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Toxic Secondary Metabolites Produced by
Western Australian Fusarium spp.
Abstract
Sheep grazing in Western Australia have been reported to partially or
completely refuse to consume pods of annual Medicago spp. These were
later found to be contaminated with a number of different Fusarium
species. Previous rat toxigenicity studies on 16 Western Australian
Fusarium isolates from legume pasture species mostly associated with the
feed refusal disorder, showed that they can cause high mortality rates.
Fusarium species, predominantly associated with cereal grains, are known
to produce deoxynivalenol (causes vomiting and feed refusal in animals)
and/or diacetoxyscirpenol (also causes reduced feed intake in animals) as
part of their array of toxigenic secondary metabolites. Furthermore, in
2004, Fusarium head blight (FHB) of wheat was reported in the south
coastal area of Western Australia. The overall aim of this study was to
isolate and characterise the toxigenic secondary metabolites produced by
47 Fusarium isolates associated with sheep feed refusal disorder, annual
legume pastures and FHB, and also to compare the secondary metabolite
profiles of pasture related and head blight of wheat related Fusaria.
Attempts were made to molecularly identify 69 Fusarium isolates from
pasture and wheat-growing areas in Western Australia using ten speciesspecific primers, an internal transcribed spacer primer and/or the
translation elongation factor 1-α primer. Professional mycologists from the
International Mycological Institute (IMI), Surrey, UK, had previously
identified 44 of the 69 Fusarium isolates using classical morphological
methods. Only 32 of these 44 matched the species identity when using
molecular methods. Two isolates remained unidentified after using the PCR
methods, while two Fusarium spp. were recorded for the first time in
Australia, namely F. brachygibbosum and F. venenatum, while F. tricinctum
was recorded for the first time in Western Australia.

ix

Various culture conditions, such as substrate composition, temperature,
photoperiod and growth duration, were examined and the most suitable
conditions for optimum metabolite production were determined to be
cultures grown in modified Czapek-Dox liquid medium supplemented with
1% peptone (CDP) at 23-25°C with 12 h photoperiod for 28 d. Several
different chemical detection methods were also examined and it was found
that gas chromatography-mass spectrometry (GC/MS) gave a reliable rapid
screening method for mycotoxins produced by the Fusaria.
Fusarium spp. associated with sheep feed refusal and/or rat death in
Western Australia were grown in CDP and analysed for brine shrimp
toxicity and secondary metabolite composition of the fungal extracts.
GC/MS results revealed that the Western Australian Fusarium spp. isolates
from pasture can be divided into two groups, trichothecene-producers or
enniatin-producers. Of the 24 isolates tested, ten produced trichothecenes,
whereas 14 produced enniatins. All of the fungal crude extracts showed
different levels of toxicity to Artemia franciscana (brine shrimp), having the
following descending order of toxicity: type A trichothecene > enniatins >
type B trichothecene. A bioassay-guided fractionation was also conducted
to verify the mycotoxins suspected to cause the brine shrimp mortality.
Fusarium spp. isolated from a Fusarium head blight (FHB) disorder in
Western Australia in 2004 were screened for the presence of mycotoxins
and the toxigenicity of their extracts to brine shrimp. In contrast to the
Fusarium spp. isolated from pasture, those isolates from wheat mainly
produced type B trichothecenes, whereas only a few produced enniatins.
Three

isolates

produced

zearalenone

(ZEA)

together

with

type

B

trichothecenes, and two isolates produced only zearalenone, all of which
were from millet seed cultures. Enniatin-containing extracts from Fusarium
spp. isolates associated with FHB exhibited the greatest toxicity to the brine
shrimp among those from the 23 FHB isolates.
The high prevalence of enniatin-producing isolates from Fusarium spp.
isolated from pasture and the high toxicity of their crude extracts to brine
shrimp warranted further investigation of this class of mycotoxin.
x

Enniatins A, A1, B and B1 were purified using semi-preparative liquid
chromatography, and both these purified enniatins and their mixtures were
bioassayed using brine shrimp. All were found to show brine shrimp
toxicity after 6 h of exposure, implicating that this emerging mycotoxin
causes acute toxicity to brine shrimp.
This study includes a number of firsts for Western Australia, first to
molecularly identify Fusarium spp. associated with the sheep feed refusal
problem and with FHB; first to report the occurrence of F. tricinctum in the
pasture and wheat growing areas of Western Australia; first to report the
spectrum of mycotoxins produced by Western Australia Fusarium spp.; and
first to study the relative toxicities of metabolites produced by Western
Australian Fusarium isolates to brine shrimp. Moreover, this is also the first
report of the occurrence of F. brachygibbosum and F. venenatum in
Australia. Last but not least, this study is the first in the world to show that
enniatins can exhibit acute toxicity to brine shrimp and suggests the
potential implications of this class of mycotoxins in the ecology of
Fusarium spp. in pastures associated with feed refusal problem.
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Chapter 1
General Introduction
1.1 Secondary metabolites
Secondary metabolites, also often referred to as natural products, are small
molecules (molecular weight of less than 1500 amu) produced by an
organism that are not essential but may aid their survival. Unlike primary
metabolites that are necessary for an organism‟s growth and development,
such as proteins, nucleic acids and polysaccharides (Cannell 1998),
secondary metabolites are often unique to a particular group of species or
organisms and may act as antibiotics, pigments, mycotoxins or may have
no obvious biological role (Calvo et al. 2002).
Mycotoxins are low-molecular weight microfungal secondary metabolites
capable of causing diseases and death in vertebrate animals and humans,
even at low concentrations (Cannell 1998; Frisvad et al. 2006). Although all
mycotoxins are produced by microfungi, not all of their toxic compounds
are classified as mycotoxins. For example, fungal metabolites that are
mainly active against bacteria are often called antibiotics, and those mainly
toxic to plants are referred to as phytotoxins (Bennett and Klich 2003).
Toxins produced by macroscopic fungi, such as mushrooms, are called
“mushroom poisons” and are also excluded from the terminology
“mycotoxins” (Bennett and Klich 2003). Examples of mycotoxins and the
fungal species that produce them are listed in Table 1.1 (Bennett and Klich
2003).

1.2 Fusarium
Fusarium spp. are a group of anamorphic filamentous fungi often found in
nature as serious plant pathogens causing severe plant diseases, including
crown rots, head blights, cereal grain scabs, vascular wilts, root rots and
various other rots of horticultural crops (Nelson et al. 1994). They are
widespread in subterranean and aerial plant parts and in many organic
substrates, and many species are often considered as soil-borne fungi as
they are abundant in soil and frequently found in plant roots as parasites
1
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or saprophytes (Burgess 1981). Fusarium spp. are versatile and can adapt
well to various environmental conditions, from tropical and temperate
regions to desert and arctic areas, and in a wide range of substrates
(Burgess 1981). Their ability to survive in plant debris or soil for years until
favourable conditions occur further enhances their deleterious nature
(Burgess 1981). Of concern is that these fungi are capable of producing a
wide array of toxic compounds which can accumulate in agricultural plants
and exacerbate economic loss (Bottalico 1998).
Table 1.1 Major mycotoxins and the fungal species reported to produce them
(Bennett and Klich 2003).

Major Mycotoxins

Reported Fungal Species

Aflatoxins

Aspergillus flavus and Aspergillus parasiticus

Citrinin

Penicillium spp. and Aspergillus spp.

Ergot Alkaloids

Claviceps spp.

Fumonisins

Fusarium spp.

Ochratoxin

Aspergillus spp.

Patulin
Trichothecenes

Penicillium spp.
Fusarium spp., Myrothecium spp., Phomopsis spp.,
Stachybotrys spp., Trichoderma spp., Trichothecium
spp.
Fusarium spp.

Zearalenones

1.3 Fusarium toxigenicity
The genus Fusarium was first described by Link (1809), almost two
centuries ago. However it was not until a hundred years later that Fusarium
spp. were associated with mycotoxicoses, poisoning by the consumption or
exposure to mycotoxins. Reports on animal and human toxicoses were
abundant and not limited to alimentary toxic aleukia, Kashin-Beck disease,
akakabi-byo, hemorrhagic syndrome, oestrogenic syndrome, feed refusal
and

emetic

syndromes,

pulmonary

oedema

in

swine,

equine

leukoencephalomalacia, fescue foot, Degnala disease and mouldy sweet
potato toxicoses (Nelson et al. 1994). The degree of mycotoxicoses depends
on the concentration (dose) and exposure duration to the toxin and is
further influenced by genetic, physiological and environmental factors
(Bryden 1989).

2
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In 1961, extensive and intensive studies on Fusarium metabolites began
worldwide; especially in the United States, Canada, Japan, Norway and
eastern Australia; as the mycotoxins produced by these species posed a
threat to animal and human health (Desjardins 2006). As early as 1886, the
role of toxins in plant disease was suggested by De Bary, however, it was
not until recently that studies proved that certain mycotoxins aid in the
pathogenicity and virulency of Fusarium spp. (Desjardins et al. 1993;
Desjardins and Hohn 1997; Nicholson et al. 2003). Of the 70 Fusarium spp.
reviewed by Leslie and Summerell (2006), 48 have been discovered to
produce mycotoxins. Table 1.2 lists these 48 mycotoxigenic Fusarium spp.
(Desjardins 2006; Frisvad et al. 2006; Marasas et al. 1984; Thrane et al.
2004).
Table 1.2 Reported mycotoxigenic Fusarium spp. (De Nijs et al. 1996; Desjardins
2006; Frisvad et al. 2006; Marasas et al. 1984; Thrane et al. 2004).

F. acuminatum
F. acutatum
F. andiyazi
F. anthophilum
F. armeniacum
F. avenaceum
F. begoniae
F. beomiforme
F. camptoceras
F. chlamydosporum
F. circinatum
F. compactum
F. concentricum
F. crookwellense
F. culmorum
F. denticulatum
F. dlamini
F. equiseti
F. fujikuroi
F. globosum
F. graminearum
F. guttiforme
F. konzum
F. kyushuense

F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.

langsethiae
lateritium
longipes
napiforme
nygamai
oxysporum
phyllophilum
poae
proliferatum
pseudocircinatum
pseudograminearum
pseudonygamai
sacchari
sambucinum
semitectum (F. incarnatum)
solani
sporotrichioides
subglutinans
sulphureum
thapsinum
torulosum
tricinctum
venenatum
verticillioides
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1.3.1 Fusarium associated feed refusal disorder
In 1919, Fusarium infected grains fed to swine were reported to have
caused illness, vomiting and often refusal to ingest the grains (Vesonder et
al. 1976). In 1936, F. graminearum (F. graminearum Gr 2) strains isolated
from a 1928-contaminated barley crop associated with feed refusal and
emesis in swine were confirmed to cause swine feed refusal symptoms
(Christensen and Kernkamp 1936). Thirty years later, Prentice and Dickson
(1968) preliminarily characterized two compounds isolated from F.
moniliforme [now known as F. verticillioides (Seifert et al. 2003)] grown in
artificial media to have emetic activity. Fusarenon-X (FUS-X, 2d) isolated
from F. nivale in 1971 caused emesis in cats and ducklings (Ueno et al.
1971; Ueno et al. 1974). In 1973, T-2 toxin (T-2, 1g) and vomitoxin
(deoxynivalenol) were found to cause vomiting in pigeons and swine,
respectively (Ellison and Kotsonis 1973; Vesonder et al. 1973). Shortly after,
acetyl T-2 toxin was isolated and identified as an emetic factor (Kotsonis et
al. 1975). Further work led to the identification of deoxynivalenol (DON, 2c)
as the compound responsible for feed refusal that can also cause emesis
(Vesonder et al. 1976). It had been proven that the monogastric swine are
more sensitive to the feed refusal effects of DON and other trichothecenes
than ruminants (Prelusky et al. 1994; Rotter et al. 1996; Trenholm et al.
1984). DON contaminated maize fed to 7-8 kg pigs reduced feed intake at
1.3 mg DON/kg and caused almost total feed refusal at 12 mg/kg (Young et
al. 1983). However, in one case, an exposure of DON at 15.6 mg/kg of feed
to sheep for 28 d did not cause reduced weight gain nor had effects on liver
function (Harvey et al. 1986). Decreased feeding was observed in swine fed
with 2-9 ppm diacetoxyscirpenol (DAS, 1a) for as long as 9 weeks (Weaver
et al. 1981), while lambs fed with DAS at 5 mg/kg of feed for 34 d induced
weight loss (Harvey et al. 1995).

1.3.2 Feed refusal disorder in Australia
Various feed refusal disorders have been reported in Australia. These
include those related to Claviceps africana, known to produce ergots that
cause feed refusal in sows (Bandyopadhyay et al. 1998; Blaney et al. 2000;
Ryley et al. 1996). In Western Australia, Claviceps purpurea found on
4
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annual Lolium, ryegrass, paspalum and cereals (Shivas 1989) has also been
reported to be associated with hyperthermia and death in feedlot cattle
(Peet et al. 1991). However, neither species of Claviceps was detected in
farmers‟ fields where one or more annual medic species were associated
with sheep feed refusal disorders in Western Australia, but instead a high
incidence of Fusarium spp. were found to be present (Barbetti and Allen
2005). Elsewhere in Australia, Fusarium related feed refusal disorders are
generally infrequent, and all of these reports in the eastern Australian
states were associated with feeding contaminated cereal based feeds to
livestock (Moore et al. 1985; Tobin 1988; Williams et al. 1988; Williams and
Blaney 1994). Moreover, these particular feed refusal disorders were
specifically associated with F. graminearum and the presence of DON in
the cereal grain (Bryden et al. 1987; Moore et al. 1985), or the presence of
nivalenol (NIV, 2e) in maize (Williams and Blaney 1994). While Fusarium
spp. have been frequently isolated from one or more Australian pasture
species and/or soils associated with pastures both in eastern Australia
(Burgess et al. 1988; Burgess and Summerell 1992; Kellock et al. 1978; Nik
and Parbery 1977; Pankhurst et al. 1998; Sangalang et al. 1995), and also in
Western Australia (Barbetti 1984, 1985, 1986, 1990; Wong et al. 1985), the
only feed refusal report in Australia associated with Fusarium spp. in
pastures was that by Barbetti and Allen (2005, 2007).

