of culture
whereas production of OTA increased on MEA as culture duration increased. The production

of OTA using the A. niger strain correlates with other reports of A. niger producing OTA in
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different types of cultures (Abarca et al., 1994; Marino et al., 2014). The reason for the drop
in production of OTA on PDA after 9 days of incubation could be attributed to the ability of A.
niger to detoxify OTA produced in cultures (Marino et al., 2014; Varga et al., 2000) which is
enabled by the assimilation of phenylalanine moiety in the OTA molecule by A. niger when
there is insufficient nitrogen in the culture (Varga et al., 2002). It is assumed that nutritional
composition of the medium could have contributed to more production of OTA on MEA in

comparison with PDA (Pitt and Hocking, 2012).

The other mycotoxins, T-2 toxin, patulin and zearalenone investigated in this study were not
identified in the fungal isolates used. This could be explained by the inability of these fungal
species to produce the mycotoxins, and there is no published literature confirming their ability
to produce them. Penicillium species used in this study did not produce any of the mycotoxins
screened for. The factors responsible for the production of these target mycotoxins could be
attributed primarily to the presence of genes responsible for synthesis of the mycotoxins
(Bennett and Klich, 2009) in filamentous fungi, and enhanced by other factors such as type of

media, temperature and water activity.

Generally, concentration of mycotoxins was more on MEA than PDA (Fig. 3.5 to 3.8). Malt
extra agar is rich in a variety of components including fats, proteins, calcium, vitamin A and
sodium which is lacking in PDA and these are some nutritional components of a growth media
including carbohydrates, fibre and iron that are essential for fungal growth and metabolite
production (Gebala and Sandle, 2013). Studies by Polizzi et al. (2012), Gebala and Sandle
(2013) indicated that MEA alongside Saboraud dextrose agar (SDA) were very effective in the
growth of a variety of filamentous fungi which produced different volatile compounds
including mycotoxins. This therefore implies that the degree of production of metabolites by
these fungi in the experiment is dependent on the nutritional composition of the growth media.

This is because increased concentration of nutritional factors in growth media such as proteins
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can result in the production of enzymes which will facilitate the biosynthesis of metabolites in
the micro-organisms. Although cells of living organisms have the ability to produce these
nutritional components, additional components in the growth media as in the case of MEA can
contribute to the production of metabolites. Also, the presence of vitamins in MEA could have
contributed to the production of more metabolites in comparison to PDA because Deacon
(2006) in his study, indicated that vitamins and amino acids enable fungi to utilize nitrate or
ammonium in growth media to access nitrogen which it requires for proper growth and
production of metabolites. Analysis using Thin Layer Chromatography revealed some
mycotoxins present in fungal extracts slightly above limits of the TLC detection, after extracts

were concentrated.

3.5 Conclusion

The chapter has demonstrated that filamentous fungi isolates can produce mycotoxins which
constitute a health threat. The fact that some species which are not usually associated with
certain mycotoxins such as F. oxysporum producing deoxynivalenol is a new discovery.
Further (LC-MS/ NMR) work is needed to support the findings. The presence of these fungal
species in the environment should be a cause for concern because of their ability to produce

metabolites that are most times harmful to both humans and animals.
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CHAPTER FOUR

“In vitro” studies on the proliferation of human hepatocytes and renal epithelial cells
induced by filamentous fungi

Abstract

In this study, the effect of individual fungal species and their combinations on cell viability of
healthy human hepatocytes and renal epithelial cells was investigated in vitro. Fungal species
were cultured on Malt Extract Agar (MEA) and Potato Dextrose Agar (PDA). Resazurin salt
assay was used to determine the degree of increase or decrease in cell viability upon exposure
to filamentous fungi individually and in combinations at a duration of 24 to 72 h. Individual
fungal species induced an increase in hepatocyte cell proliferation over 100% by extra 152 after
24 h and fungi combinations induced cell proliferation exceeded 100% by 255.5 after 48 h.
Renal epithelial cells also proliferated above 100% by an extra 330.1 value after 48 h of
exposure to filamentous fungi in combination. Subsequently, fungi induced a reduction in cell
viability of hepatocytes and renal epithelial cells up to 39.9% and 35.6% respectively after 72
h of exposure. The study showed that continued exposure of human hepatocytes and renal
epithelial cells to filamentous fungi, particularly in combinations could result in drastic
reductions in cell viability thus resulting in immune suppression and consequently complete

cell death.

Keywords: Hepatocytes, filamentous fungi, renal epithelial cells, resazurin and viability
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4.1 Introduction

Filamentous fungi have been mentioned in relation to diseases and infections in humans
causing both superficial and invasive infections (Ahmadi et al., 2012; Cocchi et al., 2011) that
can be detrimental. Human exposure to filamentous fungi is mainly through inhalation,
ingestion and penetration (Hedayati et al., 2007b) and has been attributed to the ubiquitous
nature of the micro-organisms (Pitt and Hocking, 1997c). It is always common to find
mycotoxins contaminating a particular substrate which has certain toxin producing fungi

present.

The liver is a vital organ in the human digestive system and plays a major role in metabolism,
protein synthesis, storage of proteins, synthesis of cholesterol, bile products synthesis,
detoxification and excretion of exogenous and endogenous substances. Hepatocytes (which are
one of the two main epithelial cells of the liver) make up about 70-85% of the liver’s
cytoplasmic mass and are mainly responsible for the different functions of the liver in the
human body (Fausto, 2000; Fausto and Campbell, 2003) as well as meeting replacement needs
of the liver during normal or mild cellular loss (Oh et al., 2002). The liver is a primary target
of some filamentous fungi, especially species belonging to Aspergillus genus. It has been
reported that aflatoxins and ochratoxin A produced mainly by Aspergillus species primarily

target the liver thus resulting in liver cancer and other liver-related diseases.

The kidney is another major organ in the human and animal body which contributes in
maintaining balance in the body through the removal of waste products of metabolism. The
kidney is involved in a number of essential regulatory activities such as regulation of
electrocytes, acid-base balance maintenance and regulation of blood pressure (McCampbell
and Wingert, 2012). The kidney is made up of different compartments, including the nephrons

which help the kidney perform its waste removal function. Epithelial cells located in the
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epithelia of nephrons assist in converting glomerular filtrate into concentrated urine thus
adjusting it to maintain a steady state in the body (Baud, 2003). These cells are very important
to the survival of the kidney because many reports of kidney diseases have been attributed to
damage of the nephron which is a functional part of the kidney (McCampbell and Wingert,
2012). Epithelial cells also have the ability to dedifferentiate and proliferate when there is
injury to the kidney, migrating to exposed parts of the membranes of the nephrons to bring

about regeneration in the kidney (Bonventre, 2003).

The occurrence of different filamentous fungi species which belong to different genera in a
particular environment, or on a substrate has been confirmed by some studies reporting the co-
occurrence of different filamentous fungi (Egbuta et al., 2015b; Klich, 2002c; Pitt and
Hocking, 1997c) at a time. Although a lot has been reported about the different infections and
diseases caused by filamentous fungi (Chithra et al., 2008; Georgiadou et al., 2014; Hedayati
etal., 2007b; Jain et al., 2011; Nucci and Anaissie, 2007a), there is inadequate knowledge on
the effects of these fungi on internal organs of the human body (including liver and the kidney),
especially when they act in synergy. This study was conducted in order to investigate the
synergistic action of different filamentous fungi on human hepatocytes and renal epithelial cells
in vitro. The target cell lines are very important to the stability and proper functioning of
organisms. The ability of filamentous fungi individually and in combinations to alter cell

viability of human hepatocytes and renal epithelial cells was determined.
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4.2 Materials and methods

4.2.1 Ethical considerations

Prior to commencement of the study, ethical approval was sought for experiment using human
cell lines and it was issued by the North-West University, Mafikeng Campus Ethical

Committee. The ethical approval is attached in the appendix of this thesis.

4.2.2 Chemical solvents

All chemical solvents used were of analytical grade and procured from Sigma-Aldrich South

Africa and Merck Pty Itd South Africa.

4.2.3 Sampling

Fungal species mentioned in the previous chapters were used in the study. Healthy human
hepatocytes and renal epithelial cells were procured from Ingaba Biotech, South Africa,
transported on dry ice to North-West university, Mafikeng campus and stored liquid nitrogen

(-196°C) vapour prior to use for cytotoxicity studies.

4.2.4 Reagents and equipments

4.2.4.1 Fungal analysis

Potato Dextrose Agar (PDA), Malt Extract Agar (MEA), sterile 1X Phosphate Buffered Saline
(PBS), sterile Petri dishes, 2ml eppendorf tubes and micro centrifuge, 15% glycerol were used.
4.2.4.2 Cell culture

Tissue culture treated flasks (TC-75) manufactured by Corning life Sciences; Complete culture
medium (Dubelccos Modified Eagles Medium (DMEM), 10% Fetal Bovine Serum (FBS),
2mM L-alanyl glutamine and 0.1% penicillin/streptomycin), CO: incubator (Shel lab),

trypsin/EDTA solution, trypsin neutralising solution, dubelccos phosphate buffered saline

(DPBS), poly-L-lysine, sterile 15ml centrifuge tubes, sterile pipettes (200ul, 1ml and 10ml),
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neuber counting chamber, 0.4% tryphan blue, cover slips and sterile 50ml centrifuge tubes,

centrifuge (Tomos Multistar).

4.2.4.3 Cytotoxicity analysis
Resazurin salt, tissue culture 96-well plates, 5% methanol, sterile 1X PBS, sterile pipettes,

neuber counting chamber, 0.4% tryphan blue, cover slips and multi plate reader (HEALES

MB-580) were used in the study.

4.2.5 Fungal analysis

Fungi isolates were cultured in triplicates on PDA and MEA for 4, 9 and 14 days. Agar plugs
of fungal spores were collected into sterile 2ml eppendorf tubes containing 1ml of sterile 1X
PBS (pH 7.4). Spores were centrifuged at 7,500 rpm for 2 minutes and the supernatant collected
leaving behind mycelium and agar. Supernatant was made up to 1ml with 1X PBS and spore
concentration determined using a Neubauer counting chamber. Fungal spore solution was

stored at -20 °C for further use.

4.2.6 Cell culture procedure

Cells were cultured under sterile conditions following a modified method of Runge et al. (2000
). Tissue culture treated flasks (TC-75) were coated with poly-L-lysine and put in the incubator
overnight. Frozen hepatocytes and renal epithelial cells were thawed in a 37°C water bath
differently and transferred to sterile 50ml centrifuge containing 20ml of complete cell culture
media. This was gently mixed, poured into a poly-L-lysine treated culture flask and put in a
5% COz incubator set at 37°C. Cells were cultured for one week with culture media changed
every 24 hours and replaced with fresh media. Cell viability was determined at the beginning
of cell culture with a Neubauer counting chamber imploring the tryphan blue stain exclusion

method.
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Attachment cells were harvested with DPBS and trypsin/EDTA solution. A trypsin neutralising
solution was used to stop trypsination and detached cells collected into a 50ml centrifuge tube.
Cells were centrifuged at 7,500 rpm for 3 mins and sediment cells collected and transferred
into cell culture media for cytotoxicity analysis. Cell viability was determined with the tryphan

blue stain exclusion method.

4.2.7 Cytotoxicity analysis (Resazurin salt assay)

Cytotoxicity analysis with resazurin salt was carried out following the method described by
Rasmussen et al. (2011) with slight modifications. Harvested hepatocytes and renal epithelial
cells were seeded into 96-well TC-treated plates at approximately 5,000 cells per well and
placed in a 5% CO; incubator at 37°C for 24h to allow cells to attach. Cells were exposed to
equal volumes of 1X PBS, 5% methanol, individual fungal spore concentrations of fungi
species and their combinations (Table 4.1), and returned to the incubator for 24 to 72h. Control
cells which were used for the experiment were not exposed to anything and left to incubate for
24 to 72h along with exposed cells. After the required duration of exposure, 0.4mg/ml of
resazurin salt in sterilised distilled/deionised water was added to each well at a proportion of
10pl per 100ul of culture solution and returned to the incubator for 2 to 3h. Optical density
(OD) readings were taken at wavelengths of 680nm and 600nm in order to determine reduction
of resazurin salt to the fluorescence resofurin by viable cells in culture. Final OD values were
determined by subtracting OD values at 600nm from OD values of 680nm. The cell viabilty of

exposed cells was thus calculated:

OD values of exposed cells x 100

OD values of PBS control cells
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Table 4.1: Filamentous fungi combinations

Filamentous fungi

Combinations

Filamentous fungi

Combinations

A. flavus+ A. niger+ F. oxysporum +
F.verticillioides

A. flavus+ A. niger+ P. chrysogenum
+ P. expansum

A. flavus+ A. niger

A. flavus + F. oxysporum
A. flavus + F. verticillioides
A. flavus + P. chrysogenum
A. flavus + P. expansum

A. niger + F. oxysporum

A. niger + F.verticillioides

A. niger + P. chrysogenum

C1

C2

Cc3
C4
C5
C6
C7

C8

C9

C10

A. niger + P. expansum

F. oxysporum + F. verticillioides

F. oxysporum + P. chrysogenum

F. oxysporum + P. expansum

F. verticillioides + P. chrysogenum
F. verticillioides + P. expansum

P. chrysogenum+ P. expansum

F. oxysporum + F. verticillioides +
P. chrysogenum+ P. expansum

All isolates

Cl1

Ci12

C13
C14
C15
C16
C17

C18

C19

4.2.8 Statistical analysis

Statistical analysis was done using SPSS (version 21). Statistical analysis software and MS

Excel (2010) were used to determine descriptive statistics of different cell viabilities and to

prepare charts of cell viability. Minimum and maximum cell viabilities, mean viabilities, and

standard deviation values as well as standard error values were also calculated.

4.3 Results

Cytotoxicity analysis showed the effects of filamentous fungi spores on both human cell lines

in vitro. Spore concentration of species (per ml) cultured on MEA varied from 6.0 * 10%to 7.2

* 10% and 10.7 * 10°to 13.2 * 10° for F. verticillioides and A. niger respectively (Table 4.2).
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Table 4.2: Spore concentrations of filamentous fungi species cultured on malt extract agar
in different days

Filamentous fungal Spore concentration per ml

species Day 4 Day 9 Day 14

A. flavus 5.0 * 10* 7.2 * 10 8.6 * 10
A. niger 10.7 * 10° 11.7 * 10° 13.2*10°
F. oxysporum 7.9 * 10 4.0 * 10° 5.0 * 10°
F. verticillioides 6.0 * 10° 7.6*10° 7.2*10*
P. chrysogenum 10.1 * 10* 11.8 * 10* 10.4 * 10°
P. expansum 9.8 * 103 5.3 * 10* 6.1 * 10

Table 4.3: Spore concentrations of filamentous fungi species cultured on potato dextrose
agar in different days

Filamentous fungal Spore concentration per mi

species Day 4 Day 9 Day 14

A. flavus 4.7 *10% 6.3 * 10* 9.2 * 10*
A. niger 8.6 * 10° 10.9 * 10° 13.1*10°
F. oxysporum 8.2 * 10* 5.1*10° 5.4 *10°
F. verticillioides 4.2* 103 6.1*10° 7.4* 10
P. chrysogenum 6.0 * 10 8.2 * 10* 8.7 * 10
P. expansum 5.2 * 103 8.2 * 10* 2.3 * 10

4.3.1 Human hepatocytes

Individual fungal species were able to alter cell viability of hepatocytes in different degrees
due to duration of exposure. Generally, cells proliferated after 24h incubation with fungal
species with reduction in viability when cells were exposed further for 72h. Four days old
culture of A. niger was able to induce cell viability up to 250% after 24h and less than 80%
after 72h of exposure. Results from 9 and 14 days old cultures showed almost similar effects
on hepatocytes after 24, 48 and 72h. Aspergillus flavus and Fusarium species induced
reduction in cell viability of hepatocytes which was somewhat different with other species
which induced cell proliferation at 24h and reduced cell viability at 72h. The only exceptions
were 14-day old cultures which induced cell proliferation over 100% after 48h of exposure as

shown in Figures 4.1-4.6.
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Figure 4.1: Alterations in cell viability of hepatocytes after exposure to four-day old
potato dextrose agar cultures of individual filamentous fungi species for 24 to 72h. Pbs-
phosphate buffered saline, MeOH- methanol.