1.4 Major classes of mycotoxins produced by Fusarium
Fusarium secondary metabolites are of great interest as many have been
found to be mycotoxins which pose a threat to plant, animal and/or human
health. Fusarium spp. mainly produce three major classes of mycotoxins,
trichothecenes (Figure 1.1 and 1.2), zearalenones (Figure 1.3), and
fumonisins (Figure 1.4). Table 1.3 lists other secondary metabolites
produced by Fusarium spp. (Desjardins 2006; Frisvad et al. 2006; Marasas
et al. 1984; Thrane et al. 2004) and highlights the individual mycotoxins
reported to be produced by a selection of 10 Fusarium spp. with a “√” while
those encircled represent molecularly identified Fusarium spp. reported to
produce the corresponding mycotoxins. Details of references are provided
in Appendix I.
5
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Table 1.3 Examples of mycotoxins reported to be produced by a selection of 10
Fusarium spp. marked with a √.
Mycotoxins
2-AOD-3-ol
Acuminatopyrone
Acuminatin
Acuminatum
Antibiotic Y
Aurofusarin
Beauvericin
Bikaverin
Butenolide
Chlamydosporol
Chrysogine
Culmorin
Cyclonerodiol
Cyclonerotriol
Enniatins
Equisetin
Fosfonochlorin
Fumonisin
Fusaric acid
Fusarin C
Fusarochromanone
Moniliformin
Naphthazarin
Napthoquinone pigments
Sambutoxin
Trichothecene A
Trichothecene B
Visoltricin
Wortmannin
Zearalenol
Zearalenone

Fac Fav
√
√
√
√
√
√
√
√
√

√

Fb

Fe

Fo

Fp

√
√

√
√
√

√

√

√

Fg

√
√
√

√
√

√
√
√
√

Fs

√
√

√

√
√

Ft
√
√
√
√
√

√
√
√

Fv

√

√

√
√
√

√

√

√

√
√

√
√

√
√
√

√

√
√

√

√
√

√
√

√
√

√
√
√
√
√
√
√
√
√
√

√

√
√

√
√

√

√

√

√
√
√

√

√
√

√
√

√
√
√

√
√

√

√
√

√

√

Encircled ones represent molecularly identified Fusarium spp.
Fac = F. acuminatum; Fav = F. avenaceum; Fb = F. brachygibbosum; Fe = F. equiseti;
Fg = F. graminearum; Fo = F. oxysporum; Fp = F. pseudograminearum;
Fs = F. sambucinum; Ft = F. tricinctum; Fv = F. venenatum; 2-AOD-3-ol = 2-Amino14,16-dimethyloctadecan-3-ol
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1.4.1 Trichothecenes
1.4.1.1 Chemistry and biology of trichothecenes

1
Compound
Name
1
4,15-DAS
a
HT-2
b
4-MAS
c
15-MAS
d
NEO
e
SCP
f
T-2
g

R1

R2

R3

R4

Formula

OH
OH
OH
OH
OH
OH
OH

OAc
OH
OAc
OH
OAc
OH
OAc

OAc
OAc
OH
OAc
OAc
OH
OAc

H
OCOCH2CH(CH3)2
H
H
OH
H
OCOCH2CH(CH3)2

C19H26O7
C22H32O8
C17H24O6
C17H24O6
C19H26O8
C15H22O5
C24H34O9

Molecular
mass
366.1678
424.2097
324.1573
324.1573
382.1627
282.1467
466.2202

Figure 1.1 Examples of type A trichothecenes
(Desjardins 2006; Savard and Blackwell 1994)

2
Compound
Name
2
3-ADON
a
15-ADON
b
DON
c
FUS-X
d
NIV
e

R1

R2

R3

R4

Formula

Molecular
mass

OAc
OH
OH
OH
OH

H
H
H
OAc
OH

OH
OAc
OH
OH
OH

OH
OH
OH
OH
OH

C17H22O7
C17H22O7
C15H20O6
C17H22O8
C15H20O7

338.1366
338.1366
296.1260
354.1215
312.1209

Figure 1.2 Examples of type B trichothecenes
(Desjardins 2006; Savard and Blackwell 1994)
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Antifungal antibiotic activities of a secondary metabolite, trichothecin,
isolated from Trichothecium roseum Link in 1948 led to the discovery of
trichothecenes. These are a class of secondary metabolite commonly
produced by several fungal species, including Fusarium, Myrothecium,
Trichothecium,

Trichoderma,

Cylindrocarpon,

Cephalosporium,

Verticimonosporium and Stachybotrys (Freeman and Morrison 1948; Ueno
1983). This class of compounds contain a tetracyclic sesquiterpenoid
structure containing an epoxide ring at C-12,13 and a double bond at C9,10 (Godtfredsen et al. 1967). Trichothecenes are classified into 4 different
groups, types A, B, C and D (Ueno 1977; 1983; 1985). Type A (Figure 1.1)
has no carbonyl group at C-8 position and includes T-2 (1g) and scirpenols
(1a, 1c, 1d, 1f); type B (Figure 1.2) has a carbonyl group at C-8 and is
commonly represented by DON (2c) and NIV (2e);

type C has a second

epoxide ring at C-7,8 or at C-9,10; and type D has a macrocyclic ring
between C-4,5 and C-15 with two ester-linkages. Fusarium spp. have been
only reported to produce the microcyclic type A and B trichothecenes. The
main mode of action of trichothecenes in biological systems is inhibition of
protein, DNA and RNA synthesis, they can also cause feed refusal, emesis,
reduced feed intake, skin irritation,

haemorrhaging, and death (Betina

1989a; Scott et al. 1985). Studies have suggested that trichothecenes may
aid in the pathogenicity of the fungi and their virulency (Desjardins et al.
1993; Desjardins and Hohn 1997).
It is difficult to compare the reports of toxicity of each toxin against
mammalian cell lines or animals, because different methods were applied
in each study. For example, while swine fed orally with DON had a minimal
effect at an emetic dose of 0.1 mg/kg, the interperitoneal route was more
effective in causing emesis (Forsyth et al. 1977). The gender of the animals
tested, age and weight also caused differences. Different animal systems
have different ways of detoxification.

For example, ruminants, having

multiple chambered stomachs were able to detoxify trichothecenes while
monogastric animals were not (Beasley 1989). Thus a precise comparison of
the toxicities of each trichothecene is currently not possible as no study
has used the same test animal in the same conditions for all of the
trichothecenes (Schollenberger et al. 2007). Table 1.4 lists reported LD50 of
8
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rats dosed intraperitoneally or orally, of mice dosed intraperitoneally, and
of brine shrimp.
Table 1.4 Some examples of the LD50 oral dose in rats, intraperitoneal dose in rats
and mice as affected by sex (♂♀), and brine shrimp LC50 of several type A and B
trichothecenes.

Compound
name and
no.
4,15-DAS (1a)

LD50 in Rats (mg/kg)

LD50 in Mice
(mg/kg)

p.o.

i.p.

i.p.

♀: 7.3
♀: 1.6q+
c

♀: 0.75
♂: 23.0i

c

HT-2 (1b)

15-MAS (1d)

♀: 1.8q+

NEO (1e)

T-2 (1g)

♀: 3.0l
3.0g

3-ADON (2a)

0.178p
0.121 ± 0.012b
0.258p
1.00e

♂: 4.5r

0.128p
0.243 ± 0.027b

♂: 14.5i
♂: 14.8r

3.20e
0.346 ± 0.034b

♀: 1.3o

♂: 3.0l
♂: 5.2i
♂: 9.1r

♂: 49.0k

♂: 49.4a
♀: 49.9a
♂: 54.0r

DON (2c)

FUS-X (2d)

23.0m*
♂: 15.3r
♂: 6.5h
♂: 9.0i
♂: 10.1r

♀: 0.81c

SCP (1f)

♂: 4.0n
♀: 4.4n

NIV (2e)

0.111p
0.5d

♂: 70.0j
50.0m*
♂: 43.0r

2.788p

3.3m*
♂: 5.6r

1.8f

♂: 4.1i
♀: 4.0s
♂: 9.6r

a

l

b

m

(Grove and Hosken 1975)
(Richardson and Hamilton 1990)
c
(Brian et al. 1961)
d
(Leistner et al. 1977)
e
(Schmidt 1983)
f
(Harrach 1980)
g
(Kosuri et al. 1971)
h
(Yoshizawa et al. 1982)
i
(Ueno et al. 1973)
j
(Yoshizawa and Morroka 1973)
k
(Busby and Wogan 1979)

Brine Shrimp
LC50 (µg/mL)

(Yates et al. 1968)
(Ciegler 1978)
n
(Ueno et al. 1971)
o
(Fairhurst et al. 1987)
p
(Swanson et al. 1987)
q
(Mirocha et al. 1985)
r
(Thompson and Wannemacher 1986)
s
(Tatsuno 1968)
+ intubation into the stomach
*dosage method not mentioned

1.4.1.2 Extraction of trichothecenes
Common solvent systems used for the extraction of trichothecenes include:
9
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i)

Acetonitrile : water (84:16, v/v) (El-Banna et al. 1984; Mateo et al.
2002a; Romer et al. 1981)

ii)

Acetonitrile : water (3:1, v/v) (Tanaka et al. 1985)

iii)

Ethyl acetate : acetonitrile : water (20:5:1, v/v/v) (Möller and
Gustavsson 1992)

1.4.1.3 Detection of trichothecenes
1.4.1.3.1 Thin layer chromatography (TLC)
Silica gel plates developed in solvent systems: chloroform : methanol (9:1,
v/v or 4:1, v/v); or chloroform : acetone (3:1, v/v), then sprayed with
methanolic sulphuric acid and heated for 10 min at 110-120°C show a gray
fluorescence under long UV light (365nm) in the presence of trichothecenes
(Bosch et al. 1989). Plates without fluorescent indicator developed in
chloroform : methanol (93:7, v/v), dried and sprayed with 20% AlCl3 (aq)
with 10 min of heating at 110°C show blue fluorescent spots for NIV, DON
and FUS-X (type B trichothecenes) under a 365nm UV light. Subsequent
spraying of 20% H2SO4 (aq) with 10 min of heating at 110°C shows bluegreen fluorescent spots for T-2, HT-2, DAS and neosolaniol (NEO, 1e) (type
A trichothecenes) (Kamimura et al. 1981). A more comprehensive list of
developing solvents and visualising sprays can be found in Betina (1993).
1.4.1.3.2 Liquid chromatography (LC)
Most type A trichothecenes lack a UV chromophore, making HPLC-UV
systems insensitive in detecting small amounts of type A trichothecenes
present in a sample (Mirocha et al. 1977). However, type B trichothecenes
can be detected at 221 nm wavelength with the mobile phase water :
acetonitrile (90:10, v/v) (Mateo et al. 2002a). LC-MS/MS methods on the
other hand, proved to be very accurate in detecting and identifying
trichothecenes (Berthiller et al. 2005; Biselli and Hummert 2005). The
solvent system used often contains a mixture of two or three of the
following: methanol, water, and acetonitrile; buffers used are often
ammonium acetate or acetic acid, while ionisation methods often used are
atmospheric pressure chemical ionisation or electrospray ionisation
(Berthiller et al. 2005).
10
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1.4.1.3.3 Gas chromatography/mass spectrometry (GC/MS)
GC/MS is by far the most common method of separating and identifying
trichothecenes.
derivatised

to

The

hydroxyl

their

groups

trimethylsilyl

of

trichothecene

(TMS)

ethers,

are

or

usually

to

their

heptafluorobutyryl (HFB), pentafluoropropionyl (PFP) or trifluoroacetyl
(TFA) esters (Scott 1993). However, underivatised samples have been also
analysed for trichothecenes and gave accurate identification of the toxins
(Onji et al. 1998).
1.4.1.3.4 Nuclear magnetic resonance (NMR)
H and

1

13

C NMR spectra of several trichothecenes dissolved in deuterated

chloroform are illustrated and chemical shifts are listed in Savard and
Blackwell (1994).

1.4.2 Zearalenone (ZEA)
1.4.2.1 Chemistry and biology of ZEA

3
Compound
Name
3
Zearalenone a
α-Zearalenol b
β-Zearalenol c
Zearalanone d
α-Zearalanol e
β-Zearalanol f

1’, 2’

R1

trans
trans
trans
dihydro
dihydro
dihydro

=O
H, α-OH
H, β-OH
=O
H, α-OH
H, β-OH

Molecular
Formula
C18H22O5
C18H24O5
C18H24O5
C18H24O5
C18H26O5
C18H26O5

Molecular
Weight
318.1467
320.1624
320.1624
320.28
322.40
322.40

Figure 1.3 Examples of some common zearalenone and derivatives (Shier et al. 2001)

Oestrogenic symptoms in swine fed with mouldy maize grain in the 1920s
(Buxton 1927; McNutt et al. 1928) led to the isolation and purification of an
oestrogenic substance, F-2 (Christensen et al. 1965; Stob et al. 1962), later
structurally determined and re-named zearalenone (ZEA, 3a) (Urry et al.
11
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1966). Fusarium spp. commonly reported to produce ZEA are F.
crookwellense (F. cerealis), F. culmorum, F. equiseti, F. graminearum, F.
pseudograminearum (F. graminearum Gr 1), and F. semitectum (De Nijs et
al. 1996; Desjardins and Proctor 2001; Desjardins 2006; Hestbjerg et al.
2002; Marasas et al. 1984; Thrane 1989, 2001), and are contaminants of
barley, maize, oats, rice, rye, sorghum and wheat. The most frequently
reported ZEA derivatives (Figure 1.3) are ZEA, α-, β-zearalenol, and α-, βzearalanol (Gromadzka et al. 2008). This mycoestrogen (Hagler et al. 2001)
is not acutely toxic to animal systems and has not been associated with any
fatal human or animal mycotoxicosis (Desjardins 2006; Marasas et al.
1979). However, its strong affinity to oestrogen receptors has caused
oestrogenic effects, especially on swine showing symptoms such as
infertility, vulvovaginitis, and hyperoestrogenism (Chang et al. 1979;
Etienne and Jemmali 1982; Katzenellenbogen et al. 1979). ZEA has been
reported to be moderately toxic to brine shrimp with an LC50 of 77 µg/mL
(Ďuračková et al. 1977), and has not been proven to be toxic to plant
systems (Desjardins 2006).

1.4.2.2 Extraction of zearalenones
Zearalenones can be extracted using a mixture of: ethyl acetate, methanol,
chloroform, and acetonitrile-water (Gromadzka et al. 2008). 1% methanol :
aqueous NaCl (80:20, v/v) has also been reported (Mateo et al. 2002a).

1.4.2.3 Detection of zearalenones
1.4.2.3.1 Thin layer chromatography (TLC)
Silica gel plates developed in solvent systems: chloroform : methanol (9:1,
v/v or 4:1, v/v); or chloroform : acetone (3:1, v/v), then sprayed with
methanolic sulphuric acid and heated for 10 min at 110-120°C show a
yellow spot for the presence of ZEA. However, further tests are needed as
chlamydosporol, a Fusarium mycotoxin, can also give a yellow spot (Bosch
et al. 1989). Using acidic p-anisaldehyde as the spraying agent and then
heating to 110-120°C for 10 min gives an orange-yellow colour for ZEA
(Bosch et al. 1989; Pathre et al. 1976). ZEA spotted on silica gel plates with
fluorescence developed in toluene : acetone : methanol (5:3:2, v/v/v) then
12
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viewed at 254 nm UV light shows an absorption spot, while on silica plates
without fluorescence developed in chloroform : methanol (93:7, v/v) then
viewed at 365 and 254 nm UV light shows a blue fluorescent spot
(Kamimura et al. 1981).
1.4.2.3.2 Liquid chromatography (LC)
Zearalenones can be easily detected by HPLC-UV or HPLC-DAD recording
chromatograms at 236, 274 and 316 nm (Nielsen and Smedsgaard 2003;
Shipchandler 1975; Urry et al. 1966). Some solvent systems used for the
separation of zearalenones are:
i)

methanol : water (65:35, v/v) (Mateo et al. 2002a)

ii)

acetonitrile : water (50:50, v/v) (De Saeger et al. 2003)

iii)

acetonitrile : water (40:60, v/v) (Rosenberg et al. 1998)

1.4.2.3.3 Gas chromatography/mass spectrometry (GC/MS)
The

most

common

trimethylsilylation

derivatisation

using

method

for

zearalenones

bis-(Trimethylsilyl)trifluoroacetamide

N,O-bis(trimethylsilyl)acetamide

(BSA),

trifluoroacetamide

(MSTFA),

trimethylchlorosilane-ethyl

acetate

is

its

(BSTFA),

N-Methyl-N-(trimethylsilyl)N-trimethylsilyimidazole-

(TMSI-TMCS-ethyl

acetate)

or

Hexamethyldisilazane- trimethylchlorosilane (HMDS-TMCS); its TFA, PFP,
and HFB derivatives have also been tested to be reliable detection methods
(Onji et al. 1998; Scott 1993; Tanaka et al. 2000).
1.4.2.3.4 Nuclear magnetic resonance (NMR)
H and

1

C NMR spectra of ZEA and five of its derivatives; α-, β-zearalenol,

13

zearalanone, and α-, β-zearalanol, dissolved in different deuterated solvents
are illustrated and chemical shifts are listed in Savard and Blackwell (1994)
and in El-Sharkawy and Abul-Hajj (1988).