250 ~
@24 h

200 - T m48 h
% T B72h

150 - 1 RS

100 1 &

Cell viability (%)

a1
o
1

[T H

[T

Figure 4.2: Alterations in cell viability of hepatocytes after exposure to nine-day old
potato dextrose agar cultures of individual filamentous fungi species for 24 to 72h. Pbs-
phosphate buffered saline, MeOH- methanol.
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Figure 4.3: Alterations in cell viability of hepatocytes after exposure to 14-day old potato
dextrose agar cultures of individual filamentous fungi species for 24 to 72h. Pbs-
phosphate buffered saline, MeOH- methanol.
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Figure 4.4: Alterations in cell viability of hepatocytes after exposure to 4-day old malt
extract agar cultures of filamentous fungi for 24, 48 and 72h. Pbs- phosphate buffered
saline, MeOH- methanol.
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Figure 4.5: Alterations in cell viability of hepatocytes after exposure to 9-day old malt
extract agar cultures of filamentous fungi for 24, 48 and 72h. Pbs- phosphate buffered
saline, MeOH- methanol.
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Figure 4.6: Alterations in cell viability of hepatocytes after exposure to 14-day old malt
extract agar cultures of individual filamentous fungi for 24, 48 and 72h. Pbs- phosphate
buffered saline, MeOH- methanol

Filamentous fungi combinations (Table 4.1) from 4 to 14 days old cultures induced increased
cell viabilities on hepatocytes after 24 and 48h of exposure exceeding 100% by over a value of

100 followed by resultant decrease in cell viability below 100% in most cases at 72h. Four days
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old fungi combinations showed excessive increase in cell viability after 48h and reduced
drastically at 72h of exposure. Nine (9) and 14 days old fungi combinations were able to induce
increase in cell viability after 24 and 48h and later reduced, however, in most cases, not below
100%. Figures 4.7 to 4.12 show column description of cell viability alterations induced by
filamentous fungi combinations. Aspergillus niger combinations (C1 to C3 and C8 to C11)

induced very high degrees of cell proliferation of hepatocytes after 48 h of exposure.
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Figure 4.7: Alterations in cell viability of hepatocytes after exposure to four-day old
potato dextrose agar cultures of filamentous fungi combinations for 24 to 72h. Pbs-
phosphate buffered saline, MeOH- methanol.
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Figure 4.8: Alterations in cell viability of hepatocytes after exposure to nine-day old
potato dextrose agar cultures of filamentous fungi combinations for 24 to 72h. Pbs-
phosphate buffered saline, MeOH- methanol.
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Figure 4.9: Alterations in cell viability of hepatocytes after exposure to 14-day old potato
dextrose agar cultures of filamentous fungi combinations for 24 to 72h. Pbs- phosphate
buffered saline, MeOH- methanol.
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Figure 4.10: Alterations in cell viability of hepatocytes after exposure to 4-day old malt
extract agar cultures of filamentous fungi combinations for 24 to 72h. Pbs- phosphate
buffered saline, MeOH- methanol
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Figure 4.11: Alterations in cell viability of hepatocytes after exposure to 9-day old malt
extract agar cultures of filamentous fungi combinations for 24 to 72h. Pbs- phosphate
buffered saline, MeOH- methanol
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Figure 4.12: Alterations in cell viability of hepatocytes after exposure to 14-day old malt
extract agar cultures of filamentous fungi combinations for 24 to 72h. Pbs- phosphate
buffered saline, MeOH- methanol.

Descriptive statistics for response of hepatocytes to individual fungi species cultured on MEA
revealed that cell viability ranged from 39.9% (induced by 14-day old F. oxysporum after 72h
exposure) to over 100% by 152.0 (induced by A. niger (4 days culture) after 24h exposure).
Individual fungi species cultured on PDA (Table 5.3) show cell viabilities ranging from 42.0%
by F. oxysporum (14 days old) after 72h to a value of 154.6 above 100% by A. niger (4 days
old) after 24 hours. Fungal combinations induced cell viabilities between 46.3% (A. niger and
P. expansum) and 255.5 above 100% (F.oxysporum and P. expansum) for MEA cultured fungi.
Potato dextrose agar (PDA) cultures of fungi combinations induced cell viabilities between

53.1% (P. expansum and F. oxysporum) and 248.3 above 100% (A. niger and P. expansum).

4.3.2 Human renal epithelial cells

Human renal epithelial cells exposed to individual filamentous fungi isolates cultured on PDA
proliferated at 24h of exposure and cell viability reduced in most wells as duration of exposure
to the fungal isolates increased. This reaction was in contrast to the proliferation of control cells
which was closely similar to proliferation of PBS control cells. Aspergillus flavus and A. niger
spores triggered proliferation of cells at 24h which reduced as exposure increased to 72h. The
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pattern was the same for all filamentous fungi cultures harvested at 4, 9 and 14 days (Figures
4.13 to 4.15). The highest proliferation of above 100% by 96.9% was induced by P.
chrysogenum at 24h of exposure. Filamentous fungal Isolates harvested from MEA at 4 days
of culture triggered similar responses in cells above 100% by extra 100%. Nine days old
Aspergillus niger isolates triggered the highest proliferation of cells at 48h of exposure which
reduced at 72h (Figures 5.16-5.18). Fourteen days old isolates of other fungi species induced

same responses in renal cells with A. niger inducing cell viability as low as 42.2%.
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Figure 4.13: Proliferation of renal epithelial cells after exposure to 4-day old PDA
cultures of filamentous fungi. PBS- phosphate buffered saline, MeOH- methanol.
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Figure 4.14: Proliferation of renal epithelial cells after exposure to 9-day old PDA
cultures of filamentous fungi. PBS- phosphate buffered saline, MeOH- methanol.
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Figure 4.15: Proliferation of renal epithelial cells after exposure to 14-day old PDA
cultures of filamentous fungi. PBS- phosphate buffered saline, MeOH- methanol.
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Figure 4.16: Proliferation of renal epithelial cells after exposure to 4-day old MEA
cultures of filamentous fungi. PBS- phosphate buffered saline, MeOH- methanol.

250

g

2

;;

g 24h

3 m4gh
072h

Figure 4.17: Proliferation of renal epithelial cells after exposure to 9-day old MEA
cultures of filamentous fungi. PBS- phosphate buffered saline, MeOH- methanol.
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Figure 4.18: Proliferation of renal epithelial cells after exposure to 14-day old MEA
cultures of filamentous fungi. PBS- phosphate buffered saline, MeOH- methanol.

For MEA cultures, the response of renal epithelial cells when exposed to filamentous fungi
combinations was close to the response recorded for hepatocytes, though it was observed that
there was higher proliferation of renal cells at 48h compared to hepatocytes (Fig. 4.19 to 4.24).
Some combinations of isolates harvested from MEA at 4 days of culture induced cell
proliferation at 48h up to 314.7 above 100% and cell viability thereafter reduced at 72h (Fig.
4.19). The lowest cell viability induced by fungal combinations was recorded as 35.6% for 14-
day old A. flavus and P. expansum combinations, C7 (Fig. 4.24) at 72 h of exposure. The
response of renal cells to 9-day old fungal combinations was almost similar to the 4-day old
cultures with a slight difference of much reduction of cell viability at 72h. Most of the MEA
fungal combinations represented in the following figures induced increased cell proliferation
at 48h with the exception of C2, C5 and C13 (Fig. 4.20) which induced reduction in cell
viability as exposure increased from 24h to 72h. Highest proliferation of cells by a value of

330 above 100% was recorded for C4 (Fig. 4.20), induced by 9-day old cultures. Combinations
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of fungal isolates from 14-day old cultures induced responses similar to 4 and 9 days old culture

combinations.
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Figure 4.19: Proliferation of renal epithelial cells after exposure to 4-day old MEA
cultures of filamentous fungal specie combination
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Figure 4.20: Proliferation of renal epithelial cells after exposure to 9-day old MEA
cultures of filamentous fungal specie combination
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Figure 4.21: Proliferation of renal epithelial cells after exposure to 14-day old MEA
cultures of filamentous fungal specie combination

Combinations of filamentous fungi cultured on PDA also induced cell proliferation at 48h and
reduced at 72h similar to MEA cultures. Four days old fungal combinations induced cell
proliferation up to 260.2 above 100% by C6, while lowest cell viability of 90.3% induced by
C13 (Fig. 4.22). Slightly similar to results obtained from MEA cultures, some nine and fourteen
days old PDA cultured fungal combinations induced reduction in cell viability (Figures 4.23
and 4.24) as the duration of exposure increased with as low as 43.4% cell viability recorded for

C7 14-day old culture combinations at 72h of exposure.
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Figure 4.22: Proliferation of renal epithelial cells after exposure to 4-day old PDA
cultures of filamentous fungal specie combination
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Figure 4.23: Proliferation of renal epithelial cells after exposure to 9-day old PDA
cultures of filamentous fungal specie combination
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Figure 4.24: Proliferation of renal epithelial cells after exposure to 14-day old PDA
cultures of filamentous fungal specie combination

Statistical description of alterations of cell viability of both hepatocytes and renal epithelial
cells presented in Tables 4.4 to 4.7 show that there were different minimum and maximum cell
viabilities recorded for cells when exposed to filamentous fungi, with 14-day old cultures
inducing reduced cell viability less than 50% after 72h of exposure. Data analysed in Table 4.4
shows maximum proliferation observed after cells were exposed to 4-day old fungi for 48h.
This pattern shown in the table is consistent with the different ages of fungi cultures. Highest
mean proliferation value of 169 is recorded in Table 4.4 induced by 4-day old fungi cultures.
The following tables 4.5 to 4.7 also show proliferation of cells following the same pattern as
reported in 4.4. Result from this statistical analysis can be summarised by indicating that
younger cultures of both individual fungi species and their combinations induced highest
proliferation of cells after 48h, whereas, older cultures induced an immense reduction of cell

viability.
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Table 4.4: Descriptive statistics of hepatocyte cell viability alterations induced by
filamentous fungal species and their combinations cultured on PDA

IExposure time in hours and days N Range Minimum (%) | Maximum (%) Mean (%)

24h exposure to 4 day old filamentous fungi 28 192.53 62.09 254.62 119.30
48h exposure to 4 day old filamentous fungi 28 257.26 91.04 348.30 169.40
72h exposure to 4 day old filamentous fungi 28 76.80 53.90 130.70 85.49
24h exposure to 9 day old filamentous fungi 28 115.54 82.50 198.04 128.61
48h exposure to 9 day old filamentous fungi 28 192.10 68.50 260.60 133.79
72h exposure to 9 day old filamentous fungi 28 89.67 53.03 142.70 104.69
24h exposure to 14 day old filamentous fungi 28 169.60 89.40 259.00 131.03
48h exposure to 14 day old filamentous fungi 28 168.80 80.20 249.00 138.41
72h exposure to 14 day old filamentous fungi 28 90.90 42.03 132.93 92.71
Valid N (list wise) 28

Table 4.5: Descriptive statistics of hepatocyte cell viability alterations induced by
filamentous fungal species and their combinations cultured on MEA

IExposure time in hours and days N Range Minimum (%) [ Maximum (%) | Mean (%)
24h eposure to 4 day old filamentous fungi 28 192.20 59.81 252.01 119.68
48h exposure to 4 day old filamentous fungi 28 276.11 79.42 355.53 169.16
72h exposure to 4 day old filamentous fungi 28 64.22 48.12 112.34 81.97
24h exposure to 9 day old filamentous fungi 28 132.92 81.32 214.24 131.60
48h exposure to 9 day old filamentous fungi 28 205.26 79.91 285.17 137.91
72h exposure to 9 day old filamentous fungi 28 194.72 82.66 277.39 134.10
24h exposure to 14 day old filamentous fungi 28 85.36 49.87 135.23 102.44
48h exposure to 14 day old filamentous fungi 28 183.56 70.25 253.81 140.74
72h exposure to 14 day old filamentous fungi 28 86.32 39.85 126.17 90.32
Valid N (list wise) 28
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Table 4.6: Descriptive statistics of renal epithelial cell viability alterations induced by

individual filamentous fungal species and their combinations cultured on PDA

[Exposure time in hours and days
Range Minimum (%) | Maximum (%) | Mean (%)
24h exposure to 4 day old filamentous fungi 28 76.80 86.80 163.60 119.44
48h exposure to 4 day old filamentous fungi 28 298.60 61.60 360.20 177.23
72h exposure to 4 day old filamentous fungi 28 178.30 77.10 255.40 135.94
24h exposure to 9 day old filamentous fungi 28 267.50 59.10 326.60 136.55
48h exposure to 9 day old filamentous fungi 28 120.90 76.00 196.90 119.60
72h exposure to 9 day old filamentous fungi 28 149.60 57.50 207.10 117.57
24h exposure to 14 day old filamentous fungi 28 218.60 60.70 279.30 126.77
48h exposure to 14 day old filamentous fungi 28 140.60 43.40 184.00 86.78
72h exposure to 14 day old filamentous fungi 28 141.50 73.50 215.00 111.70
Valid N (list wise) 28

Table 4.7: Descriptive statistics of renal epithelial cell viability alterations induced by

individual filamentous fungal species and their combinations cultured on MEA

IExposure time in hours and days N Range Minimum (%) | Maximum (%) | Mean (%)
24h exposure to 4 day old filamentous fungi 28 74.70 84.40 159.10 117.65
48h exposure to 4 day old filamentous fungi 28 346.30 71.40 417.70 204.04
72h exposure to 4 day old filamentous fungi 28 111.70 70.20 181.90 111.28
24h exposure to 9 day old filamentous fungi 28 154.20 66.80 221.00 119.21
48h exposure to 9 day old filamentous fungi 28 352.30 77.80 430.10 176.20
72h exposure to 9 day old filamentous fungi 28 148.90 57.20 206.10 117.19
24h exposure to 14 day old filamentous fungi 28 145.20 75.40 220.60 114.20
48h exposure to 14 day old filamentous fungi 28 232.40 64.50 296.90 139.07
72h exposure to 14 day old filamentous fungi 28 152.00 35.60 187.60 87.78
Valid N (list wise) 28

4.4 Discussion

In this study, ‘in vitro’ cell viability alterations were recorded after hepatocytes and renal

epithelial cells were exposed to filamentous fungal species individually and in combinations at

different time intervals (24, 48 and 72h). The findings of this study revealed that infections by
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individual filamentous fungi species could result in either excessive cell proliferation or
reduced cell viability of target cell. This therefore shows that the fungi species analysed in this
study initially promoted uncontrolled proliferation of cells and eventually resulted in decreased
cell viability as exposure continued, confirming that filamentous fungi can be harmful and even
detrimental in some cases (Charles et al., 2011). Fusarium verticillioides and P. expansum
were two species apart from the others which induced continuous cell proliferation on
hepatocytes even at 72h of exposure. Observations from this experiment also showed that the
response of cells to younger cultures (4 and 9 days) was different from the response to older
cultures (14 days). There was further reduction of cell viability when cells were exposed to 14
days old spores compared to when cells were exposed to 4 and 9 days old cultures. It can
therefore be assumed that the older the fungal culture, the greater their ability to induce toxicity,
thereby resulting in lesser viabilities of cell lines. This assumption is supported with the ability
of filamentous fungi spores to produce mycotoxins under certain favourable conditions and in
this study, the previous chapter described the production of some mycotoxins by these fungi

species at different duration of incubation.

Production of secondary metabolites (mycotoxins) could be responsible for the increase and
subsequent reduction in viability of experimental cells when exposed to fungi combinations.
Most filamentous fungi produce metabolites at the log and lag phases of their growth which in
most cases, falls between the 4th and 14th day of growth (Belli et al., 2005; Klich, 2002c; Pitt
and Hocking, 1997c). Mycotoxins have been reported to induce reduction in cell viabilities in
many cell lines from animals and human (Mwanza et al., 2009; Richard, 2007; Stoev et al.,
2009), inhibiting cellular activities of target cells. Mycotoxins produced by these filamentous
fungi such as the trichothecenes, FBs, and OTA have the potential to disrupt cell membranes
and thereby induce apoptosis (programmed cell death) (Konigs et al., 2008). It can thus be

suspected that these mycotoxins produced by the fungal species and their combinations must
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have contributed to the resultant reduction in cell viability. Independent action of filamentous
fungal species was in the order of A. niger > P. chrysogenum > P. expansum > F. verticillioides
> F. oxysporum > A. flavus for PDA cultured isolates and A. niger > P. chrysogenum > P.

expansum > A. flavus > F. verticillioides > F. oxysporum for MEA isolates.

The combination of A. niger and other species elicited a high degree of alteration of cell
viability. Many factors could be responsible for the up and down movement in cell viability
induced by fungal isolates. One of such factors could be the immune response of the cells which
resulted in the proliferation of cells in a bid to combat fungal spores and inhibit their activities.
Studies have shown that innate immune response in the liver triggers cell proliferation of
hepatocytes (Bieghs and Trautwein, 2013; Malato et al., 2008), as was observed in this work.
The kidney has the ability to recover completely from toxic effects (Bonventre, 2003).
Dedifferentiation and proliferation of epithelial cells in the kidney is a major response of these
cells to injury in order to help the kidney recover (Bonventre, 2003; McCampbell and Wingert,
2012). Most probably, after some longer hours of exposure, fungal spores were able to
overcome and suppress the inhibitory activities of the immune system of the cells thus causing

a disruption in the cell membrane, which eventually resulted in reduced cell viabilities.

Response of hepatocytes and renal epithelial cells to combined filamentous fungi exposure
varied slightly between the two cell types. In the case of hepatocytes, cells proliferated after 24
and 48h of exposure with subsequent reduction of cell viability less than 80% in some cases,
even with younger cultures (4 days). Renal epithelial cells on the other hand, proliferated
extensively after 24 and 48h of exposure to younger cultures (4 and 9 days) and reduced slightly
at 72h of exposure but in most cases, not less than 100%. Higher reduction of cell viability less
than 100% was recorded when cells were exposed to 14-day old cultures. This slight variation
in response indicate that hepatocytes were more susceptible to both old and young cultures of

filamentous fungi compared with renal cells, which were more susceptible to older cultures
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than younger ones. A possible explanation for the different reactions of both cell lines could
be attributed to genes expressed or inflammatory response of cells. Despite these slight
difference in responses of both cell lines, filamentous fungi combinations of four or more
species induced proliferations which did not fall below 100 percent after 72h of exposure.
Proliferation of cells in the kidney, which is one characteristic of the kidney when responding
to injury, can be a good explanation for the continuous increase in proliferation of renal cells
induced by some fungal species even at 72h. This response of the human cells to fungal
combinations gives an indication that additive synergism of mostly A. niger isolates and other
isolates induced epileptic cell alterations, resulting in very reduced cell viability (Chou, 2006).
The pattern of fungal combination effects was C11 > C9 >C8 > C19 > C2>C10> C3 > C16
>C13>C1>C15>C6>Cl14 > C4 > Cl12 > C5 > C7 > C18 > C17 for both PDA and MEA

cultured isolates.

It can be inferred from this study, that there were some alterations in cellular activities of both
hepatocytes and renal epithelial cells which resulted in the eventual reduction of their cell
viability when they were exposed to spores of fungal isolates and their combinations. One of
such cellular activities is oxidative stress which is an imbalance between the production of free
radicals by cells when exposed to harmful substances and their ability to neutralize such
harmful effects (Filomeni et al., 2015). Oxidative stress in cells normally increased in cells
when they are exposed to harmful substances (Davies, 2000; Filomeni et al., 2015; Turkez et
al., 2012) .The relationship between oxidative stress and reduced cell viability can therefore
explain the mode of action of fungi species in the experiment causing an initial increased
oxidative stress to facilitate eventual cell viability reduction. Another cellular activity which is
suspected to have been affected by exposure of the cells to these fungal species is protein
synthesis. Protein synthesis is crucial for proper functioning of metabolic processes of every

organ in a system (de la Parra et al., 2015). There is also some form of correlation between
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protein synthesis in a cell and its cell viability. Findings by de la Parra et al. (2015), Wang et
al. (2011) and Dennis et al. (1984) indicate that alterations in protein synthesis can cause
reduction of cell viability and possible total cell death if exposure persists. It is therefore
suspected that the filamentous fungal species used could have induced alterations in protein
synthesis of target cells and thus contribute to the reduction of cell viability. The possibility of
competition for space by replicating fungal spores of filamentous fungi combinations could

also have played a role in response of the cells

The continued exposure of cells to these fungi and their combinations could be very detrimental
to the hepatocytes and renal epithelial cells in vitro (Malhi et al., 2010). Also, the response of
the cells upon exposure to fungi species was time dependent as well as dose dependent.
Nutritional composition of culture media also contributes to cytotoxic effects with MEA fungi
spores inducing more toxic effects in comparison to PDA fungi spores. The resultant effect of
reduced or dead hepatocytes to the liver is that most of the metabolic functions of the liver will
be epileptic, reduced or halted which would eventually result in liver disorders or failure. The
epithelial cells make up a greater portion of the nephron which is a functional unit of the kidney,
thus, kidney diseases can be as a result of a damaged nephron (McCampbell and Wingert,
2012). The exposure of cells could also result in induction of cancers and tumours because
some of the fungal species used are producers of mycotoxins that have been classified as
carcinogens by the International Agency of Research on Cancer (IARC, 1993a-b; IARC,

1993b-a; IARC, 2002a; 1ARC, 2012b).

4.5 Conclusion
The effect of filamentous fungi on test cells in combination during this study was higher
compared to when cells were exposed to individual strains. Response of cells which was time

and dose-dependent suggests that there is the possibility of positive synergistic activity between
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reference strains during toxicity induction, an indication that the toxic capacity of one specie
was enhanced by the other. The study was also able to show that exposure of human
hepatocytes and renal epithelial cells to filamentous fungi could result in alterations in their

viability and may result in abnormal functions of the liver and kidney.
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CHAPTER FIVE

Expression of Human Th1/Th2 cytokines by human hepatocytes exposed to filamentous

fungi and combinations

Abstract

Thl and Th2 cytokines produced by T helper cells are essential for maintaining innate
immunity in the human body, particularly in the presence of infection or injury. Interferon
gamma IFN-y, tumour necrosis factor (TNF), interleukin 10 (IL-10), interleukin 5 (IL-5),
interleukin 4 (IL-4) and interleukin 2 (IL-2) are some Thl and Th2 cytokines that play
important roles in the innate immune system. Healthy human hepatocytes were exposed to 4,
9 and 14 days old individual filamentous fungi and their combinations “in vitro” for 3 to 24h
and cytokine expression determined with a cytometric bead array (CBA) human Th1/Th2
cytokine kit and flow cytometry. It was found that hepatocytes exposed to individual
filamentous fungi elicited production of cytokines IFN-y, TNF, I1L-10, IL-4 and IL-2 at a range
of 0.017-4.863, 0.023-0.460, 0.103-0.367, 0.107-4.183 and 0.203-2.680 respectively.
Fusarium species induced the highest level of cytokine production by hepatocytes compared
to other filamentous fungal genera used. Their combinations also elicited the production of the
five cytokines at a range of 0.010-4.720, 0.020-2.093, 0.017-0.623, 0.020-3.693 and 0.037-
3.217pg/ml respectively. Furthermore, combinations of two fungal species induced production
of high levels of cytokines whereas, combinations of more than two fungal species induced
low levels or no production of cytokines at all. The study revealed that filamentous fungi has
the ability to induce “in vitro” production of cytokines from hepatocytes when the cells are
infected and the production of cytokines is an innate immune response by the hepatocytes to

combat effects of micro-organisms.
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5.1 Introduction

The human body is constantly exposed to infectious substances that induce negative effects,
prompting immune responses to remove such compounds from the body. Cells of the innate
immune system produce cytokines which act as hormonal messengers communicating with
other cells to initiate immune responses to harmful substances or pathogens (Berger, 2000;
Lacy and Stow, 2011). Due to the function of cytokines (inducing cell to cell communication
as well as immunological and host responses of cells to infectious agents), regulation of
cytokine synthesis and release from cells is crucial for the appropriate functioning of the
immune system (Lacy and Stow, 2011). Cytokines include lymphocytes, monokines,
chemokines and interleukins (Zhang and An, 2007). They are classified into two groups - pro-
inflammatory and anti-inflammatory cytokines. Pro-inflammatory cytokines promote
inflammation in the presence of infectious agents in the body, making disease worse (Dinarello,
2000), while anti-inflammatory cytokines suppress the activity of genes for pro-inflammatory

cytokines, reducing inflammation in order to promote healing (Opal and DePalo, 2000).

Cytokines (also referred to as soluble signalling proteins), are synthesised at the early stages of
infections (Reihill et al., 2011) by nearly every cell (Dinarello, 2000; Zhang and An, 2007) to
induce mechanisms against infectious agents including bacteria, fungi and viruses. Thl and
Th2 cytokines are two major groups of cytokines (Ku and Lin, 2013) released by CD4 T
lymphocytes T-helper type 1(Th1) and T-helper type 2 (Th2). T helper 1 cytokines which
comprise of interferon gamma (IFN-y), interleukin 2 (IL-2), tumour necrosis factor (TNF-o/p)
and interleukin 3 (IL-3), mediate cell immunity thus promoting phagocyte-dependent
inflammation and help against intracellular infections caused by micro-organisms (Ku and Lin,

2013; Romagnani, 2000). T helper 2 cytokines, made up of interleukin 4 (IL-4), interleukin 5
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(IL-5), interleukin 6 (IL-6), interleukin 9 (IL-9), interleukin 10 (IL-10) and interleukin 13 (IL-
13) evoke strong antibody responses as well as enhance immune responses against extracellular
pathogens (Mahajan and Mehta, 2011; Romagnani, 2000). T helper 1 and Th2 cytokines are
involved in the innate immune system and it is observed that Thl cytokines (TNF-a) enhance
inflammatory responses while some Th2 cytokines such as IL-10 and IL-6 inhibit the activity

of inflammatory cytokines (Kidd, 2003; Ku and Lin, 2013; Scheller et al., 2011).

Due to the contradicting activities of some Thl and Th2 cytokines, a balance of production of
these hormonal messengers is essential in immune response by cells in order to combat
infections by micro-organisms (Kidd, 2003; Torre et al., 2002). The release or production of
cytokines by cells in the presence of pathogens can be described as cell-specific or pathogen
specific. Some fungal species have been reported to trigger the release of cytokines with Thl
and Th2 cytokines from macrophages, epithelial cells and monocytes when exposed
(Figueiredo et al., 2011; Reihill et al., 2011; Warris et al., 2005). Tumour necrosis factor-
alpha (TNF-a), IL-6 and IL-8 are common cytokines that have been reported to be released by
cells when exposed to some fungal species. Cytokine release in the liver can be associated with
inducing inflammation or reducing inflammation (Gao, 2012; Yang, 2011). Interleukin 6 (IL-
6), IL-10 and TNF-a are some common cytokines associated with immune response in the
liver. Along with the Kupffer cells and other cells in the liver, hepatocytes are able to produce
pro-inflammatory and hepato-protective cytokines when there is injury to the liver (Kong et

al., 2012).

Most studies on the release of cytokine in the liver have been associated with alcohol-induced
injury (Gao, 2012; Kawaratani et al., 2013) and other liver diseases (Braunersreuther et al.,
2012; Kong et al., 2012) not associated with fungal infections. The liver is prone to infections
by micro-organisms such as fungi and bacteria (Hassan et al., 2014; Kawecki et al., 2014; Liu

et al., 2011; Rolando et al., 1991; Rolando et al., 1996) which could result in fatal health
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consequences. Filamentous fungi are ubiquitous and in most cases, species and strains co-occur
in the same environment. There is limited knowledge of cytokine expression in the liver
induced by exposure to filamentous fungi. In order to fill the knowledge gap in terms of
cytokine production and filamentous fungi in the liver, this study was conducted in order to
determine the degree of cytokine expression induced “in vitro” by selected filamentous fungi
species on healthy human hepatocytes. This is a novel approach, with special reference to
understanding the synergistic effect of two or more filamentous fungal species on Th1/Th2

cytokines production by hepatocytes.

5.2 Methodology

5.2.1 Ethical approval

Ethical approval was sought from the ethics committee of the North-West University,

Mafikeng Campus for this study.

5.2.2 Preparation of selected filamentous fungi species

The following filamentous fungi: Aspergillus flavus, A. niger, F. oxysporum, F. verticillioides,
P. chrysogenum and P. expansum species were used for this work. Spore preparations from
MEA cultures used previously to determine effect on cell viability by filamentous fungi

combinations on proliferation of hepatocytes were used.

5.2.3 Culture of primary human hepatocytes

Healthy human hepatocytes cultured in 96-well TC-treated plates were exposed to spores of 4,
9 and 14 days old cultures of filamentous fungi and their combinations in sterile phosphate
buffered solution (PBS) for a duration of 3, 6, 12 and 24h. After exposure, cell suspensions
were collected and transferred to sterile 1.5ml eppendorf vials and stored at -80°C for further

use.
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5.2.4 Preparation of human TH1/TH2 cytokine standards

Levels of Thl (IFN-y, TNF, IL-2) and Th2 (IL-10, IL-5, IL-4) cytokines expressed by healthy
human hepatocytes upon exposure to filamentous fungi and their combinations were
determined using a cytometric Bead Array (CBA) Human Th1/Th2 cytokine kit purchased
from (BD Biosciences, USA) The BD CBA assay provides a method for detecting cytokines
by capturing analytes (cytokines) with beads of known sizes and fluorescence, making analyte
detection possible by flow cytometry. The technique in the assay is such that complexes of
capture beads + analyte + detection reagent are formed and are measured by flow cytometry.
Lyophilized cytokine standards were reconstituted following the manufacturer’s instruction
with 2.0ml of assay diluent and serially diluted to produce 9 standard concentrations in the
order of top standard (5,000pg/ml), 1:2 (2,500pg/ml), 1:4 (1,250pg/ml), 1:8 (625pg/ml), 1:16
(312.5pg/ml), 1:32 (156pg/ml), 1:64 (80pg/ml), 1:128 (40pg/ml) and 1:256 (20pg/ml). A
negative standard vial (Opg/ml) was prepared containing only assay diluent. Capture beads for

the six cytokines were mixed in a 50ml centrifuge tube and kept for further work.