1.4.3 Fumonisin
1.4.3.1 Chemistry and biology of fumonisins
A neurological disease exhibited by farm animals in 1900 guided the
discovery of a carcinogenic mycotoxin that severely affects horses and
13
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mules (Graham 1913, 1936; Peters 1904). Fumonisins, sphingosine-like
compounds produced by several Fusarium spp., such as F. oxysporum and
F. verticillioides (F. moniliforme) (Marasas et al. 2001; Sewram et al. 2005),
disrupt the sphingolipid metabolism due to the similarity of their structure
to sphinganine (Merrill et al. 2001; Wang et al. 1991). Fumonisins can cause
leukoenchephalomalacia in horses, showing signs of lethargy, paralysis,
convulsions, and swelling of brain tissues (Marasas et al. 1988a); and
pulmonary oedema and hydrothorax in swine (Harrison et al. 1990).
Interestingly, higher concentrations of fumonisin contamination have been
observed in maize used for animal feed than in other maize products
(Marasas et al. 2001; Shephard et al. 1996), and while it is toxic to plants, it
does not enhance the pathogenicity of the fungus (Desjardins and Plattner
2000; Marasas 1996). Although several fumonisin analogues (Fig 1.3) have
been reported, only fumonisins B1, B2 and B3 have been found to occur
naturally (Mateo and Jiménez 2000; Plattner et al. 1990). Fumonisins B1 and
B2 have LC50 values of 1.98 and 3.37 µg/mL, respectively, to brine shrimp
(Hartl and Humpf 2000).

1.4.3.2 Extraction of fumonisin B
The extraction of fumonisins has been achieved by:
i)

Acetonitrile : water (50:50, v/v) (Mateo et al. 2002a)

ii)

Methanol : water (3:1, v/v) (Sydenham et al. 1992)

1.4.3.3 Detection of fumonisin B
1.4.3.3.1 Thin layer chromatography (TLC)
Development in chloroform : methanol : acetic acid (6:3:1, v/v/v) and
subsequent spraying with 0.5% p-anisaldehyde solution results in a blueviolet colour with an Rf value of 0.24 to 0.26 for fumonisin B1 (Jackson and
Bennett 1990). Simultaneous detection of fumonisins B1 and B2 have been
reported by developing the TLC plates in methanol : 4% aqueous KCl (3:2,
v/v), after which spraying with 0.1 M sodium borate buffer (pH 8-9), then
with fluorescamine (0.4 mg/mL in acetonitrile), and finally a minute with
0.01 M boric acid : acetonitrile (40:60, v/v). When dry, TLC plates viewed
under longwave UV light, and fumonisins B1 and B2 give bright yellowish14
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green fluorescent bands with Rf values 0.5 and 0.1, respectively
(Rottinghaus et al. 1992).

Fumonisin R1

R2

R3

R4

R5

R6

R7

Formula

B1
B2
B3
B4
A1
A2
C1
OH-C1
C3
C4
P1
P2
P3

NH2
NH2
NH2
NH2
NHCOCH3
NHCOCH3
OH
OH
OH
OH
3-OHpy
3-OHpy
3-OHpy

OH
OH
OH
OH
OH
OH
H
OH
H
H
OH
OH
OH

H
H
H
H
H
H
OH
OH
H
H
H
H
H

OH
OH
H
H
OH
OH
H
H
H
H
OH
OH
H

H
H
H
H
H
H
OH
OH
OH
H
H
H
H

OH
H
OH
H
OH
H
H
H
H
H
OH
H
OH

C34H59NO15
C34H59NO14
C34H59NO14
C34H59NO13
C36H61NO16
C36H61NO15
C33H57NO15
C33H57NO16
C33H57NO14
C33H57NO13
C39H62NO16
C39H62NO15
C39H62NO15

H
H
H
H
H
H
NH2
NH2
NH2
NH2
H
H
H

Molecular
mass
721.3884
705.3935
705.3935
689.3986
763.3990
747.4041
707.3728
723.3677
691.3779
675.3829
800.4070
784.4123
784.4123

Figure 1.4 Some examples of fumonisins found in natural and synthetic substrates
(Desjardins 2006; Sewram et al. 2005)

1.4.3.3.2 Liquid chromatography (LC)
Fumonisins B1, B2 and B3 do not absorb UV or visible light, making HPLC-UV
detection methods unsuitable (Mateo et al. 2002a; Sydenham et al. 1992).
However, pre-column derivatisation with o-phthaldialdehyde proved to be
sensitive for the simultaneous detection of the three fumonisin analogues
under the isocratic condition: water with 0.1 M sodium dihydrogen
phosphate at pH 3.3 adjusted with o-phosphoric acid : methanol (20:80,
v/v) (Shephard et al. 1990; Sydenham et al. 1992).
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1.4.3.3.3 Gas chromatography/mass spectrometry (GC/MS)
Hydrolysis and subsequent derivatisation of fumonisins with TMS or TFA
have been reported to be suitable for GC/MS analysis (Jackson and Bennett
1990; Scott 1993).
1.4.3.3.4 Nuclear magnetic resonance (NMR)
H and 13C NMR spectra of fumonisins B1, B2 and B3 dissolved in deuterated

1

chloroform are illustrated and peaks listed in Savard and Blackwell (1994).

1.5 Fusarium mycotoxin isolation and characterisation
The interest in the study of mycotoxins began when farm animals were
observed to show symptoms of acute or chronic toxicity after the
consumption of mouldy feed, and often involving the death of infected
animals (Forgacs and Carll 1962). A strategic approach was developed that
involved the isolation of the toxic component followed by its subsequent
deployment in a bioassay in order to highlight the presence of toxic
compounds. Following this, various isolation techniques and chemical
instrumentations could be used to characterise the toxic compounds
(Colegate and Molyneux 1993).

1.5.1

Brine

shrimp

bioassay

for

screening

of

Fusarium

mycotoxins
There is a wide range of different bioassays available for the screening of
mycotoxins, including cytotoxicity tests, detached leaf assays, and brine
shrimp bioassay (Desjardins et al. 2007; Gutleb et al. 2002; Harwig and
Scott 1971). For a bioassay to be suitable, it needs to be reliable,
reproducible, rapid, low-cost, sensitive, and requiring little material
(Ghisalberti 1993). Since 1956, a well-fitting bioassay for the screening of
Fusarium mycotoxins has been found to be the brine shrimp bioassay, due
to reasons including but not limited to (Michael et al. 1956; Sam 1993):
i.

their relatively strong tolerance to salinity and a number of toxic
organic solvents;

16

General Introduction

ii.

the ease in managing them in large numbers even in a restricted
laboratory space;

iii.

being able to hatch and to easily keep their eggs viable for a few
years (Michael et al. 1956);

iv.

the requirement of simple laboratory equipment to perform rapid
assays (Sam 1993);

v.

the high reproducibility of the assay at low cost (Parra et al. 2001;
Sam 1993);

vi.

the requirement of only a small amount of sample for a high sample
throughput (Molina-Salinas and Said-Fernandez 2006; Pelka et al.
2000; Ruebhart et al. 2008).

vii.

the conformity of the test with the Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes (NHMRC 2004).

The LC50 of 20 potentially toxic medicinal plant extracts to brine shrimp
and their oral LD50 in mice were compared and found to have a good
correlation (r = 0.85, p < 0.05), which suggests that the brine shrimp
bioassay is a good alternative to the expensive and ethically constrained
animal bioassays (Parra et al. 2001). The taxonomy of the brine shrimp
used in all Fusarium associated toxicity tests was reported as Artemia
salina. However, investigation into past publications in relation to the brine
shrimp bioassay revealed that there may have been misidentification of the
taxonomic species. While brine shrimp harvested from San Francisco Bay
and the Great Salt Lake are in fact Artemia franciscana, many toxicity
reports have misidentified them as A. salina (Ruebhart et al. 2008; USGS
2009). Brine shrimp bioassays on Fusarium mycotoxins which have cited
the source of eggs as being the American salt waters, may actually be A.
franciscana instead of the reported A. salina (Altomare et al. 1995;
Bottalico et al. 1989; Migliore et al. 1993; Moretti et al. 2007).

1.5.2 Chemical analysis
Early studies on mycotoxin detection heavily relied on thin layer
chromatography (Gorst-Allman and Steyn 1979; Steyn 1969). However more
recently, various analytical techniques have been developed for the rapid
and simultaneous screening of these compounds, such as using liquid
17
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chromatography-mass

spectrometry

(LC-MS),

liquid

chromatography

tandem mass spectrometry (LC-MS/MS) and gas chromatography/mass
spectrometry (GC/MS) (Gentili et al. 2007; Nielsen and Smedsgaard 2003;
Onji et al. 1998; Tanaka et al. 2000). Toxic compounds that could not be
identified using LC-MS, LC-MS/MS or GC/MS can be isolated using column
chromatography techniques or semi-preparative high-pressure liquid
chromatography, which can then be characterised using high resolution
mass spectrometry and nuclear magnetic resonance spectroscopy (Colegate
and Molyneux 1993).

1.6 Fusarium spp. in pastures
1.6.1 Worldwide
Feed refusal, poor reproductive performances, poor health and death of
stock animals have led to the investigation of the mycotoxins produced by
Fusarium spp. isolated from pasture (Abbas et al. 1991; Bosch et al. 1989;
Lauren et al. 1988). This incidence was prevalent in New Zealand and South
Africa, some common species isolated from these countries and their
corresponding mycotoxins are listed in Table 1.5 (note: the taxonomy of the
mentioned species was only based on the classical morphological methods).
The most prevalent Fusarium spp. on New Zealand pastures are F.
crookwellense, F. avenaceum, and F. culmorum (Lauren 2009); whereas in
South Africa, F. oxysporum, F. avenaceum, F. acuminatum and F.
pseudograminearum

prevailed,

having

F.

avenaceum

and

F.

pseudograminearum as the most aggressive pathogens of root rot of
annual medics (Lamprecht et al. 1984, 1988). The most common
mycotoxins detected in these studies were the trichothecenes, zearalenones
and moniliformin.

1.6.2 Australia
In Australia, Fusarium spp. have been reported to be present in pastures,
especially in annual Medicago species and subterranean clover (Barbetti et
al. 1986; Bretag 1985; Burgess et al. 1973; Mebalds 1987).
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For annual medics, F. acuminatum, F. avenaceum and F. equiseti were the
most commonly isolated species in seed (Kellock et al. 1978; Kollmorgen
1974; Mebalds 1987; Nik and Parbery 1977), and seed-pods (Barbetti and
Allen 2005). F. avenaceum from north-west Victoria was pathogenic to
medic roots and seedlings (Bretag 1985), and, along with F. acuminatum,
was an important root pathogen in medics in Western Australia (Barbetti
1989). Fusarium spp. especially F. oxysporum, but also others such as F.
equiseti and F. nygamai, make up more than 40% of all fungi and oomycetes
isolated from medic roots sampled from a wide area across Western
Australia (You et al. 2000).

Figure 1.5 Medicago polymorpha seeds next to a U.S. dime for scale
Source: (http://commons.wikimedia.org/wiki/File:Medicago_polymorpha_seeds.JPG)

Figure 1.6 Medicago polymorpha seed pods
Source: (http://commons.wikimedia.org/wiki/File:Mepob_001_lhp.jpg)
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Table 1.5 Examples of some Fusarium spp. commonly isolated from New Zealand and South African pasture and the mycotoxins they produce.
Fusarium spp.
Origin
Source
Mycotoxins
Ref.
F. acuminatum
New Zealand Ryegrass or white clover
ZEA
C
F. acuminatum
South Africa Annual Medicago spp.
N. D.
E
F. acuminatum
South Africa Annual Medicago spp.
DAS, MON
F
F. acuminatum
South Africa Annual Medicago spp.
N. D.
G
F. avenaceum
New Zealand Pasture soil
MON
A
F. avenaceum
New Zealand Pasture grass and soil
CLM, DON, ENN, MON
B
F. avenaceum
New Zealand Pasture
ZEA
C
F. avenaceum
New Zealand Ryegrass or white clover
BUT
H
F. avenaceum
New Zealand Grain and pasture
Cyclonerodiol
I
F. avenaceum
South Africa Annual Medicago spp.
N. D.
E
F. avenaceum
South Africa Annual Medicago spp.
MON
F
F. avenaceum
South Africa Annual Medicago spp.
N. D.
G
F. camptoceras
South Africa Annual Medicago spp.
N. D.
G
F. chlamydosporum
South Africa Annual Medicago spp.
N. D.
G
F. crookwellense
New Zealand Ryegrass or white clover
ZEA
C
e
F. crookwellense
New Zealand Ryegrass or white clover
BUT, ZEA, other trichothecenes
H
a
c
F. crookwellense
New Zealand Grain and pasture
BUT, CUL, cyclonerodiol, NIV , SCP
I
F. culmorum
New Zealand Pasture grass and soil
DON, ENN, FUS-X, ZEA,
B
F. culmorum
New Zealand Ryegrass or white clover
ZEA
C
F. culmorum
New Zealand Ryegrass or white clover
BUT, ZEA
H
F. culmorum
South Africa Annual Medicago spp.
N. D.
G
F. equiseti
New Zealand Ryegrass or white clover
Sambucinol
H
F. equiseti
New Zealand Grain
CUL
I
F. equiseti
South Africa Annual Medicago spp.
N. D.
E
F. equiseti
South Africa Annual Medicago spp.
ZEA
F
F. equiseti
South Africa Annual Medicago spp.
N. D.
G
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F. graminearum
F. graminum
F. lateritium
F. oxysporum
F. oxysporum
F. oxysporum
F. oxysporum
F. oxysporum
F. pseudo graminearum
F. pseudograminearum
F. pseudograminearum
F. reticulatum
F. reticulatum
F. sambucinum
F. sambucinum
F. sambucinum
F. sambucinum
F. sambucinum
F. sambucinum
F. scirpi
F. scirpi
F. semitectum
F. semitectum
F. semitectum
F. solani

New Zealand
New Zealand
South Africa
New Zealand
New Zealand
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
New Zealand
New Zealand
New Zealand
New Zealand
South Africa
South Africa
South Africa
South Africa
New Zealand
New Zealand
New Zealand
South Africa

Grain and pasture
Ryegrass or white clover
Annual Medicago spp.
Pasture soil
Ryegrass or white clover
Annual Medicago spp.
Annual Medicago spp.
Trifolium subterraneum
Annual Medicago spp.
Annual Medicago spp.
Annual Medicago spp.
Annual Medicago spp.
Annual Medicago spp.
Pasture soil
Pasture grass and soil
Ryegrass or white clover
Grain and pasture
Annual Medicago spp.
Annual Medicago spp.
Annual Medicago spp.
Annual Medicago spp.
Pasture grass and soil
Ryegrass or white clover
Ryegrass or white clover
Annual Medicago spp.

I
C
G
A
C
E
G
J
E
F
G
F
G
A
B
H
I
F
G
E
G
B
C
H
G
(Continued)

BUT, CUL, cyclonerodiol, DONb, NIVa, other trichothecenesd
ZEA
N. D.
MON, ZEA
ZEA
N. D.
N. D.
N. D.
N. D.
MON, ZEA
N. D.
DAS, MON
N. D.
MON, NIV, WORT, ZEA
DON, FUS, MON, WORT, ZEA
BUT, DAS, SCP
BUT, NIVa, SCPc, other trichothecenesd
N. D.
N. D.
N. D.
N. D.
3-ADON, 15-ADON, DON,
ZEA
15-ADON, DON
N. D.
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Origin
South Africa
New Zealand

Source
Annual Medicago spp.
Pasture

Mycotoxins
N. D.
ZEA

Ref.
G
D

A (Abbas et al. 1991)
B (Bosch et al. 1989)
C (di Menna et al. 1987)
D (di Menna et al. 1991)
E (Lamprecht et al. 1984)

F (Lamprecht et al. 1986)
G (Lamprecht et al. 1988)
H (Lauren et al. 1988)
I (Lauren et al. 1992)
J (Mills 1984)

Fusarium spp. = F. anthophilum, F. avenaceum, F. crookwellense, F. culmorum, F. equiseti, F. graminearum, F. oxysporum, F. sambucinum, F.
semitectum, F. sporotrichioides, and F. tricinctum

b

a

Includes NIV, DANIV, FUS-X and 7-deoxy DANIV
includes DON, 15-ADON, 3-ADON, 3,15-DADON
c
includes SCP and DAS
d
Other trichothecenes include isotrichodermin (ITD), 8-keto-ITD, 7-OH-ITD, 8-OH-ITD, 7,8-diOH-ITD, isotrichodermol (ITDOL), 7-OH-ITDOL,
calonectrin (CAL), 7-OH-CAL, 8-OH-CAL, 3-deacylcalonectrin, deoxysambucinol, sambucoin, 3-hydroxyapotrichothecene (HAPO), sambucinol and
13-hydroxy-3,11-epoxyapotrichothecene (HEAPO). The production of these trichothecenes differed between isolates and species and are described
in detail in (Lauren et al. 1992).
e
Other trichothecenes include: 7-deoxy DANIV, 4,15-DANIV, HAPO, ITD, 7-OH-ITD, 8-OH-ITD, 7,8-diOH-ITD, 8-keto-ITD, ITDOL, 7-OH-ITDOL, 8-OHITDOL, NIV, sambucinol, 3-deoxysambucinol, and sambucoin
Ref. = reference
N.D. = mycotoxins not determined

Fusarium spp.
F. tricinctum
Fusarium spp.
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For subterranean clover (Trifolium subterraneum), F. avenaceum and F.
oxysporum have been recorded to be the most frequently isolated pathogen
on roots in Western Australia (Shipton 1967a, b). In a study by Wong et al.
(1985), other Fusarium spp. were also common on subterranean clover
roots, including F. avenaceum that was highly pathogenic; F. oxysporum
that was less pathogenic; F. acuminatum, F. culmorum and F. equiseti that
were weakly pathogenic; and F. sulphureum that was non-pathogenic. A
similar pattern was also observed among the F. avenaceum and F.
oxysporum isolates from the eastern Australian states, showing the high
pathogenicity of F. avenaceum and a weak or non-pathogenic F. oxysporum
to subterranean clover roots (Burgess et al. 1973; Kellock 1972; Kellock et
al. 1978; McGee and Kellock 1974). A wide range of Fusarium spp. were
present in the subterranean clover seeds from eastern Australian states,
namely F. arthrosporioides, F. culmorum, F. equiseti, F. oxysporum and F.
sporotrichioides (Burgess et al. 1973; Kellock et al. 1978); while F.
acuminatum, F. avenaceum, F. culmorum, F. equiseti, F. graminearum, F.
heterosporum, F. moniliforme, F. oxysporum, F. solani, and F. sulphureum
were all found in subterranean clover seeds in Western Australia (Barbetti
1990). Fusarium spp. such as F. avenaceum, F. oxysporum and other nonidentified Fusarium spp. were also associated with foliage of subterranean
clover (Barbetti 1985, 1986), including dried crop residues (Barbetti 1986).

Figure 1.7 Subterranean clover seeds
Source: (http://forage.okstate.edu/images/cloverjpg%27s/subterranean/sub-sd01.htm)
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Figure 1.8 Subterranean clover seed burrs
Source: (http://forage.okstate.edu/images/cloverjpg%27s/subterranean/sub-19.htm)

McLachlan et al. (1992) studied the trichothecenes produced by Fusarium
spp. isolated from various sources all over eastern Australia. Four isolates,
F. acuminatum FRR 3002, F. avenaceum FRR 3001, F. compactum FRR 3010
and F. crookwellense FRR 2996, were isolated from pasture or grassland
soil, while the other 14 isolates in their study were from soybeans, wheat,
pistachio nuts, millet hays, and sugar cane. However, the mycotoxins
produced by the four isolates from pasture or grassland soil, were not
reported, and only the mycotoxins produced by F. acuminatum FRR 2737
from soybeans, F. equiseti FRR 3004 from wheat, F. equiseti FRR 3246 from
pistachio nut and F. sporotrichioides FRR 2552 from soybeans, were
reported to be mainly scirpenols and T-2.

1.7 Fusarium spp. in wheat
1.7.1 Worldwide
There are literally thousands of publications in relation with Fusarium head
blight (FHB) in wheat. This section provides a very brief review on the
24
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ecology, pathogens, and mycotoxins involved in FHB disease of wheat.
Thorough reviews can be found elsewhere (Bottalico and Perrone 2002;
Chakraborty et al. 2006; Parry et al. 1995; Placinta et al. 1999; Snijders
1990; Stepien and Chelkowski 2010; Xu and Nicholson 2009) and it is not
the intention to duplicate these earlier reviews.
FHB in wheat, also known as scab, is one of the most damaging diseases of
wheat worldwide (McMullen et al. 1997). The great concern enveloping this
disease is not just the reduced yield and grain quality, but also the
potential harm to animal and human consumers as the mycotoxins
produced by Fusarium spp. can cause acute and chronic mycotoxicoses in
livestock and humans (Bottalico 1998; Joffe 1986).
Fusaria conidia/ascospores splashed or wind dispersed onto wheat heads
during anthesis and early seed development stages, accompanied with wet
humid conditions lead to FHB in wheat (Birzele et al. 2002; De Wolf et al.
2003; Horberg 2002; Paul et al. 2004; Sutton 1982). Weather during
flowering and maturation stages determines disease severity, and the
favourable conditions for FHB are wet and warm weather (Bai and Shaner
1994; McMullen et al. 1997).
Surveys undertaken worldwide show that the Fusarium spp. mainly
associated with FHB in wheat include F. graminearum, F. culmorum, and F.
avenaceum (Bottalico and Perrone 2002; Chakraborty et al. 2006; Parry et
al. 1995). According to Bottalico (1998), also associated with this disease
are F. poae, F. crookwellense (synonym F. cerealis), F. equiseti (synonym F.
scirpi), F. sporotrichioides, F. tricinctum, F. acuminatum, F. subglutinans
(synonym F. sacchari), F. solani, F. oxysporum, and F. semitectum (synonym
F. pallidoroseum, F. incarnatum).
The mycotoxins commonly associated with FHB in wheat, such as DON and
its acetyl derivatives, NIV, FUS-X, T-2, HT-2, ZEA, zearalenol, moniliformin,
beauvericin, and enniatin, are not easily eliminated even after processing
the infected grains for food and feed (Bottalico and Perrone 2002). The
mycotoxin profile produced by the FHB pathogens from different
25
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geographical locations may vary as the predominance of a certain species is
affected by the main plant host, environmental conditions and the intraand inter-species interactions (Jestoi et al. 2009a; Xu and Nicholson 2009).

1.7.2 Australia
The earliest report on a head blight condition of wheat associated with
Fusarium (F. roseum) in Australia dates back to 1917 (Tyron 1918). Since
then, the two major diseases in wheat, FHB and crown rot (Burgess et al.
1981),

caused

by

Fusarium

spp.,

mainly

F.

graminearum

and

F.

pseudograminearum [formerly known as F. graminearum Group 1 (Burgess
et al. 1975; Francis and Burgess 1977)] have been frequently accounted.
Although F. graminearum is the preeminent pathogen causing head blight,
and F. pseudograminearum the most important pathogen causing crown
rot, both pathogens have been proven to cause severe head blight
epidemics in natural and glasshouse conditions (Akinsanmi et al. 2004;
Burgess et al. 1987; Burgess et al. 2001). In Australia, crown rot is more
prevalent and severe than the sporadic head blight. Crown rot can cause up
to 89% yield losses amounting to more than A$56 million annually
(Brennan and Murray 1998; Burgess et al. 1981; Klein et al. 1991), whereas
during 1999 and 2000, 20-100% loss in wheat production from northern
New South Wales farms was reported to be associated with FHB (Manning et
al. 2000; Southwell et al. 2003). Severe FHB epidemics in Australia were
recorded in 1983 to have been mainly caused by F. pseudograminearum
(Burgess et al. 1987), and by F. graminearum in 1999 (Southwell et al.
2003). Far more rare FHB outbreaks have also been reported in Western
Australia (Chambers 1962; Loughman et al. 2004; Shipton and Chambers
1966).
Genealogical studies conducted within the decade revealed 13 lineages
within the F. graminearum clade, 7 of which are present in Australia and
associated with FHB in wheat (Akinsanmi et al. 2006; O'Donnell et al. 2000;
O'Donnell et al. 2004; O'Donnell et al. 2008; Starkey et al. 2007; Yli-Mattila
et al. 2009). Moreover, fifteen other Fusarium spp. that have caused FHB in
controlled experiments have been found and were all isolated from wheat,
which includes the closely related F. culmorum (Akinsanmi et al. 2004).
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The pathogen population structure and epidemiology of FHB in Australia
has significant differences with the rest of the world (Chakraborty et al.
2006).

For

example

in

Australia,

F.

graminearum

and

F.

pseudograminearum both cause FHB (Burgess et al. 1987; Southwell et al.
2003); the plant hosts that harbour FHB inocula are different between
geographical locations (Burgess 2005; Shaner 2003); and the major FHB
inocula are macroconidia instead of ascospores (Mitter et al. 2006).
ZEA and DON, produced by F. graminearum and F. pseudograminearum,
have been reported to occur in FHB-infected wheat and triticale (Blaney and
Dodman 1988). Further investigations on the F. graminearum population
revealed the presence of both NIV and DON chemotypes (Blaney and
Dodman

2002;

Tan

et

al.

2004),

while

the

3-ADON

chemotype

predominated within the F. pseudograminearum population (Chakraborty
et al. 2006).
Note: A more detailed coverage of the literature relevant to this research
will be presented as part of the introduction to each of the relevant
chapters in this thesis.

1.8 Significance and purpose of study
Past Western Australian Fusarium research focused predominantly on the
epidemiology of the diseases this genus causes and their occurrence in
agriculturally important crop and pasture species (Barbetti 1984, 1985,
1986, 1990; Barbetti and Allen 2005; Chambers 1962; Wong et al. 1985). No
study has been previously conducted to determine the spectrum of
secondary metabolites produced by the Western Australian Fusarium spp.
This PhD research project aims to provide this knowledge, and in
particular, to explain which specific mycotoxins produced by the Western
Australian Fusarium strains may be associated with the feed refusal by
sheep (Barbetti and Allen 2005, 2007) or associated with Fusarium head
blight (Loughman et al. 2004), and to compare the mycotoxin profiles
between the Fusaria associated with these two disorders.
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It has been demonstrated that several factors, including temperature, pH,
substrate, water activity, geographical location and external stress affect
mycotoxin production of Fusarium spp. (Fanelli et al. 2003; Homdork et al.
2000; Marasas et al. 1984; Moss 1991; Tanaka et al. 1988), and even
different isolates of the same Fusarium spp. do not have identical
secondary metabolite profiles (Deacon 1984; Miller et al. 1991; Nelson et al.
1992). Owing to the Mediterranean climate (Gentilli 1971, 1972; Leeper
1970) and the ancient and nutrient impoverished soils (Puckridge and
French 1983; Stace et al. 1968) in Western Australia, the secondary
metabolites produced by native Fusarium strains in Western Australia are
therefore likely to be different to those found elsewhere. The details of the
unique environment of the south-west of Western Australia are described
in Appendix II. This environment has unique impacts on not only the
ecology of the pathogens and the severity of diseases they cause but also
on

the

evolution

of

new

strains

of

common

pathogenic

fungi

(Sivasithamparam 1993).
The same Fusarium spp. found in different geographical locations can
exhibit different toxicities. For example, F. avenaceum in Norwegian soils
from three different regions were tested and classified as mildly toxic
(Abbas et al. 1987), whereas the same Fusarium spp. found in South African
medic seed-pods exhibited a lethal dosage at 10 g/kg on sheep in 48 h after
the administration of the toxic culture material (Lamprecht et al. 1986).
Western Australian F. avenaceum found in T. subterraneum leaves was
classified as highly toxigenic as 128 g culture/kg liveweight killed 3 of the 3
young mature male rats injected with its extracts (Barbetti and Allen 2007).
Moreover, F. equiseti from mouldy millet hay in Victoria, and wheat and
pistachio nuts from New South Wales, Australia, tested low toxicity on rats,
six mortality out of the 66 (9.09%) rats tested (McLachlan et al. 1992). Brine
shrimp (A. salina) bioassayed with 1% methanolic culture of the same
Fusarium spp. found in Peruvian maize, caused 16% mortality (Logrieco et
al. 1993). However, tests on two strains of F. equiseti found in Western
Australian M. polymorpha pods indicated that strains of this species were
in fact very toxic, causing 100% mortality on young adult male rats (Barbetti
and Allen 2007). Rat toxicity test results from the Barbetti and Allen (2007)
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study are shown on Table 1.6 with their corresponding identities based
upon morphological characteristics.
Table 1.6 The number of deaths of young adult male rats from three
dosages (three rats per dosage) of extracts of 16 Fusarium isolates injected
intraperitoneally (Barbetti and Allen 2007).

Fusarium spp.a
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.

acuminatum
acuminatum
acuminatum
acuminatum
acuminatum
avenaceum
avenaceum
avenaceum
avenaceum
chlamydosporum
chlamydosporum
equiseti
equiseti
graminearum
graminearum
graminearum

WAC no.b
5715
5716
5718
5738
5588
7912
7914
7962
5585
5710
5720
5681
5682
5680
5707
6698

No. of deaths at dose rate (max =3)
256 g/kg 128 g/kg
26 g/kg
3
0
0
2
0
0
3
0
0
2
0
0
1
0
0
2
0
0
3
3
3
3
3
0
3
0
0
3
0
0
1
1
0
3
3
0
3
0
0
3
0
0
0
0
0
2
0
0

Note that these identifications were made with the assistance of the
International Mycological Institute, Surrey, UK based only on their
morphological characteristics.
b
Western Australian Department of Agriculture and Food, Culture Collection
Number
a

Barbetti and Allen (2005) reported that sheep grazing at six sites in
Western Australia either refused to consume annual Medicago pods or
significantly reduced their feed intake. Their study demonstrated that these
annual Medicago pods were infested with several different Fusarium spp.
that elsewhere had been shown to be capable of producing DON, a known
cause of feed refusal in animals (Trenholm et al. 1984; Vesonder et al.
1976). Moreover, in 2004, F. graminearum was detected from wheat and
maize in the same grain belt in Western Australia harvested during the
2003-2004 cropping season (Loughman et al. 2004). This species has been
reported worldwide to be associated with FHB and crown rot (Burgess et al.
1987; Goswami and Kistler 2004).
Nothing is known about the secondary metabolite profiles of the Western
Australian Fusarium strains, as the limited studies that included some
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Western Australian Fusarium isolates did not determine the potential
mycotoxins these species produce (Kellock et al. 1978; Murray and Brown
1987). The comprehensive study of these secondary metabolite profiles in
this PhD study will not only provide new information on a range of
Fusarium spp. present in Western Australia, but will also provide the first
real understanding on the metabolic versatility of Fusarium spp., and as
such will aid in interpreting specific functions of Fusarium mycotoxins. In
addition, this PhD study will also be the first to investigate the relative
toxicity

of

metabolites,

besides

the

“big

three”

(trichothecenes,

zearalenones and fumonisins) reported, especially in relation to sheep feed
refusal disorder and FHB, in Western Australia.
The main aim of this project was to identify and characterize the secondary
metabolites produced by Western Australian Fusarium spp. isolated from
annual Medicago pods that were associated with feed refusal in sheep, and
those isolated from other pasture species within close proximity to the feed
refusal sites. Fusarium spp. that occur in the same region but were
associated with head blight in wheat were also screened in order to
compare the secondary metabolite profile with those associated with
annual pasture legumes.
Tables 1.7 and 1.8 list the details of the Fusarium spp. isolates involved in
this study that were morphologically identified by the International
Mycological Institute (IMI) Surrey, UK, and are represented by an IMI
number. Those Fusarium spp. isolates without an IMI number were
morphologically identified by plant pathologists at the Department of
Agriculture and Food Western Australia, Perth, Australia. Appendix III
pinpoints the locations from which Fusarium spp. isolates were collected.
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Fusarium spp.a
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. armeniacum
F. avenaceum
F. avenaceum
F. avenaceum
F. avenaceum
F. avenaceum
F. avenaceum
F. avenaceum
F. avenaceum