5.2.5 Human TH1/TH2 cytokine assay on primary human hepatocytes

Cell suspensions from exposed human hepatocytes were centrifuged at 7,500 g for 3 min. The
supernatant of cell suspensions were collected in sterile eppendorf vials. Fifty millilitres of
mixed capture beads was transferred to individual sterile 1.5ml eppendorf vials. Another 50pl
of the standard dilutions and supernatants of exposed hepatocytes were added to the vials
containing capture beads. This was followed by the addition of 50ul of human Th1/Th2 PE
detection reagents to the tubes. Assay vials were incubated at room temperature for 3h and kept
in the dark. After 3h of incubation, 1ml of wash buffer was added to each assay tube,
centrifuged at 200g for 5 min and supernatant from the tubes carefully aspirated and discarded.
After aspirating the supernatant from each vial and 300l of wash buffer was added to the vials

to re-suspend the beads. Samples were further acquired on a BD Accuri C6 flow cytometer
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provided by Scientific Group (SG), South Africa. Acquisition started with the lowest

concentration of standards to the highest concentration followed by the samples.

5.2.6 Analysis of data

Readings derived from fluorescence detection on the flow cytometer were analysed using the
FCAP Array v3 software from BD Biosciences, USA to calculate concentration of cytokines.
Microsoft Excel, 2010 was implored to determine mean values of cytokine positive replicates

and standard deviation. Descriptive statistics was done using a SPSS software, version 22.

114



5.3 Result

5.3.1 Effect of individual filamentous fungi on hepatocytes
Healthy human hepatocytes cultured with fungal species elicited the production of some Thl

and Th2 cytokines after 3 to 24h of incubation, while Aspergillus specie, A. niger did not induce
production of any of the targeted Th1 and Th2 cytokines. On the other hand, Aspergillus flavus
was able to elicit the production of some cytokines (Table 5.1 to 5.3) with 4 days old cultures
of the fungi eliciting production of highest concentration of IL-2 (1.767pg/ml) and IL-4
(1.453pg/ml). Four-day old F. oxysporum spore solution incubated with hepatocytes resulted
in production of all the targeted cytokines at varying concentration with the highest
concentration (3.140pg/ml) by IL-4. Cytokine expression induced by F. verticillioides was
different from the expression induced by F. oxysporum, producing more concentration of IL-2
and less of IL-4. Spore solution from 4-day old F. verticillioides induced highest production of
only IL-2 (1.913pg/ml) and IL-4 (1.177pg/ml). Penicillium species induced production of
fewer of the targeted cytokines, with 4 days old P. chrysogenum isolates inducing highest
production of IL-2 (0.987pg/ml) and IL-4 (1.343pg/ml); and Penicllium expansum spore

solution stimulating the production of IL-2 up to 1.243pg/ml after 12h of incubation.
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suspension (pg/ml)

Table 5.1: Cytokine expression of human hepatocytes exposed to 4-day old filamentous fungal spore

Filamentous fungi Duration of IFN-Y TNF IL-10 IL-5 IL-4 IL-2
exposure (h)
Aspergillus flavus 3 N.D N.D 0.130 £0.02 N.D 1453 £0.117 0.440 +0.026
6 N.D N.D N.D N.D 1.440 +0.030 0.960 + 0.036
12 N.D N.D N.D N.D 1.330 £0.035 1.767 £ 0.023
24 N.D N.D N.D N.D N.D 0.333 £0.040
Aspergillus niger 3 N.D N.D N.D N.D N.D N.D
6 N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
Fusarium oxysporum 3 0.427 £ 0.015 0.040 + 0.030 N.D N.D 2.053 +0.095 0.940 + 0.030
6 1.057 + 0.006 0.157 £0.032 0.103+0.012 N.D 2.743 +0.023 1.243 +0.032
12 2.590 + 0.050 0.460 + 0.026 0.367 £0.032  0.027 £ 0.031 3.140+0.078 1.870 £ 0.066
24 1.207 £ 0.006 N.D N.D N.D 1.617 £0.015 0.477 £0.023
Fusarium 3 N.D N.D N.D N.D N.D N.D
verticillioides
6 N.D N.D N.D N.D 0.357 £0.023 0.940 = 0.030
12 N.D N.D N.D N.D 1.177 £0.006 1.913 £0.015
24 N.D N.D N.D N.D 0.057 £ 0.015 0.203 + 0.006
Penicillium 3 N.D N.D N.D N.D 0.603 +0.012 0.240 +0.017
chrysogenum
6 N.D N.D N.D N.D 1.343£0.012 0.987 +0.029
12 N.D N.D N.D N.D 0.107 £ 0.080 N.D
24 N.D N.D N.D N.D N.D N.D
Penicillium expansum 3 N.D N.D N.D N.D N.D 0.690 + 0.036
6 N.D N.D N.D N.D N.D 0.690 + 0.569
12 N.D N.D N.D N.D N.D 1.243 £ 0.032
24 N.D N.D N.D N.D N.D N.D

N.D- none detected, values presented as mean value + standard deviation
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Nine days old A. flavus spores induced expression of IFN-y, IL-2 and 1L-4 up to 2.393, 1.847
and 1.657pg/ml respectively. Fourteen-day old A. flavus induced cytokine expression of IFN-
v, IL-2 and IL-4 up t01.830, 1.840 and 2.753pg/ml respectively. Nine and 14 days old F.
oxysporum spore solution induced expression of all cytokines with the exception of IL-5.
Interferon gamma (IFN-y) was the most expressed at a concentration of 4.863pg/ml by 9-day
old spore solution while IL-4 was the most expressed at a concentration of 4.183pg/ml by 14-
day old spore solution. Nine-day old spore solution of F. verticillioides elicited the production
of all cytokines with the exception of IL-10 and IFN-y was the most expressed (1.460pg/ml)
after 3h, whereas, 14-day old spore solution of the isolate induced the production of all
cytokines with the exception of IL-10 and IL-5. Nine-day old isolates did not induce the
production of any of the cytokines investigated, although 14-day old isolates of P. chrysogenum
were able to induce the production of 1L-2 up to 1.830pg/ml after 12h incubation. Nine-day old
isolate spore solution of P. expansum induced the production of IFN-y up to 1.087pg/ml,
whereas, 14-day old isolates induced the production of IFN-y, 11-2 and IL-4 up to 2.130, 0.863

and 1.930pg/ml respectively.
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Table 5.2: Cytokine expression of human hepatocytes exposed to 9-day old filamentous
fungal spore suspension (pg/ml)

Filamentous fungi Duration of IFN-Y TNF IL-10 IL-5 IL-4 IL-2

exposure (h)
Aspergillus flavus 3 1.927 £0.021 N.D N.D N.D 1.493 £0.119 N.D

6 2.393+£0.035 N.D N.D N.D 1.657 +0.015 1.223 +0.012

12 0.377 £0.015 N.D N.D N.D N.D 1.847 +0.012

24 1.927 £ 0.021 N.D N.D N.D 1.493 +0.119 N.D
Aspergillus niger 3 N.D N.D N.D N.D N.D N.D

6 N.D N.D N.D N.D N.D N.D

12 N.D N.D N.D N.D N.D N.D

24 N.D N.D N.D N.D N.D N.D
Fusarium oxysporum 3 0.870 £ 0.017 N.D N.D N.D 2.743 £0.055 1.327 £0.075

3.443+£0.182 N.D N.D N.D 3.023 £ 0.085 1.707 +0.078

12 4.863 + 0.050 N.D 0.290 £ 0.053 N.D 2.167 £ 0.068 2.090 + 0.095

24 1.550 + 0.104 0.047 £ 0.045 N.D N.D N.D 0.213+0.148
Fusarium 3 1.460 + 0.380 0.047 £ 0.050 N.D 0.027£0.015 1.193 +0.061 0.233 £ 0.086
verticillioides

6 N.D N.D N.D N.D N.D N.D

12 N.D N.D N.D N.D N.D N.D

24 N.D N.D N.D N.D N.D N.D
Penicillium 3 N.D N.D N.D N.D N.D N.D
chrysogenum

6 N.D N.D N.D N.D N.D N.D

12 N.D N.D N.D N.D N.D N.D

24 N.D N.D N.D N.D N.D N.D
Penicillium expansum 3 1.087 £0.050 N.D N.D N.D N.D N.D

N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D

N.D- none detected, values presented as mean value + standard deviation
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Table 5.3: Cytokine expression of human hepatocytes exposed to 14-day old filamentous
fungal spore suspension (pg/ml)

Filamentous fungi Duration of IFN-Y TNF IL-10 IL-5 IL-4 IL-2
exposure (h)
Aspergillus flavus 3 0.550+0.053 N.D N.D N.D 1.810+0.079 N.D
6 1.830+0.165 N.D N.D N.D 2.753+£0.093 0.587 +0.080
12 0.527£0.015 N.D N.D N.D 1.780+0.219  1.840 £0.085
24 N.D N.D N.D N.D 0.133+0.130  0.090 + 0.050
Aspergillus niger N.D N.D N.D N.D N.D N.D
6 N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
Fusarium oxysporum 3 2.307+£0.200 N.D N.D N.D 0.380 £0.154  0.363 = 0.050
6 2.967+0.074 N.D N.D N.D 2.967+0.117 1.130 +0.056
12 3.153+0.071 0.023+0.025 0.180+0.171 N.D 4.183+0.146 2.680+0.193
24 N.D N.D N.D N.D 1.047+£0.095 N.D
Fusarium 3 1.810+0.089 N.D N.D N.D 0.830+0.108  0.337 £0.310
verticillioides
6 0.017+0.029 N.D N.D N.D 1.430+£0.272  1.033+0.107
12 0.790 £0.035 0.247+0.222 N.D N.D 2.180+0.148 2.167 £0.144
24 N.D 0.063+£0.060 N.D N.D 0.623+£0.250  0.367 = 0.365
Penicillium 3 N.D N.D N.D N.D N.D N.D
chrysogenum
6 N.D N.D N.D N.D N.D 1.350 £ 0.195
12 N.D N.D N.D N.D N.D 1.830 + 0.236
24 N.D N.D N.D N.D N.D N.D
Penicillium expansum 3 1.237+£0.115 N.D N.D N.D N.D 1.177 £0.144
6 1527+0431 N.D N.D N.D 0.863+0.055 1.930 +0.046
12 2.130+0.111 N.D N.D N.D N.D 0.357 £ 0.038
24 N.D N.D N.D N.D N.D N.D

N.D- none detected, values presented as mean value + standard deviation
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5.3.2 Effect of four days old filamentous fungi combinations on hepatocytes

Filamentous fungi combinations induced the production of Th1l and Th2 cytokines in almost
the same manner as individual fungal species (Table 5.4 to 5.6). Production of cytokine varied
with age of filamentous fungi cultures and combination. Combinations of 4-day old cultures of
A. niger, A. flavus, F. oxysporum and F. verticillioides (C1); A. niger, A. flavus, P.
chrysogenum and P. expansum (C2) as well as A. niger and A. flavus (C3) did not induce
production of any of the targeted cytokines. Expression of IFN-y (3.073pg/ml) and IL-2
(1.223pg/ml) was observed when hepatocytes were incubated with a combination of A. flavus
and F. oxysporum (C4). Some 4-day old filamentous fungi combinations induced varying
cytokine production with combinations of Fusarium species and other genera inducing
production of almost all target cytokines with the exception of IL-5 and in fewer cases, I1L-10
(Table 6.4). Combination of F. oxysporum and F. verticilliodes (C12) induced the production
of IFN-y, TFN, IL-10, IL-4 and IL-2 up to 2.793, 0.070, 0.143, 3.123 and 1.810pg/ml
respectively. Another combination of F. verticillioides and P. chrysogenum (C15) induced the
production of five out of the six cytokines up to 4.670, 2.093, 0.623, 1.823 and 2.103pg/ml
respectively for IFN-y, TFN, IL-10, IL-4 and IL-2. Combinations of A. niger and the two
Penicillium species, C. chrysogenum and P. expansum (C10 and C11) did not elicit any form
of cytokine expression by the hepatocytes. The same was observed for the combination of the

reference fungal species (C19), with no expression of target cytokines.

120



Table 5.4: Cytokine expression of human hepatocytes exposed to 4-day old fungal

cultures (pg/ml)

Combined Duration of IFN-Y TNF IL-10 IL-5 IL-4 IL-2
filamentous exposure (h)
fungi species
C1l N.D N.D N.D N.D N.D N.D
6 N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
C2 N.D N.D N.D N.D N.D N.D
N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
C3 N.D N.D N.D N.D N.D N.D
N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
C4 3 1.643 £0.085 N.D N.D N.D N.D 1.023 £0.168
2.007 £0.164 N.D N.D N.D N.D 1.223 £0.045
12 3.073£0.135 N.D N.D N.D N.D 0.443 £0.168
24 0.287 £ 0.268 N.D N.D N.D N.D N.D
C5 N.D N.D N.D N.D N.D 0.300 = 0.267
6 N.D N.D N.D N.D N.D 1.920 £ 0.075
12 N.D N.D N.D N.D N.D 3.217 £0.201
24 N.D N.D N.D N.D N.D 0.217 £0.210
C6 N.D N.D N.D N.D N.D N.D
6 N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
C7 N.D N.D N.D N.D N.D N.D
N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
C8 1.630 £ 0.044 N.D N.D N.D N.D 0.077 £0.071
1.893+£0.374 N.D N.D N.D 0.040 £0.040 0.523 £0.234
12 1.163 £0.101 N.D N.D N.D 0.133+£0.146 1.350+0.331
24 N.D N.D N.D N.D N.D 0.183+£0.180
C9 3 N.D N.D N.D N.D N.D N.D
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C10

C11

C12

C13

Cl4

C15

C16

C17

C18

12
24

12
24

12
24

12
24

12
24

12
24

12
24

12
24

12
24

0.940 +0.105
1.357 + 0.266
0.067 +0.065

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

2.793 £ 0.040
1.303 £0.133
2.343 £0.057
0.167 £0.289

0.293 £0.159
1.917 +0.059
2.960 £0.210
1.853 + 0.096

0.497 £0.215
1.050 + 0.056
N.D
N.D

1.893 +0.080
3.393+£0.159
4.670+0.183
2.790 £ 0.161

0.010 £ 0.017
0.777 +0.060
0.143 £ 0.140
N.D

N.D
N.D
N.D
N.D

0.013+0.023
0.423 +0.101

N.D
0.293 £0.311
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
0.070 £ 0.062
0.020 £0.035
N.D

0.540 +0.056
1.687 + 0.045
0.190 £0.190
N.D

N.D
N.D
N.D
N.D

0.970 +0.137
1.710 + 0.256
2.093 £0.070
0.703 £0.083

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

0.037 £0.035
1.200 +£0.151

N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
0.143 +0.100
0.017 £ 0.029

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
0.047 +0.045
0.623 + 0.055
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
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N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D

N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

3.123 £0.072
0.787 £0.107
2.877+0.123
1.497 £ 0.229

N.D
N.D
N.D
N.D

1.020 + 0.157
1.480 +0.195
1.913+0.075
0.753 +0.059

0.027 +0.046
1.823 +0.076
1.103 +£0.100
N.D

N.D

0.067 +0.07
0.173 £0.081
N.D

N.D
0.043 £0.040
0.367 +0.040
N.D

0.807 £0.170
1.447 +£0.197

1.097 £ 0.067
2.117 £ 0.157
1.230 £ 0.156

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

1.810 £ 0.104
1.280 +1.109
1.443 +0.083
0.083 £ 0.055

N.D
0.467 +0.435
1.787 £ 0.146
N.D

1.630 + 0.046
2.940 £ 0.185
2.620 + 0.046
1.507 £0.032

0.793 +0.032
1.410 £ 0.144
2.103 £ 0.055
1.237 £ 0.090

0.040 + 0.040
0.787 £ 0.075
0.900 +0.779
0.910 +0.046

0.773 £ 0.047
1.693 + 0.042
0.973 +0.061
N.D

1.457 +0.380
1.980 £ 0.056



12 1.327 £ 0.035 1.437 +0.115 N.D N.D 2.503 +0.202  2.787 +0.059

24 N.D 0.827 £0.057 N.D N.D 0.987£0.131  1.127 £0.055
C19 3 N.D N.D N.D N.D N.D N.D

6 N.D N.D N.D N.D N.D N.D

12 N.D N.D N.D N.D N.D N.D

24 N.D N.D N.D N.D N.D N.D

N.D- not detected, values presented as mean value + standard deviation

5.3.3 Effect of nine-day old filamentous fungi combinations on hepatocytes

Nine-day old filamentous fungi combinations which included A. niger (C1, C2 and C3)
incubated with hepatocytes were not able to stimulate the production of target cytokines. Other
filamentous fungi combinations of A. flavus with either Fusarium or Penicillium species
induced the expression of some target cytokines. The combination of A. flavus and F.
oxysporum (C4) induced the expression of IFN-y and IL-2 up to 2.940 and 2.727pg/ml
respectively. Combinations of Aspergillus flavus and F. verticillioides (C5) elicited the
expression of up to 2.780pg/ml of IL-2.  Combinations of A. flavus and Penicillium species
(Table 5.5) induced the expression of IFN-y and IL-2 cytokines from hepatocytes when
incubated with cells for 3 and 6h. Although A. niger species did not elicit cytokine expression
by the cells, combinations of A. niger and F. oxysporum (C8) and F. verticillioides (C9)
induced expression of varying concentrations of four cytokines (IFN-y, TNF, IL-4 and IL-2
and three cytokines (IFN-y, TNF and IL-2) respectively. Aspergillus niger and F. oxysporum
combination (C8) produced lower TNF concentration (0.037pg/ml) when compared to the
concentration (0.503pg/ml) produced by the combination of A. niger and F. verticillioides (C9).
Combinations of A. niger and Penicillium species (C10 and C11) did not elicit the production
of any of the target cytokines. It was also observed that combinations of nine-day old Fusarium
species induced expression of cytokines in the same manner as four-day old fungi

combinations.  There was expression of IFN-y, TNF, IL-10, IL-4 and IL-2 at highest
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concentration of 3.123 pg/ml, 0.307pg/ml, 0.143pg/ml, 3.693pg/ml and 2.343pg/ml
respectively by these combinations containing Fusarium. Expression of cytokine was also
observed for Fusarium and Penicillium species combinations (C13, C14, C15 and C16) which

followed the same pattern as the four-day old combinations.