WAC No.b
WAC 5588
WAC 5708
WAC 5709
WAC 5714
WAC 5715
WAC 5716
WAC 5718
WAC 5723
WAC 5732
WAC 5733
WAC 5734
WAC 5738
WAC 8010
WAC 8013
WAC 8019
WAC 8033
WAC 5728
WAC 5402
WAC 5585
WAC 5591
WAC 5593
WAC 5594
WAC 7912
WAC 7914
WAC 7962
IMI No.c
IMI 339115
IMI 350947
IMI 350948
IMI 350949
IMI 342250
IMI 342242
IMI 342251
IMI 342254
IMI 342255
IMI 342258
IMI 342252
IMI 342246
IMI 267545
IMI 267548
IMI 269460
IMI 269692
IMI 339114
IMI 339116
IMI 339117
IMI 339118
IMI 232897
IMI 234383
IMI 262019
Source
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Trifolium subterraneum
Trifolium subterraneum
Trifolium subterraneum
Trifolium subterraneum
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Trifolium subterraneum
Trifolium subterraneum
Trifolium subterraneum
Serena
Serena
Serena
Serena
Serena
Serena

Serena
Serena
Serena
Serena
Serena
Serena
Serena
Serena
Serena
Serena
Serena
Serena

Plant Part
Pods
Pods
Pods
Pods
Pods
Pods
Pods
Pods
Pods
Pods
Pods
Pods
Seeds
Seeds
Seeds
Seeds
Pods
Pods
Pods
Pods
Pods
Pods
Leaves
Leaves
Leaves

(Continued)

WA Locality
Katanning
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
unknown
unknown
unknown
unknown
Cunderdin
Katanning
Katanning
Katanning
Katanning
Katanning
Denmark
Mt Barker
Denmark

Table 1.7 Details of Fusarium isolates associated with annual pasture species (and especially with feed refusal) used in this PhD study.
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WAC 7821

F. sambucinum var.
coeruleum
IMI 177813

IMI No.c
IMI 262020
IMI 281151
IMI 342260
IMI 342253
IMI 350950
IMI 350951
IMI 342248
IMI 342249
IMI 350952
IMI 342261
IMI 267546
IMI 267550
IMI 268828
IMI 342262
IMI 350956
IMI 342263
IMI 342264
IMI 354674
IMI 267547
IMI 267549
Trifolium subterraneum

Source
Trifolium subterraneum
Medicago sativa
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Trifolium subterraneum
Trifolium subterraneum
Trifolium subterraneum
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Medicago polymorpha cv.
Hordeum leporinum
Trifolium subterraneum
Trifolium subterraneum

b

a

Identified based on morphological characteristics only
Western Australian Department of Agriculture and Food, Culture Collection Number
c
International Mycological Institute Number
For molecular identification of the above isolates, please see Table 2.5 in Chapter 2.

WAC No.b
WAC 7963
WAC 8104
WAC 5681
WAC 5682
WAC 5684
WAC 5685
WAC 5687
WAC 5690
WAC 5691
WAC 5700
WAC 8011
WAC 8015
WAC 8018
WAC 5680
WAC 5707
WAC 5712
WAC 5722
WAC 6698
WAC 8012
WAC 8014

Fusarium spp.a
F. avenaceum
F. crookwellense
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. oxysporum
F. oxysporum
Serena
Serena
Serena
Serena

Serena
Serena
Serena
Serena
Serena
Serena
Serena
Serena

Root

Plant Part
Leaves
Crown
Pods
Pods
Pods
Pods
Pods
Pods
Pods
Pods
Seeds
Seeds
Seeds
Pods
Pods
Pods
Pods
Pods
Seeds
Seeds
Badgingara

WA Locality
Kojonup
Wanneroo
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
unknown
unknown
Woogenellup
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Newdegate
unknown
unknown
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Table 1.8 Details of F. graminearum isolates from Wellstead, Western Australia,
associated with Fusarium head blight of wheat used in this study.

Fusarium spp.a

WAC No.b

F. graminearum

11352

F. graminearum

11353

F. graminearum

11354

F. graminearum

11384

F. graminearum

11385

F. graminearum

11386

F. graminearum

11387

F. graminearum

11388

F. graminearum

11389

F. graminearum

11434

F. graminearum

11473

F. graminearum

11485

F. graminearum

11486

F. graminearum

11487

F. graminearum

11488

F. graminearum

11489

F. graminearum

11490

F. graminearum

11491

F. graminearum

11492

F. graminearum

11493

F. graminearum

12336

F. graminearum

12337

F. graminearum

12338

1.9 Structure
This thesis is in accordance with the postgraduate and research scholarship
regulation 1.3.1.33(1) of the University of Western Australia, and is
presented as independent chapters. All of the data stated in this thesis has
resulted from this study. Three manuscripts (a, b and c) have been written
which comprise the compilation of (a) some results from chapters 2 and 5,
and some methods from chapters 3 and 4; (b) some results in chapters 2
and 6, and some methods from chapters 3 and 4; and (c) results in chapter
7 and some methods in chapters 3 and 4, for submission to scientific
journals. To allow the reader to gain a better understanding of this whole
thesis, a short overview of the contents of each chapter is written below:
33

Chapter 1

Chapter 1: This first chapter introduces the topic, scope, purpose and
significance of the research undertaken. It gives a brief background of the
Fusarium spp. and the mycotoxins they produce that were considered to be
involved in feed refusal disorder and Fusarium head blight (FHB) of wheat
around the world and in Australia. The aims of this research study are also
stated.
Chapter 2: The second chapter illustrates the molecular identification of a
collection of 69 Western Australian Fusarium isolates, most of which, were
used in the succeeding chapters.
Chapter 3: The third chapter is a compilation of the materials and methods
used for chapters 4 through 7. The purpose of this chapter is not only to
provide detailed procedures of the experimental work involved in this
research, but also to avoid repetition of the same methods in the
succeeding chapters.
Chapter 4: The fourth chapter demonstrates the step by step process
undertaken

to

determine

the

optimum

conditions

for

mycotoxin

production and suitable detection methods for mycotoxin characterization.
A

general

set

of

culturing

conditions

and

mycotoxin

detection

methodologies were formulated to be applied for chapters 5 and 6.
Chapter 5: The fifth chapter explores the mycotoxins produced by a
selection of monoconidial Fusarium spp. isolated from pasture species,
particularly from farm sites where feed refusal incidents were observed or
reported. The relative toxicity of crude fungal extracts and fractions of the
extracts were determined using brine shrimp assays.
Chapter 6: The sixth chapter investigates the mycotoxins produced by 23
Fusarium spp. isolated from FHB of wheat from the Wellstead area in
Western Australia. The relative toxicity of the fungal crude extracts was
also determined using the brine shrimp assay.
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Chapter 7: The seventh chapter further investigates the toxicity of the most
common group of compounds produced by Fusarium spp. isolated from
pasture, the enniatins. Moreover, the potential role of enniatins in feed
refusal disorder is speculated.
Chapter 8: This final chapter attempts to draw a connection between the
ecology of the Western Australian Fusarium spp. isolated from pasture and
wheat (Chapters 5 and 6), through the mycotoxin profiles they produce
and, in addition, presents some concluding remarks.
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Chapter 2
Molecular Taxonomic Classification of Western
Australian Fusarium spp. in Pure Culture Using
Species-Specific PCR Assays
2.1 Introduction
“Settle on names for these fungi so the rest of us can get on with the work!”
was what Prof. Wat Dimock once told Prof. T. A. Toussoun (Nelson et al.
1981). Taxonomy is crucial in mycology, especially to Fusarium spp., as its
accuracy not only affects the outcomes of research, but will also affect the
results of all scholars doing further investigations.
Since the discovery of Fusarium spp. by Link and the subsequent discovery
of their capability to cause serious diseases on a wide range of plant hosts,
many have attempted to propose a taxonomic system that would classify
the species in this form genus efficiently and systematically (Bilai 1955;
Booth 1971; Gerlach and Nirenberg 1982; Gordon 1960; Joffe 1974; Matuo
1972; Messiaen and Cassini 1968; Nelson et al. 1983; Raillo 1935; Snyder
and Hansen 1940, 1954; Wollenweber and Reinking 1935). These were all
based on classical morphological identification characteristics, such as the
morphology of the macroconidia (size, shape, number of septa, presence or
absence of a foot cell); presence or absence of microconidia (size, shape,
and mode of formation, if present); morphology of microconidiophores
(monophialides

or

polyphialides);

the

presence

or

absence

of

chlamydospores (formation in single, in pairs, in clumps, or in chains, if
present); colony morphology; and pigmentation and growth rates on potato
dextrose agar (PDA) (Benyon et al. 2000; Nelson et al. 1994). However, this
method of identification has been proven to be restrictive and not
particularly accurate as closely related species are difficult to distinguish,
and as these fungi can easily mutate and the spore shape and size can
easily change depending on the growth medium (Nelson et al. 1994),
making it more difficult to accurately identify the species. Following
decades of taxonomic revisions of Fusaria (Gerlach and Nirenberg 1982;
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O'Donnell 1996; Yli-Mattila and Paavanen-Huhtala 2007), it is now evident
that DNA-based molecular taxonomic methods offer a more reliable
approach to species identification (Donaldson et al. 1995; O'Donnell 1992;
Yli-Mattila et al. 2004), and, together with the classical morphological
methodologies, have allowed more definitive identifications to be made.
Polymerase chain reaction (PCR) assays provide a sensitive and more
specific method to detect and identify fungal species (Nicholson et al.
2003). Such assays can distinguish between closely related species that
have very similar morphological and physiological characteristics (YliMattila et al. 2002). In particular, these methods provide non-mycologists a
potential solution in identifying Fusarium spp. and have led to the
development of numerous species-specific primers (Aoki and O'Donnell
1999; Edel et al. 2000; Konstantinova and Yli-Mattila 2004; Mishra et al.
2003; Nicholson et al. 1998; Schilling et al. 1996; Turner et al. 1998;
Williams et al. 2002; Yoder and Christianson 1998). An alternative way of
molecularly identifying Fusaria to its species level is by DNA sequencing
and using “BLAST” (Basic Local Alignment Search Tool), an online program
that identifies region of similarity between a query sequence and sequences
available in its nucleotide database. Although the results from the
sequences of the internal transcribed spacer (ITS) region of the DNA using
BLAST may be difficult to interpret, erroneous and contradict with other
species concepts (Kang et al. 2010), a careful selection and thorough
comparison of reliable data can give accurate identifications. Pure cultures
were used in this study which provided adequate amounts of DNA for the
use of traditional PCR. For smaller amounts of DNA samples or grain
samples, real-time PCR detection provides quantification and high output
automation (Burlakoti et al. 2007; Nicolaisen et al. 2009; Waalwijk et al.
2004; Yli-Mattila et al. 2008).
Universal primers commonly used for the PCR assays of DNA fragments are
ITS1 and ITS4 (Donaldson et al. 1995; White et al. 1990). More recently,
primers designed to the translation elongation factor 1-α (TEF) coding
region promise a more accurate and reliable DNA sequence, as Fusarium
spp. are known to have a single copy of the TEF gene and this gene shows a
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high level of sequence polymorphism among Fusarium spp. (Geiser et al.
2004; O'Donnell et al. 1998). A schematic illustration of these two genes is
given in Figure 2.1. An online database, FUSARIUM-ID v.1.0, has been
created to allow the comparison of Fusaria partial translation elongation
factor 1-α (TEF1-α) DNA sequences (Geiser et al. 2004). Exact matches to the
DNA sequence databases denote the highest possible likelihood that the
species in query is very close to a species that has been named and
identified. However, it is unsure if the basis for these current classifications
will change in the future.
A

ITS1
18S
rDNA

ITS1

5.8S
rDNA

ITS2

28S
rDNA
ITS4

Primer binding sites
B
EF1

EF2
exon
intron
Primer binding sites
Figure 2.1 Schematic diagram of: (A) the nuclear ribosomal DNA gene cluster
consisting of the small subunit (18S), 5.8S, the large subunit (28S), and the two internal
transcribed spacers (ITS1 and ITS2) based on White et al. (1990); B) translation
elongation factor 1- alpha (O'Donnell et al. 1998)

The aim of this study was to compare and understand whether previous
identifications

of

Western

Australian

Fusaria

by

the

International

Mycological Institute (IMI), Surrey, UK using classical morphological
identification methods concur with those utilising current species-specific
PCR identification methods, and thus provide an update on the taxonomic
accuracy of Western Australian Fusarium spp. previously identified by IMI.
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2.2 Methodology
2.2.1 Fungal cultures
Details of the Fusarium isolates used in this study are in Tables 1.7 and 1.8.
All strains were kindly provided by the Department of Agriculture and
Food Western Australia (DAFWA), stored in lyophilized glass ampoules.
Isolates were revived on PDA (Sigma Chemical Co.) in the dark at 23-25°C
for 7-10 d and subsequently subcultured onto carnation leaf agar (CLA) for
7-14 d at ambient temperature. Thereafter, the plates were flooded with
sterile deionized water and single droplets of suspended conidia were
spotted onto separate microscope slides for visualization of spore
characteristics and for photography. The suspensions were also smeared
onto water agar plates for single macroconidial isolation onto ¼ strength
PDA at 23-25°C until adequate mycelia was present for DNA extraction. All
cultures were preserved on sterile filter paper and lyophilized (see
Chapters 3.5.1 and 3.5.2 for detailed procedures). All isolates used in this
study were single macroconidia isolates.

2.2.2 DNA extraction of fungal isolates for PCR speciation
A modified DNA extraction method described by Obanor et al. (2010) was
used and is as follows: using sterile toothpicks, Fusarium mycelia were
gently scraped from 10-d-old single-spored cultures into a 2.0 mL
microcentrifuge tube. After freeze-drying these mycelia under high vacuum
for 24 h, the samples were ground by placing the tubes into a rack, and
adding a 5 mm ball bearing into each well and lids were secured tightly.
The rack were placed inside an M300 mixer mill (Retsch, Hann, Germany) at
a frequency of 25/s for 2 min and was repeated after turning the rack
upside down. 200 μL of extraction buffer I [200 mM Tris-HCl (pH 8.0), 250
mM NaCl, 25 mM EDTA (pH 8.0)] was added onto each well and centrifuged
at 2000 rpm for 2 min. 90 μL of the supernatant was transferred into a new
96-well tissue culture plate containing 10 μL of extraction buffer II [5% SDS
(sodium dodecyl sulphate)]. The plate was sealed and incubated at 65°C for
an hour with gentle mixing every 30 min. Following incubation, the mixture
was centrifuged at 3500 rpm for 10 min and 40 μL of the supernatant was
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transferred into a free 96-well tissue culture plate containing 100 μL
absolute ethanol. Then, after mixing, it was centrifuged at 2000 rpm for 10
min, decanted and the pellets air dried for 30 min. Thereafter, the pellets
were resuspended in 100 μL 0.1x TE buffer [10 mM Tris-HCl (pH 8.0), 0.1 M
EDTA (pH 8.0)], and the plate sealed and left at 4°C overnight. Following
incubation, 50 μL of the supernatant was transferred into a fresh 96-well
tissue culture plate, sealed and stored at 4°C.

2.2.3 DNA extraction of fungal isolates for DNA sequencing
A modified rapid fungal DNA extraction method developed by Cenis (1992)
was used for the DNA extraction of the 13 Western Australian Fusarium
spp. isolates that did not give positive matches to any of the speciesspecific primers (Table 2.1), and is as follows:
Fungal mycelia were scraped from 7-d-old cultures on 1/5 strength PDA
and transferred into sterile 2 mL Eppendorf tubes. 500 µL of TE buffer (10
mM Tris, brought to pH 8.0 with HCl, then 1 mM EDTA) was added into the
tubes, sealed tightly and centrifuged for 5 min at 13,000 rpm. The TE
buffer was thereafter decanted and 300 µL of extraction buffer (200 mM
Tris HCl pH 8.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS) was added after
which the mycelia were ground using sterile disposable pellet pestles.
Subsequently, 150 µL of 3 M sodium acetate (pH 5.2) was added and the
tubes were incubated in -20°C for 20 min. This mixture was then
centrifuged for 10 min at 13,000 rpm, and the supernatant was transferred
into a new 2 mL Eppendorf tube. Then, 450 µL of isopropanol was added to
the supernatant and incubated at room temperature for 5 min, and
subsequently centrifuged for 10 min at 13,000 rpm to pelletise the
precipitated DNA. The resulting supernatant was discarded, the pelletised
DNA washed with 70% ethanol and allowed to dry at room temperature
overnight. Finally, the DNA sample was resuspended in 50 µL of TE buffer.