Table 5.5: Cytokine expression of human hepatocytes exposed to 9-day old fungal
cultures (pg/ml)

Combined Duration of IFN-Y TNF IL-10 IL-5 IL-4 IL-2
filamentous fungi  exposure (h)
species
C1 3 N.D N.D N.D N.D N.D N.D
6 N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
Cc2 3 N.D N.D N.D N.D N.D N.D
N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
C3 3 N.D N.D N.D N.D N.D N.D
N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
C4 3 1.880 + 0.069 N.D N.D N.D N.D 2.107 £0.035
2.583 £0.127 N.D N.D N.D N.D 2.727 £0.155
12 2.940 £ 0.075 N.D N.D N.D N.D 0.880 = 0.070
24 0.880 = 0.030 N.D N.D N.D N.D N.D
C5 3 N.D N.D N.D N.D N.D 1.673 £0.051
6 N.D N.D N.D N.D N.D 2.780 £ 0.061
12 N.D N.D N.D N.D N.D 1.120 £ 0.066
24 N.D N.D N.D N.D N.D 0.763 £ 0.076
C6 3 0.223 £ 0.045 N.D N.D N.D N.D 0.037 £0.040
6 1.407 £0.078 N.D N.D N.D N.D 0.790 £0.053
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
C7 3 N.D N.D N.D N.D N.D N.D
1.697 £ 0.042 N.D N.D N.D N.D N.D
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C8

C9

C10

C11

C12

C13

C14

C15

C16

12
24

12
24

12
24

12
24

12
24

12
24

12
24

12
24

12
24

12

3.597 +0.169
N.D

0.123 £ 0.045
0.780 +0.089
1.790 £ 0.070
N.D

0.040 +0.036
1.120 + 0.066
1.473 £0.146
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

3.123 £ 0.096
1.570 £ 0.142
2.257 +0.110
N.D

1.033 + 0.057
2.387 £0.090
3.290 £ 0.150
N.D

0.870 + 0.056
0.953+0.130
N.D
N.D

1.310 + 0.156
2.537 +0.352
4.720 £0.090
N.D

0.070 £ 0.075
0.400 £ 0.101
N.D

N.D
N.D

N.D
N.D
0.037 £0.035
N.D

0.010 £ 0.017
0.133 £ 0.006
0.503 +0.470
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
0.307 £0.163
0.057 +0.098
N.D

0.520 £ 0.452
1.650 + 0.066
0.523 £0.465
N.D

N.D
N.D
N.D
N.D

0.127 £0.125
0.883 +0.025
1.173+0.071
N.D

N.D
N.D
N.D

N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
0.143 +0.127
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D

N.D
N.D
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N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

0.027 +0.038
1.157 £ 0.099
0.013+0.023
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D

N.D
N.D

0.760 + 0.036
1.227 +£0.045
1.593 + 0.091
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

3.150 £0.193
1.083 +0.025
3.693 +0.112
N.D

N.D
N.D
N.D
N.D

0.450 +0.394
1.123 +0.051
1.347 +0.065
N.D

1.017 +0.055
1.777 £ 0.208
0.297 £0.042
N.D

N.D
0.127 £ 0.142
N.D

N.D
N.D

1.113 £ 0.065
1.817 +£0.040
2.040+£0.193
N.D

0.273 £ 0.065
0.937 £0.031
1.697 +0.083
0.737 £0.090

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

2.270 £0.079
2.343 £ 0.045
1.783 £ 0.146
N.D

0.880 +0.098
1.823 £ 0.060
2.197 £0.139
N.D

1.163 £ 0.206
2.817+0.108
1.383 £0.220
1.167 £ 0.071

0.837 £ 0.085
1.753 £ 0.059
2.043 £0.087
N.D

N.D
0.617 +0.070
1.870 £ 0.053



C17

C18

C19

24

12
24

12
24

3
6
12
24

N.D

N.D
N.D
N.D
N.D

N.D
0.410 +0.092
0.767 £ 0.060
N.D

N.D
N.D
N.D
N.D

N.D

N.D
N.D
N.D
N.D

N.D

0.047 £ 0.045
1.000 + 0.866
0.160 +0.140

N.D
N.D
N.D
N.D

N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D

N.D
0.727 £0.093
N.D
N.D

N.D

1.173 £ 0.060
2.667 +0.040
0.030 +0.036

N.D
N.D
N.D
N.D

0.807 +0.075

0.400 + 0.347
1.377 £0.178
0.500 +0.123
N.D

0.787 £ 0.059
1.387 £ 0.146
0.793 £ 0.040
1.900 + 0.056

N.D
N.D
N.D
N.D

N.D- not detected, values presented as mean value + standard deviation
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5.3.4 Effect of fourteen days old filamentous fungi combinations on hepatocytes

Combinations of filamentous fungi spores harvested after 14-day of incubation elicited some
of the target Th1/Th2 cytokines investigated. Some fungal combinations including A. niger
(C1, C2, C3, C10 and C11) did not induce the production of cytokines. Aspergillus flavus and
Fusarium species combinations (C4 and C5) induced the expression of cytokines (Table 5.6).
Combinations of A. flavus and P. chrysogenum (C6) elicited cytokines IFN-y and IL-2 up to
0.750 and 0.983pg/ml respectively, while A. flavus and P. expansum (C7) combinations did
not induce the production of any cytokines. Combinations of F. oxysporum/A. niger (C8) and
F. verticillioides/A. niger (C9) induced production of four cytokines (IFN-y, TNF, IL-4 and IL-
2) and two cytokines (IFN-y, IL-2) respectively. The combination of F. verticillioides and F.
oxysporum (C12) induced the production of cytokines IFN-y, TNF, IL-10, IL-4 and IL-2 up to
1.847, 1.283, 0.107, 3.307 and 1.880pg/ml respectively. Production of cytokines was also
induced by combinations of F. oxysporum and P. chrysogenum (C13) as well as F. oxysporum
and P. expansum (C14). Interferon gamma (IFN-y), TNF, IL-4 and 1L-2 were expressed up to
2.547, 1.100, 0.100pg/ml and 1.760pg/ml respectively by C13 filamentous fungi combination,
while C14 induced the production of IFN-y, IL-4 and IL-2 up to 0.033, 1.383 and 2.097pg/ml
respectively. Combinations of F. verticillioides and Penicillium species, P. chrysogenum (C15)
and P. expansum (C16) also induced the production of cytokines as well as C17 (P.
chrysogenum and P. expansum) and C18 (F. oxysporum, F. verticillioides, P. chrysogenum and
P. expansum). Combinations of all the isolates (C19) used in this study did not elicit the

production of any cytokine as observed in 4 and 9-day old spore exposure.
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Table 5.6:

Cytokine expression of human hepatocytes exposed to 14 days old fungal
cultures in pg/ml

Combined Duration of IFN-Y TNF IL-10 IL-5 IL-4 IL-2
filamentous  exposure (h)
fung_i
species
C1 3 N.D N.D N.D N.D N.D N.D
6 N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
Cc2 3 N.D N.D N.D N.D N.D N.D
6 N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
C3 3 N.D N.D N.D N.D N.D N.D
6 N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
Cc4 3 N.D N.D N.D N.D N.D N.D
0.870 £ 0.040 N.D N.D N.D N.D 0.037 £ 0.035
12 2.750+0.120 N.D N.D N.D N.D 1.080 + 0.066
24 0.207 £0.268 N.D N.D N.D N.D 0.583 £ 0.093
C5 3 N.D N.D N.D N.D N.D N.D
N.D N.D N.D N.D N.D 0.613 + 0.095
12 N.D N.D N.D N.D N.D 1.647 +0.172
24 N.D N.D N.D N.D N.D 0.113+0.106
C6 3 0.063 £0.071 N.D N.D N.D N.D 0.160 £ 0.072
0.750 £ 0.096 N.D N.D N.D N.D 0.983 £ 0.070
12 N.D N.D N.D N.D N.D 0.037 £ 0.040
24 N.D N.D N.D N.D N.D N.D
C7 3 N.D N.D N.D N.D N.D N.D
6 N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D
C8 3 0.080 £ 0.092 0.053 £0.076 N.D N.D N.D 1.607 + 0.025
6 1.267 £ 0.093 0.223 +0.038 N.D N.D 0.153 £ 0.025 1.993 +0.081
12 1.240 £ 0.175 0.570 £ 0.095 N.D N.D N.D 0.870 + 0.056
24 0.217 £0.193 N.D N.D N.D N.D N.D
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C9

C10

Cl1

C12

C13

C14

C15

C16

C17

C18

12
24

12
24

12
24

12
24

12
24

12
24

12
24

12
24

12
24

N.D

0.127 £ 0.045
0.823 +0.060
0.133+£0.135

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

2.620 £ 0.046
1.093 + 0.067
1.847 £ 0.106
0.523 £ 0.096

0.077 £0.071
1.303 £0.110
2.547 +0.107
1.040 £ 0.111

0.033 +0.031
N.D
N.D
N.D

0.730 £ 0.046
1.950 + 0.036
3.700 £ 0.036
0.953 +0.163

N.D
0.197 £ 0.047
0.697 +0.081
N.D

N.D
N.D
N.D
N.D

0.047 +0.042

N.D

N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
0.820 £0.123
1.283 +0.138
N.D

N.D

0.880 £ 0.056
1.100 £ 0.151
0.077 £0.071

N.D
N.D
N.D
N.D

0.140 £ 0.036
0.887 +0.031
1.810 + 0.050
0.107 +0.025

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D

N.D

N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

0.017 £0.029
0.107 £ 0.095
0.020 £0.035
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
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N.D

N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D

N.D

N.D
N.D
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

3.307 £ 0.367
2.427 +0.234
2.263 £ 0.150
0.953 +£0.106

0.020 £ 0.035
0.100 £ 0.089
N.D
N.D

0.450 +0.394
0.640 £ 0.053
1.383 £0.031
N.D

0.250 £ 0.030
0.263 +0.045
1.323 +0.040
N.D

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

0.153 +0.031

0.043 £ 0.045

0.700 + 0.082
1.497 £ 0.060
0.587 + 0.060

N.D
N.D
N.D
N.D

N.D
N.D
N.D
N.D

1.880 £ 0.070
1.820 £ 0.110
0.223 £ 0.085
N.D

N.D

0.660 £ 0.070
1.760 + 0.075
0.040 £ 0.036

0.700 + 0.066
1.290 + 0.036
2.097 +0.040
1.323 + 0.060

0.153+0.038
1.060 + 0.036
1.637 +0.055
0.703 +0.038

N.D
0.147 £ 0.035
0.837 +0.045
N.D

N.D
0.083 +0.042
0.523+0.038
N.D

0.720 + 0.050



C19

6 0.833 +0.060 0.030 +0.052 N.D N.D 1.620 = 0.040 1.430 + 0.056
12 1.237 £ 0.127 0.100 £ 0.044 N.D N.D 1.710 £ 0.080 2.093+0.078
24 N.D N.D N.D N.D 0.623 +0.040 0.673 £ 0.015
3 N.D N.D N.D N.D N.D N.D
6 N.D N.D N.D N.D N.D N.D
12 N.D N.D N.D N.D N.D N.D
24 N.D N.D N.D N.D N.D N.D

N.D- not detected, values presented as mean value * standard N.D- not detected, values
presented as mean value + standard deviation

Statistical significance calculated for cytokines expressed by hepatocytes (Table 5.7) shows
that values obtained ranged between 0.014 — 0.941 with standard error value 0.797 — 1.589.
The statistical outcome can be attributed to low concentration of cytokines expressed and in

some cases, no cytokine expressed.

Table 5.7: Statistical calculation of concentration of cytokines expressed by hepatocytes
after exposure to combination of filamentous fungi

Unstandardized Standardized 95.0% Confidence

Cytokines Coefficients Coefficients Interval for B

expressed by Std. Lower Upper

hepatocytes B Error Beta t Sig. Bound Bound
(Constant) 3.222 1.589 2.028 .057 -.103 6.547
IFN -2.303 .856 -798 -2691 .014 -4.094 -512
TNF 515 1.063 156 485 633 -1.709 2.739
IL-10 -.091 1.203 -.021 -076 941 -2.609 2.427
IL-4 .636 797 223 798 434 -1.032 2.305
IL-2 .687 876 233 784 443 -1.147 2.521

5.4 Discussion

Mycotoxin producing filamentous fungi which induced abnormal proliferation of hepatocytes
and resultant reduction in cell viability after 72h of exposure in the previous chapters were used
to investigate their individual and synergistic ability to induce cytokine production “in vitro”

by the hepatocytes. Common cytokines associated with the innate immune system include
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tumour necrosis factor (TNF-a), interleukin 1 (IL-1), interleukin 6 (IL-6), interleukin 4 (IL-4),
interleukin 10 (IL-10), interleukin 12 (IL-12), interferon alpha (IFN-a) and interferon gamma
(IFN-y). These cytokines perform different activities in immune response and have the ability
to work in synergy to induce or reduce inflammation (Dinarello, 2000; Lacy and Stow, 2011;
Opal and DePalo, 2000). Also, some cytokines such as IL-6 inhibit the production of TNF and
IL-1 (Opal and DePalo, 2000; Scheller et al., 2011). Although cytokines are reported to be
produced mainly by monocytes, lymphocytes and some epithelial cells (Reihill et al., 2011,
Warris et al., 2005; Zhang and An, 2007) in response to microbial infections, cytokine
production has been reported to be possible in almost every cell in mammals (Dinarello, 2000;
Zhang and An, 2007). In this study, the production of cytokine by human hepatocytes was
induced through individual filamentous fungi and their combinations. This finding, therefore,
correlates with reports by Dong et al. (1998a); Panesar et al. (1999) and Joshi-Barve et al.
(2007) that hepatocytes can produce cytokines when stimulated by certain compounds or
substances. Out of the six cytokines screened for, five were expressed by hepatocytes at certain

duration of exposure.

5.4.1 IFN-y production by hepatocytes

Production of interferon gamma by hepatocytes exposed to individual filamentous fungi
species increased with the age of fungal cultures harvested. It was observed that 4-day old fungi
did not induce the production of IFN-y as much as 9-day and 14-day old cultures. This is
because only 4-day old Fusarium oxysporum isolates were able to induce production of the
cytokine. It is therefore assumed that 4-day old cultures of most filamentous fungi species do
not have the capacity to trigger release of IFN-y from hepatocytes. Interferon gamma
encourages fungus-specific CD4 T cell differentiation and promotes antifungal immunity
(Espinosa and Rivera, 2012). This could explain the increase in production of IFN-y when
hepatocytes were exposed to older cultures of filamentous fungi, as an antifungal activity. The
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production of cytokine by hepatocytes in this study is also supported by the fact that in the
liver, IFN-y is expressed to induce immune modulation thereby regulating hepatocyte apoptosis
and cell cycle progression (Horras et al., 2011). The function of this cytokine in the liver is
therefore important in suppressing or controlling tumour progression when the liver is exposed
to compounds or organisms that could trigger such a reaction as well as regulating the size of
the liver and hepatic immune responses (Horras et al., 2011). It can thus be suggested that the
release of IFN-y by hepatocytes exposed to filamentous fungi in this work was an anti-fungal
response by the hepatocytes to regulate abnormal reactions that could occur as a result of
exposure to fungal species. The non-production of IFN-y by hepatocytes exposed to A. niger
and P. chrysogenum species which was also observed is supported by the fact that there is no
documented production of IFN-y stimulated by these species. There are several studies on A.
fumigatus and C. albicans inducing IFN-y expression by cells (Brown and Netea, 2007; Levitz
and North, 1996; Liebhart et al., 2002; Wiseman and Mody, 2007) which confirms that

filamentous fungi can induce the production of cytokine.

The effect of combinations of filamentous fungi on human hepatocytes showed a similar
pattern to that of individual filamentous fungal species (production of IFN-y by hepatocytes
increased with age of fungal spores). Although individual A. niger species did not induce the
production of IFN-y, its combination with F. oxysporum and F. verticillioides elicited cytokine
expression. Fusarium oxysporum and F. verticillioides were able to induce the production of
IFN-y from hepatocytes individually and it is thus believed that their combination elicited the
production of cytokines. The combination of A. flavus and F. oxysporum (C4) induced the
production of IFN-y while the combination of A. flavus and F. verticillioides (C5) did not
induce the production of IFN-y. The study also revealed that there was synergistic activity
between combinations of filamentous fungal species to elicit the expression of IFN-y by the

hepatocytes. A combination of F. verticillioides and P. chrysogenum (C15) induced the highest
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expression of IFN-y (4.72pg/ml) although not as high as the lowest concentration of standard
cytokines (20pg/ml) used in the experiment. This complements earlier results of the work
which showed that F. verticilloides produced fumonisin and DON (Fig. 4.5 and 4.6). Both
mycotoxins (FBs and DON) are reported to be cytotoxic and immune suppressive (Gutleb et
al., 2002; Pestka et al., 2004; Rotter et al., 1996; Theumer et al., 2002). The production of
these mycotoxins by the fungal species while exposed to cells might explain the expression of
IFN-y. Deoxynivalenol stimulates expression of cytokines when present in low doses and
immune suppression when the dose is increased (Pestka et al., 2004). The outcome of this study
thus correlates with the finding as IFN-y was expressed even though DON and FB

concentration was not very high.

Expression of IFN-y by the hepatocytes induced by the effect of both filamentous fungi and
combinations probably started after 3h of incubation and gradually increased up to 12h. There
was a decline in the concentration of expressed IFN-y by 24 hours and in some cases, there was
no expression at 24h. The increase in cytokine expression between 3 and 12h of incubation is
because IFN-y has been reported to be rapidly produced after infection by fungi (Brown and
Netea, 2007) and its production continues after 18h of exposure with dead cells being able to
continue releasing cytokine (Levitz and North, 1996). Though concentration of IFN-y produced
by the hepatocytes was lower than the least standard concentration (20pg/ml), it is remarkable
to know that some of these filamentous fungi were able to elicit expression of the cytokine

irrespective of the minimal concentration.

5.4.2 Production of TNF by hepatocytes

Expression of TNF was observed in hepatocytes exposed to filamentous fungal species and
their combination. However, the degree of TNF production by cells in response to the spore

suspension of filamentous fungi was less compared to production of IFN-y in this work. Micro-
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organisms (bacteria and viruses) are reported to induce the “in vitro” production of TNF by
hepatocytes and also “in vivo” (Gonzalez-Amaro et al., 1994; Santos et al., 2011; Takano et
al., 2012) with as much as 146pg/ml expressed by hepatocytes exposed to extracts of the
bacterium Salmonella typhimurium (Santos et al., 2011). Although there are no reports of the
production of TNF by hepatocytes exposed to filamentous fungi, other cells (leukocytes,
monocytes, macrophages and mononuclear cells) have been reported to express TNF when
exposed to filamentous fungi such as A. fumigatus (Figueiredo et al., 2011; Liebhart et al.,
2002; Warris et al., 2005). The production of TNF by hepatocytes exposed to some of the
filamentous fungi and their combinations complement these reports. Tumour necrosis factor
(TNF), which is a cytokine that contributes to the immune system by promoting migration of
neutrophils, is very important in resisting invasive filamentous fungi infections (Borish et al.,

1989; Mehrad et al., 1999; Warris et al., 2005).

The study revealed that some Fusarium and Penicillium species have the capacity to induce
production of TNF. This cytokine, which affects the expression of systemic cytokines when
expressed by hepatocytes (Takano et al., 2012), was produced by hepatocytes in this work
which were exposed to filamentous fungi and their combinations. Individual filamentous fungi
species were not able to induce the production of TNF from the hepatocytes except F.
oxysporum and F. verticilliodes at very low concentrations. Expression of TNF from
hepatocytes increased when 9-day old individual filamentous fungi species were exposed to
the hepatocytes. This could be because of age of the harvested fungal spores or other cytokines
expressed because some cytokines act as inhibitors for the production of other cytokines in the
immune system (Lacy and Stow, 2011; Scheller et al., 2011). Filamentous fungi combinations
of Fusarium/Aspergillus species and Fusarium/Penicillium species (C8, C9, C13, C15 and
C18) induced the production of TNF with higher concentrations observed from filamentous

fungi combinations compared to individual fungi species. It can thus be assumed that a
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synergistic action of the different fungal species increased the production of TNF which
reduced as age of fungal spores increased. Production of TNF by hepatocytes after incubation
with filamentous fungi was rapid after 3h incubation and in some cases, 6h (Table 5.4 and 5.6).
This conforms to reports of rapid TNF production by hepatocytes with subsequent reduction
after some hours up to 48 hours (Glezerman et al., 1998; Warris et al., 2005; Wollenberg et
al., 1993). Generally, cytokines are produced rapidly by cells in response to injury or infection

(Lacy and Stow, 2011).

5.4.3 Production of IL-10 by hepatocytes

The function of interleukin 10 in the immune system is to inhibit acute inflammation and limit
proliferative response of hepatocytes when there is injury or infection (Louis et al., 1998).
Production of IL-10 is common with many cells involved in the immune system (Wagener et
al., 2014; Zhang and Wang, 2006) and hepatocytes have also been reported to produce this
cytokine (Ishizaka et al., 1996; Nishitani et al., 2007; Zhang and Wang, 2006). Out of the six
filamentous fungi species used, only F. oxysporum was able to induce expression of the
cytokine and the level of IL-10 produced reduced as age of fungal cultures increased.
Interleukin-10 promotes susceptibility to infections by micro-organisms (Zhang and Wang,
2006), thereby suggesting that lack of production of this cytokine by hepatocytes in the
experiment increases the ability of the cells (hepatocytes) to withstand infections by the fungi.
The combination of filamentous fungi F. oxysporum and F. verticillioides (C12) was able to
induce the production of IL-10 which reduced as the age of the fungal spores increased. Like
other cytokines, the production of IL-10 was rapid, in most cases, after 3 or 6h of incubation
confirming the report that production of IL-10 in response to infection is an early regulatory
mechanism that controls abnormal proliferative response after liver injury or infection (Louis

etal., 1998).
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5.4.4 Production of IL-4 by hepatocytes

The hepatocytes expressed IL-4, one of the most influential cytokines in the immune system
(Brown, 2008). Production of IL-4, a cytokine involved in multiple immune responses in the
system, was observed from hepatocytes incubated with both filamentous fungal species and
their combinations, although there is little or no report of hepatocyte producing this cytokine
when exposed to filamentous fungi. Production of interleukin 4 by hepatocytes exposed to A.
flavus, F. oxysporum and F. verticillioides spores increased gradually as the age of the culture
increased with 14 days old spores eliciting the highest concentrations of I1L-4 (4.183pg/ml).
Older cultures of filamentous fungi had more viable spores thus, the tendency to induce more
expression of the cytokine. Penicillium expansum on the other hand, induced production of IL-
4 which reduced with increase in age of fungal spores. The production of IL-4 had earlier been

reported to be cytokine dependent or independent (Hu-Li et al., 1997).

Combinations of Fusarium species and species of other genera (C8, C12, C14, C15, C16, C17
& C18) induced production of IL-4 and highest concentration of 3.693pg/ml (Table 5.5)
observed from hepatocytes incubated with F. verticillioides and F. oxysporum combination
(C12). This, therefore, suggests that there was synergistic action between the two fungi species
which induced production of IL-4 as the fungal species were able to elicit expression of the
cytokine singularly. The production of mycotoxins (FB1, DON and NIV) by the two fungal
species (F. verticillioides and F. oxysporum) could be another explanation for expression of
IL-4. Fumonisin produced by Fusarium species is reported to induce increased level of
cytokine by cells (Theumer et al., 2002). Expression of I1L-4 which was induced by filamentous
fungi combinations increased up to 9-day old fungi combinations but reduced with 14-day old
combination. It can be assumed that combinations of older spores antagonised themselves and
brought about reduced expression of the cytokine. Also, combinations of two filamentous fungi

induced higher concentrations of IL-4 compared to more than two combinations indicating that
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the more the filamentous fungi species combinations, the lesser the possibility of production
of IL-4. As observed with other cytokines, expression of IL-4 began at the 3" hour of
incubation and continued until the 24th hour of incubation with most combinations. This is
because IL-4 is reported to be produced by cells immediately after infection by micro-
organisms (Lee et al., 2013). There are previous reports of production of IL-4 by other cells
aside from hepatocytes (Brandt et al., 2000; Kamogawa et al.; Lee et al., 2013) but none has
been reported about the production of IL-4 by hepatocytes. This study therefore shows that

hepatocytes can produce IL-4 when exposed to filamentous fungi.

5.4.5 Production of IL-2 by hepatocytes

IL-2, another major cytokine produced by T cells in response to infection or injury is important
for controlling autoimmunity in the body system by influencing production of CD4*and CD25"
T regulatory cells (Boyman and Sprent, 2012; Malek, 2003; Zelante et al., 2012). Aside from
IFN-y, IL-2 is another cytokine expressed by hepatocytes incubated with most fungi spore
suspension in this work. All individual filamentous fungi spores with the exception of A. niger,
induced the expression of IL-2 by hepatocytes and Fusarium species induced expression of
most of the IL-2. Expression of IL-2 by hepatocytes when incubated with 4 and 9 day old
fungal cultures but a reduced concentration at 14-day old cultures, an indication that spores
from older cultures of individual filamentous fungi induced less expression of IL-2. Although
there are several reports on the production of IL-2 by other cells apart from hepatocytes during
infections Gaffen and Liu (2004) and Rojo et al. (1986) reported fungal-influenced production

of IL-2 by mice lymphocytes.

Combinations of filamentous fungi species induced similar responses with some combinations
of Fusarium and Penicillium species not eliciting production of IL-2. Also, it was observed

that combinations of more than two fungal species did not elicit any production of IL-2
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suggesting that the more the combination of fungal species, the lesser the possibility of
production of IL-2 by hepatocytes. A comparison of production of IL-2 induced by 4, 9 and 14
days old filamentous fungal spore combinations revealed that there was not much difference in
production of the cytokine, although with some combinations, expression decreased as spores
got older. Production of IL-2 in most instances, was optimal at 12h of incubation and decreased
at 24h of incubation. Like most cytokines, IL-2 is usually expressed after 2 to 3h of incubation
(Granucci et al., 2003; Kaplan, 2010; Zelante et al., 2012) with a stimulant. This study also
confirms that production of IL-2 began at the stage of exposure of hepatocytes to the

filamentous fungi.

5.5 Conclusion

Th1 and Th2 cytokines were produced by hepatocytes exposed to filamentous fungi and their
combinations. Although the level of production of these cytokines by the hepatocytes was low
when compared to standards used and reports of cytokine expression induced by other micro-
organisms, it was proven that hepatocytes can produce cytokines when exposed to filamentous
fungi or their combinations. A novel finding of this work is the ability of F. verticilioides and
F. oxysporum to induce production of cytokines in hepatocytes. This is an indication that
hepatocytes contribute to the innate immune system when exposed to fungi contributing to
combating infections. Finally, it could be concluded that there is a balance in production of
Thl and Th2 cytokines by hepatocytes upon exposure to filamentous fungi with more

production of IFN-y, 11-4 and IL-2.
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CHAPTER SIX

General discussion and conclusion

Micro-organisms cause infections and diseases in the human body resulting in alteration of
different cellular functions or activities in the system. The ability of micro-organisms to induce
cell proliferation or reduction in cell viability has been attributed to both bacteria and
filamentous fungi (Rowell et al., 1997) as well as the ability to elicit the expression of
inflammatory cytokines (Brown and Netea, 2007; Wiseman and Mody, 2007). Uncontrolled
cell proliferation as a response of cells to microbial infections can be detrimental to the body
if not controlled resulting in tumours and cancerous growths. On the other hand, reduction in
cell viability of cells exposed to microbial infection can eventually result in complete cell death
and complete shutdown of the organ to which the affected cells belong (Stoev et al., 2009;
Stoev et al., 2002). Also, the expression of cytokines in the human body in the presence of
microbial infections can either promote progression or decrease of infections, depending on the
type of cytokines expressed by producing cells (Torre et al., 2002). This study showed that
some fungi are able to induce abnormal cellular response in hepatocytes and renal epithelial
cells with regard to cell multiplication. Also, they are able to induce the expression of certain

cytokines by target cells when exposed to them.

6.1 Production of metabolite by fungi and reduction of cell viability reduction

The study revealed that fungi are able to induce reduction of cell viability of healthy cells if
exposure is prolonged. Although, P. chrysogenum and P. expansum did not produce
metabolites (mycotoxins) screened for, it will be inappropriate to conclude that these fungi
were free of other metabolites not screened for. It can be assumed that production of
metabolites contributed to induction of initial cell proliferation and subsequent reduction in
cell viability of hepatocytes and renal epithelial cells. It was further observed that younger
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cultures (4 and 9 day old) were able to induce increased cell proliferation and reduction of cell
viability responses from both renal epithelial cells and hepatocytes compared to 14-day old
cultures even though spore concentration of 14-day old fungal cultures were more than 4 and

9 days old fungal cultures.