2.2.4 Polymerase chain reaction for Fusarium speciation
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DNA samples were diluted to 25 ng/μL and stored in a fresh 96-well tissue
culture plate as described in Chapter 2.2.2. Two microliters of each 25
ng/μL DNA samples were added into a 96-well plate containing 23 μL of the
reaction mixture comprising of 16.1 μL sterile MilliQ water, 2.5 μL 10x PCR
buffer [200 mM Tris HCl (pH 8.4), 500 mM KCl] (Invitrogen), 3.0 μL 25 mM
MgCl2 (Invitrogen, USA), 0.5 μL dNTPs (10 mM each), 0.3 μL of each
oligonucleotide primer (10 μM) (Table 2.1), and 0.3 μL 5 U/μL Taq
polymerase (Invitrogen, USA).
DNA

amplification

was

performed

in

Mastercycler®

Thermocycler

(Eppendorf, Germany) using an initial denaturation temperature of 94°C for
3 min; 35 cycles of 94°C for 45 s, corresponding annealing temperature
(Table 2.1) for 45 s, and 72°C for 2 min; followed by a final extension of
72°C for 7 min. Then, 5.0 μL of each PCR product was mixed with 5.0 μL 2x
gel-loading buffer (bromophenyl blue) and separated by electrophoresis, in
1.0% (w/v) DNA grade agarose gels pre-stained with 10 μL 10,000x GelRedTM
(Biotium, USA), at 100 V for 40 min.

2.2.5 DNA sequencing of Fusarium isolates
DNA samples, of the 13 Fusarium isolates that did not show any bands
with the ten species-specific primers used in this experiment, were
extracted using the procedure described in Chapter 2.2.3. PCR reaction
mixtures were prepared in the same manner as in Chapter 2.2.4, but
instead using primer pairs ITS1/ITS4 (White et al. 1990) and ef1/ef2 (Geiser
et al. 2004; O'Donnell et al. 1998) (see details in Table 2.2 and PCR
conditions as listed in Table 2.3). The resulting PCR products were sent to
Macrogen Inc. in South Korea for PCR product purification and DNA
sequencing. Sequences that resulted from the ITS1/ITS4 reaction were
compared

to

the

available

online

sequences

using

BLAST

(http://blast.ncbi.nlm.nih.gov/Blast.cgi), and those from ef1/ef2 were
compared to sequences from the FUSARIUM-ID v. 1.0 online database
(http://isolate.fusariumdb.org/index.php) (Geiser et al., 2004).
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JIAf
JIAr
FA-ITSF
FA-ITSR
CRO-A F
CRO-A R
CRO-C F
CRO-C R
FcOIF
FcOIR
FEF1
FER1
Fg16NF
Fg16NR
PFO3
PFO2
Fp1-1
Fp1-2

FAC-R

GCTAATTCTTAACTTACTAGGGGCC
CTGTAATAGGTTATTTACATGGGCG
F. avenaeceum/
CCAGAGGACCCAAACTCTAA
F. tricinctum
ACCGCAGAAGCAGAGCCAAT
F. crookwellense
CTCAGTGTCCACCGCGTTGCGTAG
CTCAGTGTCCCAATCAAATAGTCC
F. crookwellense/
TATTGGGATCTATCCAAGTCTTGT
F. culmorum
AAGCAGGAAACAGAAACCCTTTCC
F. culmorum
ATGGTGAACTCGTCGTGGC
CCCTTCTTACGCCAATCTCG
F. equiseti
CATACCTATACGTTGCCTCG
TTACCAGTAACGAGGTGTATG
F. graminearum
ACAGATGACAAGATTCAGGCACA
TTCTTTGACATCTGTTCAACCCA
F. oxysporum
CGGGGGATAAATGCGG
CCCAGGGTATTACACGGT
F. pseudograminearum CGGGGTAGTTTCACATTTCCG
GAGAATGTGATGACGACAATA

F. avenaceum

GGGATATCGGCAAGATCG
58
59
60
60
62
58
62
50
55

220
272
842
897
570
389
280
70
523

(Aoki and
O'Donnell 1999)

(Edel et al. 2000)

(Nicholson et al. 1998)

(Mishra et al. 2003)

(Yoder and
Christianson 1998)
(Yoder and
Christianson 1998)
(Nicholson et al. 1998)

(Schilling et al. 1996)

(Turner et al. 1998)

Table 2.1 List of oligonucleotide species-specific primer sequences, target species, amplicon sizes, annealing temperatures and references.
Amplicon
Annealing
Primer name Target species
Primer sequence (5'-3')
Reference
size (bp) temperature (°C)
FAC-F
F. acuminatum
GGGATATCGGGCCTCA
602
55
(Williams et al. 2002)
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Table 2.2 List of oligonucleotide primer sequences and relevant reference for DNA
sequencing of unidentifiable Fusarium isolates.

Primer
Primer sequence (5’-3’)
name
ITS1
TCCGTAGGTGAACCTGCGG
ITS4
TCCTCCGCTTATTGATATGC
ef1
ef2

Amplicon
size (bp)
~800

ATGGGTAAGGA(A/G)GACAAGAC
~700
GGA(G/A)GTACCAGT(G/C)ATCATGTT

Reference
(White et al.
1990)
(O'Donnell et al.
1998)

Table 2.3 PCR conditions for ITS1/ITS4 and ef1/ef2 primers for DNA sequencing.
ITS1/ITS4 PCR conditions
ef1/ef2 PCR conditions
PCR steps
Temperature
Duration
Temperature
Duration
Initial
95°C
2 min
95°C
1 min 15 s
denaturation
Denaturation
95°C
1 min
95°C
15 s
Primer
50°C
30 s
53°C
15 s
annealing
Extension
72°C
2 min
72°C
45 s
Final
72°C
10 min
72°C
4 min 15 s
extension
cooling
4°C
∞
4°C
∞

The DNA extraction for PCR speciation and species specific PCR assays
were conducted at the CSIRO Plant Industry Brisbane Laboratories. The
DNA extraction and PCR assays for DNA sequencing were performed in the
plant pathology laboratories in UWA.

2.3 Results
2.3.1 Species-specific PCR assays
The intensities of the bands observed under UV light after electrophoresis
on 1% agarose gels for the ten species-specific PCR assays are tabulated in
Table 2.4, and the species identifications based on molecular methods are
listed in Table 2.5.
Of the 29 morphologically identified F. graminearum (F. graminearum Gr
2) species, 19 gave amplifications at the expected 280-bp mark on 1%
agarose gel electrophoresis using the primer pair Fg16NF/Fg16NR,
confirming their identity as F. graminearum; three isolates produced DNA
fragments at 602-bp with the primer set FAC-F/FAC-R suggesting these
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were F. acuminatum species. However, seven morphologically identified F.
graminearum isolates (viz. WAC 5680, WAC 5707, WAC 5712, WAC 5722,
WAC 6698, WAC 11486 and WAC 12337) did not exhibit any positive
results with the ten primer sets used.
Thirteen of the 16 morphologically identified F. acuminatum species
generated a 602-bp DNA fragment with primer pair FAC-F/FAC-R indicating
that these isolates are F. acuminatum; two isolates (WAC 8013 and WAC
8019) produced the 272-bp DNA fragment with primer pair FA-ITSF/FAITSR and without amplifying any DNA fragment with the primer pair
JIAf/JIAr, inferring them as F. tricinctum; and one isolate, WAC 5714,
remained unknown after conducting PCR assays with the ten different
primer sets (Table 2.1).
Ten Western Australian Fusarium spp. isolated from pastures were
morphologically identified as F. avenaceum, six of which yielded both the
272-bp and 220-bp DNA fragments with primer pairs FA-ITSF/FA-ITSR and
JIAf/JIAr, respectively, strongly verifying their identity as F. avenaceum/F.
arthrosporioides. One isolate, WAC 5402, only showed a positive band with
the primer pair FA-ITSF/FA-ITSR, indicating that this isolate was F.
tricinctum. WAC 7912 was only positive with primer pair JIAf/JIAr, thus
implying this isolate was F. avenaceum/F. arthrosporioides. The remaining
two isolates, WAC 5594 and WAC 7914 gave inconclusive results with the
species-specific PCR assays using the ten primers.
Of the 11 Western Australian F. equiseti isolates previously identified using
classical morphological methods, nine amplified the expected 389-bp DNA
fragment with the use of the primer set FEF1/FEF2, confirming these were
F. equiseti. One isolate, WAC 8011, was positive on the species-specific
PFO2/PFO3 primers for F. oxysporum. After subjection to ten PCR assays
with different primer sets, one Fusarium sp. isolate morphologically
identified as F. equiseti, WAC 5684, remained unknown.
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WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC

5402
5585
5588
5591
5593
5594
5680
5681
5682
5684
5685
5687
5690
5691
5700
5707
5708
5709
5712
5714
5715
5716
5718
5722

WAC No.a

F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.

avenaceum
avenaceum
acuminatum
avenaceum
avenaceum
avenaceum
graminearum
equiseti
equiseti
equiseti
equiseti
equiseti
equiseti
equiseti
equiseti
graminearum
acuminatum
acuminatum
graminearum
acuminatum
acuminatum
acuminatum
acuminatum
graminearum

Morphological IDb

visualized under UV light.

+++
+++
+++

+++
+++

+

+++

FAC

++
++
+

+++
+++

FA-ITS JIA
+++
+
+++

+++
+++
++
++
+

++
+

Species-specific Primers
CRO-A CRO-C FEF Fg16N PFO Fp1 FcOI

Table 2.4 Species-specific PCR-assay of Western Australian Fusarium spp. isolates showing the band intensities
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WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC

5723
5728
5732
5733
5734
5738
6698
7821
7912
7914
7962
7963
8010
8011
8012
8013
8014
8015
8018
8019
8033
8104
11352
11353
11354
11384

F. acuminatum
F. armeniacum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. graminearum
F. sambucinum
F. avenaceum
F. avenaceum
F. avenaceum
F. avenaceum
F. acuminatum
F. equiseti
F. oxysporum
F. acuminatum
F. oxysporum
F. equiseti
F. equiseti
F. acuminatum
F. acuminatum
F. crookwellense
F. graminearum
F. graminearum
F. graminearum
F. graminearum
+++

+

+

++

+++

+++

+
+

+
+++
+

+

+++
+++
+++
+++
+++
+++

+++
+++

+++

++
+

+++

+++
+++

++

++
++

(Continued)
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11385
11386
11387
11388
11389
11434
11473
11485
11486
11487
11487
11488
11489
11490
11491
11492
11493
12336
12337
12338

F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.

graminearium
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum

Morphological IDb

+++

+++

FAC

FA-ITS

JIA

+++

+++
+++
+++
+++
+++
+++
+++
+++
+

CRO-A CRO-C FEF Fg16N PFO Fp1 FcOI
+++
+++
++
+++
+++
+++
+++

Species-specific Primers

b

a

Western Australian Department of Agriculture and Food, Culture Collection Number.
Identified based on morphological characteristics by the International Mycological Institute (IMI), Surrey, UK
+ Faint band; ++ Medium band; +++ Strong band

WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC

WAC No.a
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Table 2.5 Molecular identification of Western Australian Fusarium spp. isolates
previously identified (using classical morphological methods) by the International
Mycological Institute (IMI), Surrey, UK and/or by the Department of Agriculture
and Food Western Australia.

WAC No.a

IMI No.b

WAC 5402
WAC 5585
WAC 5588
WAC 5591
WAC 5593
WAC 5594
WAC 5680
WAC 5681
WAC 5682
WAC 5684
WAC 5685
WAC 5687
WAC 5690
WAC 5691
WAC 5700
WAC 5707
WAC 5708
WAC 5709
WAC 5712
WAC 5714
WAC 5715
WAC 5716
WAC 5718
WAC 5722
WAC 5723
WAC 5728
WAC 5732
WAC 5733
WAC 5734
WAC 5738
WAC 6698
WAC 7821

339114
339115
339116
339117
339118
342262
342260
342253
350950
350951
342248
342249
350952
342261
350956
350947
350948
342263
350949
342250
342244
342251
342264
342254
342255
342258
342252
342246
354674
177813

WAC 7912
WAC 7914
WAC 7962
WAC 7963
WAC 8010
WAC 8011
WAC 8012
WAC 8013
WAC 8014
WAC 8015

232897
234383
262019
262020
267545
267546
267547
267548
267549
267550

Morphological
Identification
F. avenaceum
F. avenaceum
F. acuminatum
F. avenaceum
F. avenaceum
F. avenaceum
F. graminearum
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. equiseti
F. graminearum
F. acuminatum
F. acuminatum
F. graminearum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. graminearum
F. acuminatum
F. armeniacum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. graminearum
F. sambucinum var.
coeruleum
F. avenaceum
F. avenaceum
F. avenaceum
F. avenaceum
F. acuminatum
F. equiseti
F. oxysporum
F. acuminatum
F. oxysporum
F. equiseti

Molecular Identification
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
?
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.

tricinctum
avenaceum
acuminatum
avenaceum
avenaceum
avenaceum†
pseudograminearum*
equiseti
equiseti
equiseti*
equiseti
equiseti
equiseti
equiseti
equiseti

F.
F.
F.
F.
F.
F.
F.
F.
F.
F.

avenaceum
venenatum*†
avenaceum
avenaceum
acuminatum
oxysporum
oxysporum
tricinctum
oxysporum
equiseti

acuminatum
acuminatum
pseudograminearum*
sambucinum†
acuminatum
acuminatum
acuminatum
pseudograminearum*†
acuminatum
acuminatum
acuminatum
acuminatum
acuminatum
acuminatum
pseudograminearum*
brachygibbosum*

(Continued)
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WAC No.a

IMI No.b

WAC 8018
WAC 8019
WAC 8033
WAC 8104
WAC 11352
WAC 11353
WAC 11354
WAC 11384
WAC 11385
WAC 11386
WAC 11387
WAC 11388
WAC 11389
WAC 11434
WAC 11473
WAC 11485
WAC 11486
WAC 11487
WAC 11488
WAC 11489
WAC 11490
WAC 11491
WAC 11492
WAC 11493
WAC 12336
WAC 12337
WAC 12338

268828
269460
269692
281151
-

Morphological
Identification
F. equiseti
F. acuminatum
F. acuminatum
F. crookwellense
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum
F. graminearum

Molecular Identification
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.

equiseti
tricinctum
acuminatum
sambucinum*†
graminearum
graminearum
acuminatum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
acuminatum
tricinctum*†
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
acuminatum
tricinctum*†
graminearum

Western Australian Department of Agriculture and Food, Culture Collection
Number
b
International Mycological Institute Number
- not identified by IMI
* Identification based on DNA sequencing using ITS1/ITS4
†
Identification based on DNA sequencing using ef1/ef2
? Isolates that remained unknown after subjecting to DNA sequencing
a

All F. oxysporum isolates (viz. WAC 8012 and WAC 8014) tested for speciesspecific PCR assays using the PFO2/PFO3 primer set produced a clear band
on the 70-bp region on a 2% agarose gel after 1 h electrophoresis,
confirming their identity as F. oxysporum.
Isolate WAC 8104, morphologically identified as F. crookwellense (F.
cerealis), did not exhibit the expected 842-bp DNA fragment with primer set
CRO-AF/CRO-AR nor the 897-bp DNA fragment with primer set CROCF/CRO-CR.
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All 13 unknown isolates, viz. WAC 5594, WAC 5680, WAC 5684, WAC 5707,
WAC 5712, WAC 5714, WAC 5722, WAC 6698, WAC 7821, WAC 7914, WAC
8104, WAC 11486, and WAC 12337 were also negative with the primer pairs
Fp1-1/Fp1-2

that

are

specifically

for

F.

pseudograminearum

(F.

graminearum Gr 1) while positive controls showed clear 523-bp DNA
fragments,

suggesting

that

none

of

the

69

isolates

was

F.

pseudograminearum.