Mycotoxins are known to cause health disorders in different parts of the human body, including
the digestive, immune, reproductive, urinary and central nervous system (Doi and Uetsuka,
2011). Mycotoxins possess membrane-active properties that enable them to penetrate
membranes thereby resulting to changes in physiological functions of organs in the system
(Doi and Uetsuka, 2011). Bouaziz et al. (2008) maintained that mycotoxins affect cells in terms
of modulating proliferation, differentiation, cell reduction and cell death in both human and

animal systems.

Although Penicillium species did not produce the mycotoxins screened for, they elicited the
same response from experimental cells as the other fungal species. It will be safe to conclude
that the Penicillium species produced other metabolites that were not screened for and that they
probably contributed to the responses of the cells. The ability of filamentous fungi to induce
reduction of cell viability is supported by Bensassi et al. (2012) who maintained that Alternaria
species induced reduction of cell viability and subsequent cell death. There was synergistic
activity between the fungal species in combination with combinations of A. niger and species
of the genera Fusarium and Penicillium inducing higher responses with regard to initial cell
proliferation and subsequent reduction of cell viability. This response may be due to the
synergistic ability of OTA and fumonisins to exert additive deleterious effects (Klari¢ et al.,
2013; Pfohl-Leszkowicz, 2009; Stoev and Denev, 2013). The combination of isolates
producing AFs, OTA, FUMs, NIV and DON (chromatograms represented in the appendix)

induced reduction in cell viability at 24 hours of incubation and further reduction in cell
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viability after 72 hours, indicating that the synergistic action of mycotoxins contributed to the

effects.

6.2 Production of cytokines by hepatocytes and metabolites by filamentous fungi

The expression of cytokines in response to injury or infection is commonly associated with
certain cells in the body system including monocytes (Johannessen et al., 2009), mononuclear
cells (Warris et al., 2005), leucocytes (Elsasser-Beile et al., 1996) and kupffer cells
(Kawaratani et al., 2013). In some cases, hepatocytes have been reported to produce cytokines
either when there is injury to the liver or in the presence of an infection (Gutierrez-Ruiz et al.,
2001; Joshi-Barve et al., 2007; Kawaratani et al., 2013). This study confirms previous findings
as it showed the ability of filamentous fungi species and their combinations to induce

expression of both Thl and Th2 human cytokines.

As regards the production of metabolites by filamentous fungi and expression of cytokines by
hepatocytes when exposed to filamentous fungal species, the study revealed that even though
A. niger produced OTA at low concentration, it did not exert production of any of the cytokines.
Furthermore, it was observed in this study that filamentous fungi producing FBs, DON, NIV
and AFs as well as combinations of these filamentous fungi induced expression of different
cytokines at different concentrations, eliciting most of the target cytokines immediately after
incubation. This is an indication that mycotoxins produced by the fungi, contributed to eliciting
cytokine expression by the cells. The findings of this study could be supported by reports of
human hepatocytes expressing cytokines in the presence of microbial infections (Rowell et al.,
1997) or toxic substances (Dong et al., 1998a; Dong et al., 1998b) and expression of antigen-

specific cytokines by hepatocytes in response to stimuli (Rowell et al., 1997).
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6.3 Cell proliferation or reduction and production of cytokines by hepatocytes

Individual fungal species which induced high degrees of responses regarding cell proliferation
were able to induce the production of cytokines at different concentrations with the exception
of A. niger which did not induce expression of any of the target cytokines even though it
induced a high degree of cell proliferation of hepatocytes. Penicillium species which also
induced proliferation of cells at 24h, although not as high as A. niger, induced expression of
some of the cytokines including IL-2 and IL-4. Fusarium species which induced the lowest
rate of cell proliferation compared to other fungal species were able to induce production of

most of the cytokines.

The response of hepatocytes with regard to cell viability and the expression of cytokines when
exposed to filamentous fungi species followed the pattern of individual filamentous fungi
where there was subsequent increase in cell proliferation and subsequent reduction of cell
viability as incubation time increased. Combinations of A. niger and Penicillium species as
well as A. flavus species which induced higher rates of cell proliferation of hepatocytes at 24h
of exposure induced reduced cytokine expression and sometimes, no production of cytokines.
Fusarium species, in combination with all the other filamentous fungi species, induced the
lowest rate of cell proliferation at 24h of exposure to the cells. This therefore suggests of a
possible enhancement of Fusarium species to induce such reactions in the cells because of the
synergistic action of most filamentous fungi when they co-occur. Although there is no
documentary evidence that compares cell viability of cells to production of cytokine by cells,
statistical correlation analysis showed a generally moderate to weak positive relationship
between cell proliferation of hepatocytes at 24h exposure to filamentous fungi and the different
cytokines. This therefore indicates that as hepatocyte cell viability increased in response to the

exposure of fungal species, production of cytokines by the same cells also increased.
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In conclusion, toxicity induction by filamentous fungi on human cells can be expressed in
different forms. The study was able to show that exposure of human hepatocytes and renal
epithelial cells to mycotoxin-producing filamentous fungi and their combinations can result in
epileptic replication of cells as well as expression of cytokines to a certain degree. This study
was able to evaluate the relationship between toxicity induction by filamentous fungi on
healthy human cells and the ability of these cells to produce cytokine as an immune response
to them. The ability of these cells to produce cytokines in response to infection by fungal
species shows that they play immune-regulatory roles in the organs and the whole body.
Similarly, production of Th1 and Th2 cytokines within the first 3 to 12h of exposure by the
experimental cells indicated a balance in immune response such that anti-inflammatory and
pro-inflammatory cytokines were evenly expressed to prevent progression of the infection,
although cytokine expression stopped mostly at 12h of exposure. Subsequent reduction of cell
viability of both hepatocytes and renal epithelial cells induced by filamentous fungi at 72h of
exposure is an indication that continuous exposure to these filamentous fungi, either
individually or in combinations, could result in complete cell death and subsequent shut down
of the organs. Finally, production of deoxynivalenol (DON) by F. oxysporum and expression
of cytokines by hepatocytes upon exposure to the fungi species are novel findings that emerged
from this study. There is therefore the need for more research into molecular reactions such as
DNA stability, gene expression, and other cellular activities involved in the reaction of these

cells to filamentous fungi combinations.
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Appendices

APPENDIX I- Raw data on the production of mycotoxins by Aspergillus species in pg/g

Aflatoxin Bz
Day 4 Day 9 Day 14

A. flavus (PDA) 0.966 11.622 0.249

A. flavus (MEA) 1.397 3.412 4.222
Aflatoxin B2

A. flavus (PDA) 0.066 0.246 0.013

A. flavus (MEA) 0.085 0.175 0.274
Aflatoxin G

A. flavus (PDA) 0.105 0.215 0.723

A. flavus (MEA) 0.066 0.085 0.126
Aflatoxin G2

A. flavus (PDA) 0.000 0.755 0.441

A. flavus (MEA) 0.163 1.126 1.367
Ochratoxin A

A. niger (PDA) 8.63*10° 7.04*%10° 3.93*10°

A. niger (MEA) 7.04*%10° 4.04*10* 5.08*10™

APPENDIX I1- Raw data on the production of mycotoxin by Fusarium species in pg/g

Deoxynivalenol
Day 4 Day 9 Day 14
F. verticillioides (PDA) | 0.019 0.118 0.103
F. verticillioides (MEA) | 0.000 0.020 0.024
F. oxysporum (PDA) 0.004 0.058 0.065
F. oxysporum (MEA) 0.040 0.057 0.145
Fumonisin Bz
F. verticillioides (PDA) | 21.3 46.15 7.4
F. verticilliodes (MEA) 25.4 31.9 114.4
F. oxysporum (PDA) 5.0 8.2 11.8
F. oxysporum (MEA) 114.6 32.8 70.1
Nivalenol
F. verticillioides(PDA) 701.727 829.827 692.961
F. verticillioides(MEA) | 1035.270 358.146 808.792

APPENDIX I11- Raw data of alteration of hepatocyte viability induced by 4 days old
individual filamentous fungi species

PDA MEA

24 hrs | 48hrs | 72hrs 24 hrs |48hrs | 72hrs
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ve control 100 100 100 100 100 100
pbs control 100 102 99.1 102 98.6 104
MeOH control 98.7 101.6 101.9 99.0 103.1 98.6
A flavus 98.7 91.04 64.3 98.3 79.4 67.1
A. niger 254.62 218.64 87.2 252.0 207.1 65.9
F. oxysporum 106.03 94.02 86.9 119.3 106.9 70.6
F. verticillioides | 106.92 110.59 72.08 104.8 108.5 63.6
P. chrysogenum | 105.8 169 67.37 111.2 194.4 68.2
P. expansum 137.06 91.6 70.16 156.1 98.7 61.5

APPENDIX IV- Raw data of alteration of hepatocyte viability induced by 9 days old
individual filamentous fungi species

PDA MEA
24 hrs 48 hrs 72 hrs 24 hrs 48 hrs 72 hrs
ve control 100 100 100 100 100 100
pbs control 100 100.01 103.2 100 101 99.8
MeOH control 97.02 96.23 99.8 96.7 93.2 107.8
A flavus 97.09 81.03 70.5 96.9 79.9 72.0
A. niger 179 199.04 137.7 185.5 219.4 112.8
F. oxysporum 89.7 68.5 53.03 92.0 90.6 49.9
F. verticillioides | 113.8 85.3 133.6 102.4 81.7 119.0
P. chrysogenum | 146 157.3 88.16 159.4 162.0 81.5
P. expansum 153.8 114.7 121.08 150.6 115.3 131.9

APPENDIX V- Raw data of alteration of hepatocyte viability induced by 14 days old
individual filamentous fungi species

PDA MEA
24 hrs 48 hrs 72 hrs 24 hrs 48 hrs 72 hrs
ve control 100 100 100 100 100 100
pbs control 102.4 101 102 105.6 100.4 103.1
MeOH control 101.4 103.8 102.7 103.3 106.4 103.9
A. flavus 106.26 136.07 98.2 113.2 128.9 101.3
A. niger 204 153.9 127.3 227.2 171.4 104.8
F. oxysporum 107.2 80.2 42.03 105.9 70.3 39.9
F. verticillioides | 89.4 80.2 113.42 82.7 75.0 111.4
P. chrysogenum | 139.42 154.7 92.64 139.4 161.5 97.6
P. expansum 123.06 120.9 59.3 121.2 123.8 67.3
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APPENDIX VI- Raw data of alteration of hepatocyte viability induced by 4 days old

filamentous fungi species combinations

PDA MEA

24hrs | 48hrs | 72hrs | 24 hrs |48 hrs | 72 hrs
ve control 100 100 100 100 100 100
pbs control 102.4 101 102 102 98.6 104
MeOH control 101.4 103.8 [102.7 |99.0 |103.1 |98.6
A. flavus+A. niger+F. | 120.4 1719 |91.23 |117.9 |186.0 |929
oxysporum+F. verticillioides
A. flavus+A. niger+P. | 107.21 | 248.14 | 69.06 | 111.8 |258.0 |71.0
chrysogenum+P. expansum
A. flavus+A. niger 62.09 194.07 | 72.3 59.8 1704 | 58.7
A. flavus+ +F. oxysporum 89.01 139.5 |83.25 104.0 | 159.6 |96.7
A. flavus+ F. verticillioides 135.4 96.7 73.9 131.6 |96.8 715
A. flavus+P. chrysogenum 121 169.03 | 65.2 112.0 | 1716 |73.2
A. flavus+ P. expansum 123.73 | 96.1 75.8 134.8 | 108.0 |78.2
A. niger+F. oxysporum 100.16 |265.3 | 83.02 1025 | 2504 | 87.5
A. niger+ F. verticillioides 97.05 346 85.3 95.0 |333.3 |64.0
A. niger+P. chrysogenum 104.7 2183 | 851 101.7 | 244.7 |90.9
A. niger +P. expansum 167.29 | 348.3 |83.14 127.7 | 355.5 93.5
F. oxysporum+F. verticillioides 100.85 | 132.84 | 117 102.1 | 121.7 |106.9
F. oxysporum+P. chrysogenum 106.93 | 180.5 | 81.06 123.8 | 175.9 |76.5
F. oxysporum+P. expansum 132.02 | 154.02 | 53.9 140.3 | 175.2 |48.1
F. verticillioides+P. chrysogenum | 108.8 170.4 | 60.5 1114 | 166.3 |68.9
F. verticillioides+P. expansum 123.66 | 186.05 | 121.7 105.6 |152.3 |[94.1
P. chrysogenum+P. expansum 120.39 | 108.5 |91.02 1445 | 1304 112.3
F. oxysporum+F. verticillioides+P. | 159.2 175.03 | 130.7 140.2 | 151.2 | 1015
chrysogenum+P. expansum
A. flavus+A. niger+F. | 152.61 |264.1 |121.4 |141.7 |232.4 |109.2
oxysporum+F.  verticillioides+P.
chrysogenum+P. expansum
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APPENDIX VII- Raw data of alteration of hepatocyte viability induced by 9 days old

filamentous fungi species combinations

PDA MEA

24hrs | 48hrs | 72hrs | 24 hrs |48 hrs | 72 hrs
ve control 100 100 100 100 100 100
pbs control 102.4 101 102 100 101 99.8
MeOH control 101.4 103.8 |102.7 |96.7 |93.2 107.8
A. flavus+A. niger+F. | 132.09 |182.3 |76.1 1349 | 1821 |67.2
oxysporum+F. verticillioides
A. flavus+A. niger+P. | 141.7 166.19 | 84.4 157.6 |178.7 |90.1
chrysogenum+P. expansum
A. flavus+A. niger 13426 |201.4 |104.04 |121.7 | 2296 |119.3
A. flavus+ +F. oxysporum 94.03 82.27 |126.1 |99.7 |884 101.7
A. flavus+ F. verticillioides 82.5 98.3 113.06 | 81.3 82.1 114.3
A. flavus+P. chrysogenum 132.55 | 120 142.7 123.2 | 1154 | 135.2
A. flavus+ P. expansum 91.27 96.2 97.1 944 |94.2 97.0
A. niger+F. oxysporum 157.1 171 89 153.7 | 1745 |91.2
A. niger+ F. verticillioides 130 260.6 |112.9 133.1 | 285.2 |109.3
A. niger+P. chrysogenum 198.04 |187.6 |107.9 |214.2 |1943 |118.0
A. niger +P. expansum 154,35 | 1959 | 124 172.6 | 203.7 112.0
F. oxysporum+F. verticillioides 110.2 98.6 123.8 107.4 | 91.9 122.4
F. oxysporum+P. chrysogenum 133.3 125 86.93 1347 | 1259 |77.1
F. oxysporum+P. expansum 138.4 145.2 | 84.03 147.3 | 153.5 72.8
F. verticillioides+P. chrysogenum | 133 1219 | 12538 141.2 | 1159 |1254
F. verticillioides+P. expansum 127.9 139 103.05 |115.4 |125.2 |109.5
P. chrysogenum+P. expansum 145 98.9 122.7 162.4 |102.2 |130.8
F. oxysporum+F. verticillioides+P. | 156.2 134 1135 148.0 | 1231 |122.2
chrysogenum+P. expansum
A. flavus+A. niger+F. | 132.8 119.7 |87.05 |158.1 |152.2 |78.6

oxysporum+F.  verticillioides+P.