2.3.2 DNA sequencing
The internal transcribed spacer and translation elongation factor 1-α DNA
coding regions of the 13 unknown isolates were amplified for DNA
sequencing using the primers ITS1/ITS4 and ef1/ef2. The agarose gel
electrophoresis images of 2 Fusarium spp. isolates (WAC 7914 and WAC
8104) using the primers ITS1/ITS4 and ef1/ef2 are shown in Figure 2.2 (A)

WAC 8104

WAC 7914

Blank

B

100 bp ladder

WAC 8104

WAC 7914

Blank

A

100 bp ladder

and (B), respectively.

800 bp –
500 bp –
700 bp –
500 bp –

Figure 2.2 Agarose gel (1%) electrophoresis of PCR products amplified from Fusarium
spp. isolates: (A) WAC 7914 and WAC 8104 using ITS1/ITS4 primers; (B) WAC 7914 and
WAC 8104 using ef1/ef2 primers.

The respective ≥99% comparison match against the primer pair ITS1/ITS4
using BLAST, and with the primer pair ef1/ef2 using FUSARIUM-ID v. 1.0
are listed in Table 2.5 marked with an “*” and “ †”, respectively. Five of the
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13 isolates (WAC 5722, WAC 7914, WAC 8104, WAC 11486, WAC 12337)
gave matches to both databases that concurred; five of the 13 (WAC 5680,
WAC 5684, WAC 5712, WAC 6698, WAC 7821) only generated DNA
fragments with ITS1/ITS4 having ≥99% matches using BLAST; two of the 13
(WAC 5594, WAC 5714) only generated DNA fragments with ef1/ef2 and
had ≥99% matches in FUSARIUM-ID v. 1.0; and one of the 13 isolates (WAC
5707), although a smaller fragment of its ITS region was amplified, it only
gave a 95% match using BLAST.
It was often difficult to generate the DNA fragment using ef1/ef2 primers,
and when faint bands were observed, the quality of the DNA sequence data
was very poor. Repeated PCR amplifications of the isolates showing faint
bands either continued to produce low quality DNA sequences or ceased to
amplify. It is possible that the primer pair or its PCR conditions need
optimisation or that the DNA samples needed to be cleaner and of better
quality.
Results from this study report the first occurrence of F. tricinctum in
Western Australia and of F. brachygibbosum and F. venenatum in Australia.
The DNA fragment sequences for the 13 Fusarium spp. isolates using
primers ITS1/ITS4 (10 of 13 isolates) and ef1/ef2 (5 of 13 isolates) primers
are listed in Appendix IV.

2.4 Discussion
Morphological identification of Fusarium spp. is complicated, problematic
and often misleading. Even expert mycologists can easily misidentify
Fusarium isolates as the morphological characteristics for identification
pose plasticity and scarcity (Mishra et al. 2003; O'Donnell 2000). The
International Mycological Institute (IMI) in UK has expert mycologists
(including Dr. Colin Booth) who provided professional services for the
identification of Western Australian Fusarium isolates sent to them for
identification more than 20 years ago. However, the challenge in accurately
identifying Fusarium spp. is evidenced by the fact that only 32 of the 44
(73%) IMI-identified species matched with the molecular identifications
undertaken in this study. Moreover, the taxonomies based on both
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morphological and molecular characteristics of several Fusarium spp. have
been updated during the past 20 years (e.g., Burgess et al. 1993; Yoder and
Christianson 1998). This may explain, for example, why some F. tricinctum
isolates were previously identified as F. avenaceum and some F.
pseudograminearum isolates were previously identified as F. graminearum
by IMI.
The two F. avenaceum species-specific primer pairs used, FA-ITSF/FA-ITSR
and JIAf/JIAr, successfully distinguished between F. tricinctum and F.
avenaceum/F. arthrosporioides isolates (Turner et al. 1998; Yli-Mattila et al.
2004). F. avenaceum and F. arthrosporioides isolates are very difficult to
differentiate both morphologically and molecularly (Kristensen et al. 2005).
In the same way this difficulty has been dealt with in previous publications,
the F. avenaceum/F. arthrosporioides isolates in this study shall be referred
to as F. avenaceum (Kristensen et al. 2005; Uhlig et al. 2006a) throughout
this thesis, although it remains possible that these isolates could actually
be F. arthrosporioides.
Fusarium sp. WAC 5728 was previously identified as F. armeniacum by IMI.
However, the DNA fragment amplified from the primer pair FAC-F/FAC-R
suggests that this isolate is F. acuminatum. In 2000, F. armeniacum was
separated from F. acuminatum after many investigations including DNA
marker

analysis,

electrophoretic

karyotyping,

isozyme

analysis,

morphological classification, and mycotoxin analyses (Altomare et al. 1997;
Burgess et al. 1993; Burgess and Summerell 2000; Nagy and Hornok 1994;
Wing et al. 1993). Mycotoxin analyses as reported later in Chapter 5, further
supports the identity of this isolate WAC 5728 as F. acuminatum as this
species has been reported to produce one or more enniatins, whereas F.
armeniacum mainly produces high levels of type A trichothecenes and has
not been found to produce enniatins (Altomare et al. 1997; Kulik et al.
2007; Mulè et al. 2005; Nagy and Hornok 1994; Nicholson et al. 2004).
F. pseudograminearum is well-known for causing crown rot diseases of
cereals. Fusarium sp. WAC 6698, morphologically identified as F.
graminearum, was isolated from barley grass, but DNA sequence analysis
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using BLAST gave ≥99% matches to F. pseudograminearum, strongly
suggesting that WAC 6698 is F. pseudograminearum. Moreover, both DNA
sequence and alignment analyses using BLAST showed that the Fusarium
isolates WAC 5680, WAC 5712, WAC 5722 and WAC 6698 belong to the
same species. The F. pseudograminearum species-specific primers, Fp11/Fp1-2, used in this study have been widely used for many years
(Akinsanmi et al. 2004; Aoki and O'Donnell 1999; Scott and Chakraborty
2010) and the positive controls tested with this primer confirmed F.
pseudograminearum. The reason why the four Fusarium isolates (WAC
5680, WAC 5712, WAC 5722 and WAC 6698) showed negative results for
the PCR assay is not evident.
Fusarium sp. WAC 8104 was molecularly identified as F. sambucinum, while
Fusarium sp. WAC 7821 was morphologically identified as F. sambucinum.
However, analysis of the DNA sequence (using the primer pair ITS1/ITS4) of
WAC 7821 using BLAST and FUSARIUM-ID v. 1.0 database showed a high
level of similarity (≥99%) to F. brachygibbosum.
Difficulty in obtaining good quality DNA fragments from amplifications
using the ef1/ef2 primer pair was frequently encountered. However,
successful amplifications gave firm matches to Fusarium spp., whereas
ITS1/ITS4 amplified DNA gave at least twenty ≥99% matches to Fusarium
spp. using BLAST. Isolate Fusarium sp. WAC 5707 remained unidentified
even after copious PCR assays. The TEF region of this isolate could not be
amplified, whereas the ITS region gave low level similarity matches using
BLAST.
Results presented in this chapter suggest that species-specific PCR assays
are indeed a rapid way of identifying and/or confirming the identification
of Fusarium spp. While DNA sequence comparisons with those using BLAST
were not 100% matches to annotated sequences and while there is some
potential for misidentification of those DNA sequences exits. It is therefore
clear that a polyphasic approach, which combines morphological, molecular
and phylogenetic (e.g. multilocus genotyping and phylogenetic species
recognition based on genealogical concordance) analyses, is the best
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approach in determining and/or studying Fusaria taxonomy (Ward et al.
2008; Yli-Mattila et al. 2002; Yli-Mattila et al. 2009).
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Chapter 3
Materials and Experimental Methods for the
Production and Characterisation of Fusarium
Secondary Metabolites
3.1 Introduction
The overall aim of this thesis was to identify the toxic compounds
produced by 47 randomly selected Western Australian Fusarium spp.
isolated from annual medics, subterranean clover, barley grass and wheat.
Methods used to achieve this aim are detailed in this chapter. The
methodologies used in chapters 4 to 7 shall refer specifically to this
chapter.

3.2 Fusarium isolates
Identities and origins of all isolates used in this study are listed in Tables
1.7 and 1.8. All strains have been stored lyophilized in glass ampoules and
were kindly provided by the Department of Agriculture and Food Western
Australia (DAFWA), as noted earlier in Chapter 2.2.1.

3.3 Media
3.3.1 Potato dextrose agar (PDA)
3.3.1.1 Full strength PDA
In a 1 L Schott bottle, 39 g of PDA (Difco Laboratories) was mixed with 1 L
of deionised water and autoclaved at 121°C and 100 kPa for 20 min. The
mixture was allowed to cool to approximately 50-60°C before pouring onto
sterile plastic petri dishes. PDA plates were allowed to solidify at room
temperature in a sterile laminar flow cabinet.

3.3.1.2 Quarter (¼) strength PDA
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A quarter strength PDA was prepared by adding 9.75 g of PDA and 29.25 g
of agar (Sigma Chemical Co.) into 1 L of deionised water and autoclaved at
121°C and 100 kPa for 20 min.

3.3.2 Carnation leaf agar (CLA)
Carnation leaves were cut into small pieces and wrapped in aluminium foil.
Water agar was prepared by adding 15 g of agar (Sigma Chemical Co.) to 1 L
of deionised water. Both the carnation leaves and water agar were
autoclaved at 121°C and 100 kPa for 20 min. After cooling to 50-60°C, water
agar was aseptically poured onto sterile petri dishes and the sterile
carnation leaves were added onto the warm agar plates. CLA plates were
allowed to solidify at room temperature in a laminar flow.

3.3.3 Potato dextrose broth (PDB)
3.3.3.1 Full strength PDB
(i) 50 mL broth
In a 250 mL PYREX® screw cap Erlenmeyer flask, 1.2 g of PDB (Difco
Laboratories) was mixed with 50 mL of deionised water, sealed and
autoclaved at 121°C and 100 kPa for 15 min over two consecutive days
before inoculation.
(ii) 1 L broth
In a 5 L conical flask, 24 g of PDB (Difco Laboratories) was suspended in 1 L
of deionised water. The flask was sealed using cotton wool plugs and flask
tops wrapped with aluminium foil. The medium was autoclaved at 121°C
and 100 kPa for 20 min over two consecutive days before inoculation.

3.3.3.2 1/5 strength PDB
(i) 50 mL broth
Preparation of 1/5 strength PDB is the same as full strength PDB [Chapter
3.3.3.1 (i)] with the exception that only 0.24 g of PDB was added into 50 mL
of deionised water.
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(ii) 1 L broth
Preparation of 1/5 strength PDB is the same as full strength PDB [Chapter
3.3.3.1 (ii)] with the exception that only 4.8 g of PDB was added into 1 L of
deionised water.

3.3.4 Glucose yeast extract peptone liquid medium (GYEP)
In a 5 L conical flask, 40 g of glucose (Oxoid Laboratories), 1 g of yeast
extract (Oxoid Laboratories) and 1 g of peptone (Oxoid Laboratories) were
added with 1 L of deionised water (Farber and Sanders 1986a, 1986b;
Greenhalgh et al. 1985). The flask was sealed using a cotton wool plug then
the top of the flask wrapped with aluminium foil and autoclaved at 121°C
and 100 kPa for 20 min over two consecutive days before inoculation.

3.3.5 Modified MYRO
In a 5 L conical flask, the following were added (Brewer et al. 1982;
Greenhalgh et al. 1985; Miller et al. 1991):
(NH4)2HPO4........................1 g
KH2PO4...............................3 g
MgSO4•7H2O....................0.2 g
NaCl....................................5 g
Sucrose..............................40 g
Glycerol.............................10 g
Deionised water...............1 L
The flask was sealed with a cotton wool plug and the flask top wrapped
with aluminium foil and autoclaved at 121°C and 100 kPa for 20 min over
two consecutive days before inoculation.

3.3.6

Modified

Czapek-Dox

liquid

medium

supplemented

with 1% peptone (CDP)
In a 5 L conical flask, 33.4 g of modified Czapek-Dox liquid medium (Oxoid
Laboratories) and 10 g of peptone (Fluka) were dissolved in 1 L deionised
water (Greenhalgh et al. 1985; Salleh and Strange 1988). A cotton wool plug
was used to seal the flask and aluminium foil was used to wrap the top of
the flask. This medium was autoclaved at 121°C and 100 kPa for 20 min
over two consecutive days.
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3.3.7 Millet seed medium
Approximately 50 g of millet seed (Panicum miliaceum) purchased from a
local seed supplier was added with approximately 30 mL of deionised water
in a 500 mL conical flask. The flask was sealed using cotton wool plugs and
then flask tops wrapped with aluminium foil. The millet seed medium was
autoclaved at 121°C and 100 kPa for 15 min over three consecutive days to
ensure a sterilized medium.

3.4 Monoconidial Fusarium culture preparation
The 69 lyophilized Fusarium cultures (Table 2.5) were individually
transferred to freshly prepared and sterilized PDA plates. All plates were
sealed with Parafilm®, incubated at 23-25°C in dark conditions for 7-10 d.
Agar plugs from revived cultures were subsequently subcultured onto CLA
until spores were produced (7-30 d) at 23-25°C with 12 h light and 12 h
dark conditions. CLA plates were then flooded with sterile deionised water,
a suspension was smeared onto water agar plates and viewed under 20x
light microscope. Single Fusarium spores were cut off the water agar plate
and transferred to ¼ strength PDA plates. The single spore cultures were
incubated at 23-25°C with 12 h light and 12 h dark conditions.

3.5 Preservation methods
The first generation of single spored Fusarium cultures were preserved in
two ways to prevent any degeneration; e.g. of the capacity to produce
certain enzymes or toxins.

3.5.1 Filter paper preservation method
The filter paper preservation method described by (Correll et al. 1986) was
applied to all monoconidial Fusarium cultures. Concisely, Whatman No. 1
filter papers were cut into approximately 1 cm x 1 cm squares, sterilized at
121°C and 100 kPa for 15 min, and upon cooling, five of these filter paper
pieces were aseptically transferred onto ¼ strength PDA plates. Plates were
incubated at 23-25°C with 12 h light and 12 h dark conditions. After the
mycelia of the culture have grown over the filter papers, the filter paper
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pieces were aseptically removed from the PDA plate and transferred to
sterile McCartney bottles. The bottles were loosely capped and placed in a
desiccator filled with anhydrous cobalt chloride for approximately 2 weeks
until the filter paper pieces were observed to have dried up. The bottles
were then tightly capped and stored at 4°C.

3.5.2 Lyophilization method
Single spore cultures on ¼ strength PDA plates were cut into cubes
(approximately 3 mm x 3 mm) and transferred into sterilized labelled glass
ampoules. Disinfected cotton wool was used to seal the ampoules and then
stored at 4°C for 7 d before subjecting to dry freezing using a VirTis
BenchTop 2K® (SP Scientific, USA) freeze drier overnight. Ampoules were
then sealed using a flame burner and stored in a dry and dark place at
room temperature (23-25°C).

3.6 Inoculation of liquid or solid medium
Five agar plugs (3 mm x 3 mm) from 7-10 d-old monoconidial Fusarium
cultures were aseptically transferred into sterile liquid or solid medium in a
laminar flow. The mouth of the flask was heated using a Bunsen burner
before and after inoculation. The inoculated flask was then sealed using a
sterile cotton plug and sterilized aluminium foil was wrapped around the
mouth of the flask and the cotton plug. The top of the flask was finally
wrapped with cling wrap to prevent bacterial or fungal contamination.