chrysogenum+P. expansum
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APPENDIX VIII- Raw data of alteration of hepatocyte viability induced by 14 days old

filamentous fungi species combinations

PDA MEA

24hrs | 48hrs | 72hrs | 24 hrs |48 hrs | 72 hrs
ve control 100 100 100 100 100 100
pbs control 102.4 101 102 105.6 |100.4 |103.1
MeOH control 101.4 103.8 |102.7 |103.3 |106.4 |103.9
A. flavus+A. niger+F. | 112.9 159 85.09 |127.7 |161.1 |739
oxysporum+F. verticillioides
A. flavus+A. niger+P. | 148.57 | 168.38 | 85.7 152.6 |170.5 |87.9
chrysogenum+P. expansum
A. flavus+A. niger 136.9 151 74.7 158.2 | 165.1 |76.3
A. flavus+ +F. oxysporum 96.3 132.57 | 101.32 | 93.9 111.0 |97.0
A. flavus+ F. verticillioides 102 145.97 | 84.5 1159 | 158.3 |[90.6
A. flavus+P. chrysogenum 123.6 176.21 | 116.9 141.4 | 1885 |114.3
A. flavus+ P. expansum 104 110.4 | 93.58 107.4 |108.3 |98.7
A. niger+F. oxysporum 143.7 132.94 | 79.03 1346 | 131.8 |63.0
A. niger+ F. verticillioides 149.4 237.4 | 82.49 153.1 | 253.8 |88.3
A. niger+P. chrysogenum 259 201.47 | 86.43 | 2774 | 2225 |92.7
A. niger +P. expansum 174.9 249 94.8 184.4 | 241.6 89.4
F. oxysporum+F. verticillioides 97.4 90.58 |114.32 (928 |86.6 103.2
F. oxysporum+P. chrysogenum 144.88 | 119.48 | 68.91 1414 | 1230 |61.1
F. oxysporum+P. expansum 124,97 | 120 53.09 1319 | 122.6 |45.7
F. verticillioides+P. chrysogenum | 145.8 137.59 | 104.72 | 137.9 |139.6 |1144
F. verticillioides+P. expansum 97.4 92.6 63 944 |921 51.5
P. chrysogenum+P. expansum 149.6 120.05 | 129.39 | 154.2 | 115.0 126.2
F. oxysporum+F. verticillioides+P. | 127.67 | 136.2 | 132.93 |112.4 | 1435 |122.6
chrysogenum+P. expansum
A. flavus+A. niger+F. | 156.73 | 163.92 | 107.38 | 1449 | 167.8 | 102.9
oxysporum+F.  verticillioides+P.
chrysogenum+P. expansum
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APPENDIX IX- Raw data of alteration of renal epithelial cells viability induced by 4
days old individual filamentous fungi species

PDA MEA
24 hrs 48 hrs 72 hrs 24 hrs 48 hrs 72 hrs
ve control 100 100 100 100 100 100
pbs control 102.7 98.6 100.9 101.7 106.8 101.8
MeOH control 96.1 96.7 96 104.3 95.4 98.3
A.flavus 133.9 113.6 101.4 133.3 131.7 87.8
A. niger 117.8 82.5 77.1 114.6 95.6 66.8
F. oxysporum 134.2 142.5 100.2 130.5 165.2 86.7
F. verticillioides | 163.6 145.2 1155 159.1 168.3 100
P. chrysogenum | 98.0 124.2 85.4 90.1 144 73.9
P. expansum 117.1 61.6 97.9 128.9 71.4 84.7

APPENDIX X- Raw data of alteration of renal epithelial cells viability induced by 9
days old individual filamentous fungi species

PDA MEA
24 hrs 48 hrs 72 hrs 24 hrs 48 hrs 72 hrs

ve control 100 100 100 100 100 100
pbs control 103.1 100.1 99.9 100.2 101.8 99.8
MeOH control 94.9 102.3 106.6 112 95.4 93.8
A flavus 117.8 141.2 104.2 121.7 185.9 95

A. niger 94.8 166.9 112.2 98 219.8 102.3
F. oxysporum 156.5 100.1 121.3 161.7 131.9 110.6
F. verticillioides | 144.3 105.5 121 149.1 138.9 110.3
P. chrysogenum | 196.9 97.8 97.4 203.5 128.8 88.8
P. expansum 84 77.9 110.9 86.8 102.5 101.1

APPENDIX XI- Raw data of alteration of renal epithelial cells viability induced by 14
days old individual filamentous fungi species

PDA MEA
24 hrs 48 hrs 72 hrs 24 hrs 48 hrs 72 hrs

ve control 100 100 100 100 100 100
pbs control 106 101.4 99.9 102.2 101.3 100.1
MeOH control 96.1 97.3 103.6 105.2 94.6 93.2
A flavus 105.4 80.9 61.6 87.8 77.9 54.9
A. niger 80.9 76.1 57.2 67.4 89.9 42.2
F. oxysporum 134.6 100.4 84.1 112.2 118.6 85.8
F. verticillioides | 86.4 66.8 57.7 72.1 78.9 44.6
P. chrysogenum | 119.5 60.7 57.2 99.6 71.7 44.5
P. expansum 106.9 98.1 75.5 89.1 115.9 77
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APPENDIX XII- Raw data of alteration of renal epithelial cells viability induced by 4
days old individual filamentous fungi species combinations

PDA MEA

24hrs | 48hrs | 72hrs | 24 hrs |48 hrs | 72 hrs
ve control 100 100 100 100 100 100
pbs control 102.7 98.6 100.9 | 101.7 |106.8 |101.8
MeOH control 96.1 96.7 96 104.3 | 954 98.3
A. flavus+A. niger+F. | 110.7 193.6 |139.9 |140.6 |2245 |121.1
oxysporum+F. verticillioides
A. flavus+A. niger+P. | 123.7 2236 | 171 90.4 |259.3 |148.1
chrysogenum+P. expansum
A. flavus+A. niger 104.6 117.3 | 105.2 101.8 | 136 91
A. flavus+ +F. oxysporum 1215 1149 | 1235 118.1 | 133.2 106.9
A. flavus+ F. verticillioides 129.4 150.1 | 125.7 128.4 | 174 108.8
A. flavus+P. chrysogenum 129.1 360.2 | 205 133.1 |417.7 |177.4
A. flavus+ P. expansum 119.7 226.6 | 129.1 116.5 | 262.7 111.7
A. niger+F. oxysporum 103.7 121 101.4 100.8 | 140.2 |87.8
A. niger+ F. verticillioides 115.4 303.7 | 167.1 112.3 | 352.2 | 144.6
A. niger+P. chrysogenum 93.5 269.5 2469 |909 |3124 |2137
A. niger +P. expansum 106.6 245.1 1925 103.7 | 284.1 166.6
F. oxysporum+F. verticillioides 120.3 2276 |126.4 | 117 263.9 | 109.4
F. oxysporum+P. chrysogenum 98.4 143.3 ]90.3 95.7 166.1 78.2
F. oxysporum+P. expansum 151.2 168.9 | 166.8 147.1 | 195.8 144.4
F. verticillioides+P. chrysogenum | 86.8 138 139.2 | 844 |160 120.5
F. verticillioides+P. expansum 114.5 236.3 |151.4 |111.4 | 274 131.1
P. chrysogenum+P. expansum 142 222.9 |131.8 138.2 | 258.4 1141
F. oxysporum+F. verticillioides+P. | 154 220.8 | 163.4 |149.8 | 256 141.4
chrysogenum+P. expansum
A. flavus+A. niger+F. | 155.8 3141 | 2554 |1516 |364.2 |221
oxysporum+F.  verticillioides+P.
chrysogenum+P. expansum

185




APPENDIX XIl1I- Raw data of alteration of renal epithelial cells viability induced by 9
days old individual filamentous fungi species combinations

PDA MEA

24hrs | 48hrs | 72hrs | 24 hrs |48 hrs | 72 hrs
ve control 100 100 100 100 100 100
pbs control 103.1 100.1 |99.9 100 101.8 |104.2
MeOH control 94.9 102.3 |106.6 |98.6 |94.8 915
A. flavus+A. niger+F. | 104.1 71.3 104.6 | 107.6 |93.9 95.3
oxysporum+F. verticillioides
A. flavus+A. niger+P. | 97.9 59.1 74.4 101.2 | 77.8 67.8
chrysogenum+P. expansum
A. flavus+A. niger 98.8 110.1 | 87.1 102.1 | 145 79.4
A. flavus+ +F. oxysporum 90.7 326.6 | 1257 |93.8 |430.1 |114.6
A. flavus+ F. verticillioides 154.6 106.7 | 118.5 159.8 | 140.5 | 108
A. flavus+P. chrysogenum 147.9 151.8 | 138 152.8 | 1999 |125.8
A. flavus+ P. expansum 115.9 256.8 | 207.1 119.8 | 338.2 188.8
A. niger+F. oxysporum 106.1 175.3 | 99.8 109.6 | 2308 |91
A. niger+ F. verticillioides 93.1 86.8 57.5 96.2 1144 |52.4
A. niger+P. chrysogenum 102.4 131.7 | 1045 105.8 | 1735 |[95.2
A. niger +P. expansum 110.5 104.1 | 97 1142 | 137.1 88.4
F. oxysporum+F. verticillioides 81.7 148.1 | 97.5 84.4 | 195 88.8
F. oxysporum+P. chrysogenum 181.3 134.2 | 186.9 187.3 | 176.7 |170.3
F. oxysporum+P. expansum 160 142 128.8 165.4 | 187 117.4
F. verticillioides+P. chrysogenum | 87.3 116.3 | 81.2 90.2 1532 |74
F. verticillioides+P. expansum 133.2 111.6 | 102.7 137.6 | 147 93.7
P. chrysogenum+P. expansum 162.9 227.3 | 162 168.3 | 299.3 147.7
F. oxysporum+F. verticillioides+P. | 152 240.1 | 207 157 316.2 | 188.7
chrysogenum+P. expansum
A. flavus+A. niger+F. | 76 131.8 |[138.1 |785 |1735 |1259
oxysporum+F.  verticillioides+P.
chrysogenum+P. expansum
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APPENDIX XIV- Raw data of alteration of renal epithelial cells viability induced by 14
days old individual filamentous fungi species combinations

PDA MEA

24hrs | 48hrs | 72hrs | 24 hrs |48 hrs | 72 hrs
ve control 100 100 100 100 100 100
pbs control 106 1014 |99.9 99.7 |102.1 |100.1
MeOH control 96.1 97.3 103.6 | 103.6 |915 88.2
A. flavus+A. niger+F. | 94.5 209.8 | 1212 |78.8 |313.6 |163.4
oxysporum+F. verticillioides
A flavus+A. niger+P. | 109.2 155.7 | 92.3 91 216.8 | 94.1
chrysogenum+P. expansum
A. flavus+A. niger 152.3 103.3 | 71.7 127 1221 | 73.1
A. flavus+ +F. oxysporum 127.7 216.8 | 113.9 106.4 | 256.1 116.2
A. flavus+ F. verticillioides 117.9 268.9 | 136.7 98.3 317.6 | 1394
A. flavus+P. chrysogenum 108.9 2109 |95.6 90.8 |[249.2 |975
A. flavus+ P. expansum 128.1 77.9 43.4 106.8 | 92.1 35.6
A. niger+F. oxysporum 75.2 65.4 56.3 62.7 77.3 574
A. niger+ F. verticillioides 93.8 64.7 57.6 782 | 76.5 58.8
A. niger+P. chrysogenum 77.9 1247 | 60.4 65 1474 | 61.6
A. niger +P. expansum 118 96.4 67 98.4 113.9 68.3
F. oxysporum+F. verticillioides 117.4 1435 | 87.6 97.9 169.6 | 89.3
F. oxysporum+P. chrysogenum 215 163.3 | 110.7 179.3 | 225.8 122.9
F. oxysporum+P. expansum 88.2 118.6 |81.6 73.5 173 89.1
F. verticillioides+P. chrysogenum | 107.8 88.2 75.8 89.9 104.2 | 86
F. verticillioides+P. expansum 144.8 141.7 | 89.4 120.7 | 1904 |90.6
P. chrysogenum+P. expansum 146.3 117.3 | 96.9 122 1385 |98.8
F. oxysporum+F. verticillioides+P. | 73.5 121.5 |90.9 61.3 1435 | 92.7
chrysogenum+P. expansum
A flavus+A. niger+F. | 95.2 279.3 | 184 79.4 | 330 187.6
oxysporum+F.  verticillioides+P.
chrysogenum+P. expansum
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APPENDIX XV- Pearson’s correlation of hepatocytes viability alteration against
individual cytokines expressed when exposed to 4 days old filamentous fungi species for

24 hours

Cell  viability when | IFN TNF IL-10 IL-4 IL-2

exposed to filamentous

fungi
Cell viability when |1 .186 113 123 150 154
exposed to filamentous
fungi
IFN .186 1 688" | 452" 428" 612"
TNF 113 688" 1 657" 257 4217
IL-10 123 452" 6577 |1 417" 277
IL-4 150 428" 257 AT 1 665"
IL-2 154 612" | 4217 277 665" |1

**. Correlation is significant at the 0.01 level (2 tailed)

*- Correlation is significant at the 0.05 level (2 tailed)

APPENDIX XVI- Pearson’s correlation of hepatocytes viability alteration against
individual cytokines expressed when exposed to 9 days old filamentous fungi species for

24 hours

Cell viability when | IFN IL-10 TNF IL-4 IL-2

exposed to filamentous

fungi
Cell viability when |1 0.264 0.153 0.213 0.139 0.276
exposed to filamentous
fungi
IFN 0.264 1 0.241 0.560™ | 0.500" |0.667""
IL-10 0.153 0.241 1 0.430" | 0.361 0.241
TNF 0.213 0.560 | 0.430" |1 0.490° | 0.560™
IL-4 0.139 0.500" | 0.361 0.490" |1 0.667"
IL-2 0.276 0.667 | 0.241 0.560" | 0.667 |1

**. Correlation is significant at the 0.01 level (2 tailed)

*- Correlation is significant at the 0.05 level (2 tailed)
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APPENDIX XVII- Pearson’s correlation of hepatocytes viability alteration against
individual cytokines expressed when exposed to 14 days old filamentous fungi species
for 24 hours

Cell  viability when | IFN TNF IL-10 IL-4 IL-2
exposed to filamentous
fungi
Cell viability when |1 0.525™ |0.335 0.271 0.399 0.567""
exposed to filamentous
fungi
IFN 0.525™ 1 0.553™ | 0.261 0.724™ | 0.774™
TNF 0.335 0.553™ |1 0.473" | 0.764" | 0.428"
IL-10 0.271 0.261 0.473" |1 0.361 0.202
IL-4 0.399 0.724™ [0.764™ [ 0361 |1 0.560"
IL-2 0.567 0.774™ | 0.428" |0.202 0.560° |1

**. Correlation is significant at the 0.01 level (2 tailed), *- Correlation is significant at the 0.05 level (2 tailed)

APPENDIX XVII1I- High performance liquid chromatographs of standard mycotoxins
and detected mycotoxins in filamentous fungi extracts
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Appendix XVIlla: Chromatogram of fumonisin standards used for calibration in the
experiment
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Appendix XVIIIb: Chromatogram of fumonisin Bi positive extract of 9 days old F.

verticilliodes isolate cultured on malt extract agar
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Appendix XVIllc: Chromatogram of fumonisin B1 positive extract of 9 days old F.
oxysporum isolate cultured on potato dextrose agar
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Appendix XVII1d: Chromatogram of aflatoxin Bz, B2, G1 and G2 standards
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Appendix XVllle: Chromatogram of aflatoxins positive extract of Aspergillus flavus
isolate cultured on potato dextrose agar for 9 days
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Appendix XVIIIf: Chromatogram of nivalenol standard (200ug/ml)
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Appendix XVIIlg: Chromatogram of nivalenol positive extract of 4 days old Fusarium
verticillioides isolate cultured on malt extract agar
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Appendix XVIIIh: Chromatogram of deoxynivalenol standard (20ug/ml)
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Appendix XVIIli: Chromatogram of deoxynivalenol positive extract of 9 days old
Fusarium verticillioides isolate cultured on potato dextrose agar
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Appendix XVI11j: Chromatogram of ochratoxin A standard (2ng/ml)
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Appendix XVIIIk: Chromatogram of ochratoxin A positive extract from 9 days old
Aspergillus niger cultured on malt extract agar
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