3.7 Reference standards
A standard trichothecene mixture containing 3-acetyldeoxynivalenol (3ADON), deoxynivalenol (DON), nivalenol (NIV), fusarenon-X (FUS-X), HT-2
toxin (HT-2), T-2 toxin (T-2), diacetoxyscirpenol (DAS), and zearalenone
(ZEA) was purchased from Sigma-Aldrich Company, St. Louis, MO, USA.
The schematic diagram shown in Figure 3.1 summarises the initial
approach taken in preserving, screening and identifying toxic compounds
after growing pure cultures in PDB.
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3.8 Extraction
Fusarium Isolates

Culture on PDA

Single Spore Isolation

Lyophilisation
Preservation

Filter Paper
Method
Preservation

Culture in PDB

Extract with
EtOAc

TLC

TLC

Mixture
Separation
Using Column
Chromatography

NMR,
IR,
MS

HPLC Analysis

(if needed) Purify
Compound
Using Preparative LC

NMR, IR, MS

If New Metabolites

Test on Plants
Figure 3.1 Schematic diagram of the initial approach to characterise toxic secondary
metabolites adapted from Cannell (1998), VanMiddlesworth and Cannell (1998), and
Ghisalberti (1993).
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3.8.1 Liquid culture
Mycelia from the liquid culture were filtered using Whatman No. 4 (11 cm)
under vacuum using Büchner funnel and flask. Each litre of filtrate was
extracted with ethyl acetate (3 x 340 mL) using a 2 L separatory funnel. The
combined organic extract was concentrated under reduced pressure using a
rotary evaporator until the volume of the extract is approximately 3 mL.
This crude extract was then transferred to a 21 mL glass vial and purged to
dryness under a stream of nitrogen and stored at 4°C, until analysed.

3.8.2 Mycelia from liquid culture
The filtered mycelia from chapter 3.8.1, was placed into a 1 L beaker and
approximately 800 mL of ethyl acetate was added, sealed and left overnight
to extract the secondary metabolites present on the surface of the mycelia.
The aqueous layer was removed using a separatory funnel, and the organic
layer was concentrated under reduced pressure, transferred to glass vials,
purged to dryness under a gentle stream of nitrogen, and stored at 4°C
until analysis.

3.8.3 Millet seed culture
Fusarium cultures grown on millet seed were homogenised and 500 mL of
ethyl acetate added into the homogenised cultures for extraction overnight.
After filtering this mixture under vacuum using Büchner funnel and flask,
the residue was further extracted using 500 mL methanol. The filtrates
were kept separate, concentrated under reduced pressure, transferred to
glass vials, purged to dryness under a gentle stream of nitrogen, and finally
stored at 4°C until analysis.

3.9 Fractionation using vacuum silica chromatography
The ethyl acetate extracts were separated into ten fractions by vacuum
silica chromatography using gradient elution of hexane to ethyl acetate to
methanol. In a 4 cm x 11 cm sintered glass filter, approximately 43.0 g of
Merck silica gel 60 was used as the stationary phase and 100 mL of solvent
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was used as the mobile phase. Table 3.1 below lists the solvent system used
for each fraction.
Table 3.1 Solvent system used for fractionation of Fusarium crude extracts

Fraction Number
1
2
3
4
5
6
7
8
9
10

Solvent System
Hexane
Ethyl Acetate : Hexane (1:5, v/v)
Ethyl Acetate : Hexane (2:5, v/v)
Ethyl Acetate : Hexane (3:5, v/v)
Ethyl Acetate : Hexane (4:5, v/v)
Ethyl Acetate
Methanol : Ethyl Acetate (1:10, v/v)
Methanol : Ethyl Acetate (1:5, v/v)
Methanol : Ethyl Acetate (1:2, v/v)
Methanol

Each fraction was concentrated under reduced pressure and evaporated to
dryness under nitrogen, the fraction masses were recorded and sample
vials were stored at 4°C until analysis.

3.10 Brine shrimp bioassay
3.10.1 Hatching of brine shrimp
Previously described brine shrimp bioassay protocols, developed for A.
salina (Bottalico et al. 1989; Moretti et al. 2007; Sam 1993), were performed
with some modifications. A. franciscana eggs imported from San Francisco
Bay Brand, Inc. (CA, USA), were incubated in a suspending medium of
artificial sea water [8.25 g of Ocean Reef marine salt (Prodac International,
Cittadella, Italy) in 250 mL of deionised water] for 24 h at 28°C under a 60
W bulb. Fungal crude extracts and their corresponding fractions were
individually dissolved in methanol and then 3.3% artificial seawater (w/v,
artificial seawater salt in water) was added to give a final methanol :
seawater ratio (v/v) of 1:99. Four concentrations were tested, 5, 10, 50 and
100 µg/mL. Using a flat-bottomed 96-well polystyrene microplate, 250 µL
from each concentration was pipetted into each well in quadruplicates and
15-25 brine shrimp nauplii were added into each well. Control brine shrimp
were only exposed to the 1% methanol : seawater. Potassium dichromate
was used as the positive control, also in four concentrations, 10, 30, 100
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and 650 µg/mL. The number of inanimate nauplii were recorded in three
time intervals, 6, 24 and 48 h after exposure to the Fusarium extracts.

3.10.2 Bioassay guided fractionation
This technique is very useful and time saving as it simplifies the nature of
the sample being analysed; with fractions expected to have a simpler
composition compared to the more complex crude extracts. As the name
suggests, all fractions are bioassayed and those fractions that exhibit
bioactivity were then further analysed using GC/MS, or further purified
using semi-preparative LC or flash chromatography for identification using
GC/MS or NMR.

3.11 Spectroscopic and spectrometric detection
3.11.1 Thin layer chromatography (TLC)
TLC aluminium sheets precoated with silica gel 60 F254 plates (3 x 6.6 cm, E.
Merck, Darmstadt) were spotted with fungal crude extracts or fractions
using fine capillary tubes, then developed with hexane : ethyl acetate (1:4,
v/v) or with methanol : ethyl acetate (1:4, v/v) and when dry, visualised
under 254 nm UV light after which fluorescent spots were marked with a
pencil. The plate was subsequently sprayed with 0.25 M ceric sulphate
[Ce(SO4)2], prepared as a saturated solution in 2 M H2SO4, and heated to >
200°C for visualisation.

3.11.2

Gas

chromatography-mass

spectrometry

(GC/MS)

Analysis
A Shimadzu GCMS-QP2010, fitted with a Restek Rtx-5 ms (30 m x 0.25 mm
i.d., 0.1 µm) column with ultra-high purity helium as the carrier gas (1
mL/min) and operating in the electron impact (EI, 70 eV) mode, was used to
separate and analyse all fungal crude extracts and their corresponding
bioactive fractions.
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3.11.2.1 Derivatisation with BSTFA and sample preparation
In a 2 mL crimp vial containing 1 mg of dried sample, 200 µL dry pyridine
and 400 µL bis-(Trimethylsilyl)trifluoroacetamide (BSTFA) were added, vial
capped and heated for 30 min at 60°C on a heating block. After letting it
cool to room temperature, the sample was ready for GC/MS analysis.

3.11.2.2 Derivatisation with TFAA and sample preparation
Trifluoroacetic anhydride (TFAA) was used as the derivatising agent as
reported by Kientz and Verweij (1986) with some modifications. Concisely,
ca. 1 mg of each sample was transferred to a 2 mL crimp vial and dried
under a gentle stream of nitrogen. To the dried sample, 1 mg of sodium
bicarbonate and 200 µL of TFAA were added, then the vial was sealed and
heated at 80°C for 30 min using a heating block. The mixture was allowed
to cool before drying under nitrogen. The residue was subsequently
dissolved with 1 mL dichloromethane (dried over 3Å molecular sieves) in
the presence of anhydrous sodium sulphate. Filtered extracts were
transferred to GC vials for GC/MS analysis.

3.11.2.3 GC/MS conditions
Initial column oven temperature setting was 50°C held for 1 min, after
which it was increased by 15°C/min to 120°C, then 4°C/min to 250°C, and
finally 15°C/min to 300°C, for which it was held for 5 min. The injection
temperature was set to 280°C, transfer line to 280°C, and the ion source to
200°C. The spectrometer recorded 50 to 700 amu.

3.11.3 High performance liquid chromatography (HPLC)
Samples analysed using HPLC were prepared to a concentration of 1
mg/mL in methanol. HPLC analysis was done using a Hewlett-Packard 1050
HPLC system with a multiple wavelength detector equipped with a 250 mm
x 4.6 mm i.d., 5 μm, Apollo C18 reversed-phase column (Grace Davison
Discovery Sciences, Illinois, USA) with a 7.5 mm x 4.6 mm i.d. guard column
of the same material. Gradient conditions starting with acetonitrile : 0.1%
acetic acid (5:95, v/v) at 1 mL/min flowed through the column increasing to
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95% acetonitrile : 0.1% acetic acid over 30 min. The complexity of the crude
extracts was monitored by UV absorbance measured at 220, 254, and 280
nm. All of the solvents used were of HPLC grade.

3.11.4 Nuclear magnetic resonance (NMR)
Table 3.2 Corresponding deuterated solvents used for the NMR analysis of the
specified fraction numbers

Fraction Numbers
1-4
5-7
8-10

Solvent used for NMR analysis
Deuterated chloroform (CDCl3)
Deuterated acetone [(CD3)2CO]
Deuterated methanol (CD3OD)

Proton and carbon-13 NMR spectra of samples were analysed on a Bruker
AV600 (600 MHz for δH and 150.9 MHz for δC) NMR spectrometer. Table 3.2
shows an approximate guide in choosing the appropriate deuterated
solvent to dissolve the sample for NMR analysis. The fraction numbers
refer to the portion of the crude extract that eluted from the solvent
systems, in the order of increasing polarity, tabulated in Table 3.1. The
least polar fractions 1-4 were dissolved in deuterated chloroform, the more
polar fractions 5-7 in deuterated acetone, and the most polar fractions 8-10
in deuterated methanol. In cases where fractions 5, 6 or 7 were completely
soluble in deuterated chloroform, this solvent was preferred over
deuterated acetone.
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Optimisation of the Culture Conditions of Western
Australian Fusarium spp. and Mycotoxin Detection
Methods
4.1 Introduction
The spectrum of secondary metabolites produced by Fusarium spp. vary
greatly in diversifying conditions and are affected by temperature, water
activity, substrate and external stress to just name a few (Fanelli et al. 2003;
Marasas et al. 1984). As there is no data available on the mycotoxin
production potential of Western Australian Fusarium spp., it is important
to determine the optimum conditions that can induce the production of the
most number of secondary metabolites with adequate fungal crude extract
mass in

order

to

facilitate

subsequent

isolation,

purification

and

identification of the secondary metabolites. To maximise secondary
metabolite production, several factors were investigated: temperature,
growth duration, lighting condition, and substrate composition. These sets
of experiments aim to determine a set of conditions in which all isolates
could then be grown for comparison of the mycotoxins produced.
Moreover, so as not to mask the detection of potential novel compounds,
general methods in natural product isolation need to be utilised without
targeting specific compounds. With these factors in mind, different growing
conditions were screened, a general secondary metabolite extraction
method was performed, and identification of purified compounds by
nuclear magnetic resonance (NMR) was employed. In addition, pure single
genotypic cultures are vital to ensure that the secondary metabolite
production by each of the fungal strains used in this study is accurately
reported. Therefore, only single spore cultures were used as inocula
throughout the study.
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4.2 Optimising conditions and detection: Step I
4.2.1 Fungal isolate
The isolate F. acuminatum WAC 5715 was chosen randomly and used to
test for the screening conditions for maximising the production of fungal
crude extract mass. Details of F. acuminatum WAC 5715 are listed in
Chapter 1 Table 1.7.

4.2.2 Screens for growth conditions
Agar plugs from a monoconidial F. acuminatum WAC 5715 culture (see
Chapter 3.6) were inoculated into a 1 L full strength PDB and into a 1/5
strength PDB (preparation procedures in Chapter 3.3.3), and grown under
various conditions, including four time durations (7, 14, 21 and 28 d),
temperatures 15°C and 23-25°C, with 0 or 12 h photoperiod, and with or
without aeration (still or shake cultures). Shake cultures were prepared
using 50 mL of full strength PDB and of 1/5 strength PDB (preparation
procedures in Chapter 3.3.3) placed on a rotary shaker at 100 rpm. Table
4.1 shows the different conditions tested.

4.2.3 Extraction and fractionation
Extraction of secondary metabolites from fungal broths is described in
detail in Chapter 3.8.1. The chosen fungal crude extract was then subjected
to fractionation using the method in Chapter 3.9.

4.2.4 Detection
4.2.4.1 TLC
Small amounts of the fungal crude extracts and fractions were each
separately spotted onto silica gel plates as outlined in Chapter 3.11.1.

4.2.4.2 HPLC
Fungal crude extracts from all of the conditions tested were made up to a
concentration of 1 mg/mL in methanol and subjected to HPLC analysis as
described in Chapter 3.11.3.
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4.2.4.3 NMR
Fractions appearing as intense single spots on the TLC plates and having a
sharp peak on HPLC chromatograms were dried and dissolved in a suitable
deuterated solvent (Table 3.2), and then analysed by proton and carbon-13
NMR spectroscopy. Details of the instrumentation used are listed in
Chapter 3.11.4.

4.2.5 Results and discussion
4.2.5.1 Screens for growth conditions
HPLC chromatograms of all of the fungal crude extracts from the different
culturing conditions and their corresponding masses were compared. Table
4.1 shows the different masses which resulted under the conditions tested.
It was expected that low temperatures and low nutrient growth media
would stress the fungi to produce either different secondary metabolites or
more of a particular compound. However, this was not observed from the
TLC or from the HPLC analyses. Culturing the pathogen beyond 28 d only
decreased secondary metabolite production. Results suggest the conditions
stated in Table 4.2 to be the most suitable for obtaining a comprehensive
secondary metabolite profile along with the most mass.

4.2.5.2 Secondary metabolites detected
Fraction 9 which eluted with 50% methanol : ethyl acetate was seen
relatively pure on the TLC plate and subsequently on the HPLC
chromatogram. This was analysed using proton and carbon-13 NMR
spectroscopy in deuterated acetone, and when compared to literature,
turned out to be indole acetic acid, a plant hormone (Omer et al. 2004;
Shimada et al. 2000).
Fraction 5 appeared as a spot on the TLC plate and had the highest mass of
the fractions collected. Analysis using proton and carbon-13 NMR
spectroscopy in deuterated acetone indicated that the NMR spectra were
comparable to those of the the enniatins reported by Savard and Blackwell
(1994).
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Table 4.1 Mass of fungal crude extracts obtained from applying different culturing
conditions

Days

Temperature (°C)

Medium

Photoperiod

7
7
7
7
7
7
14
14
14
14
21
21
21
21
28
28
28
28

15
15
23-25
23-25
23-25
23-25
23-25
23-25
23-25
23-25
23-25
23-25
23-25
23-25
23-25
23-25
23-25
23-25

1/5 PDB
PDB
1/5 PDB
PDB
1/5 PDB
PDB
1/5 PDB
PDB
1/5 PDB
PDB
1/5 PDB
PDB
1/5 PDB*
PDB*
1/5 PDB
PDB
1/5 PDB
PDB

0h
0h
0h
0h
12 h
12 h
0h
0h
12 h
12 h
12 h
12 h
12 h
12 h
0h
0h
12 h
12 h

Mass (mg) per L of
liquid culture
7.2
10.3
30.5
32.8
29.0
35.4
52.7
62.6
62.5
70.4
89.2
97.7
39.6
84.0
91.3
131.0
94.1
159.2

*in shake culture

Table 4.2 Growth conditions most suitable for the screening of metabolites for
characterisation.

Parameters
Temperature
Growth duration
Lighting condition
Substrate composition

Conditions
23-25°C
28 d
12 h photoperiod
Full strength PDB

As the literature has no records of the toxicity of indole acetic acid and
enniatins to rats, the 2 compounds detected and identified above did not,
at that point of time, fully explain the rat deaths observed in the
toxigenicity tests of Barbetti and Allen (2007). It was then speculated that
the extraction method applied might be inappropriate for the isolation of
the toxic components from the culture broth. To determine the efficiency
of the extraction method, the most toxic strain (Table 1.6) from the rat
toxicity

test

investigation.
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4.3 Optimising conditions and detection: Step II
4.3.1 Fungal isolate and growing conditions
To verify that the extraction and fractionation methods applied were
suitable for extracting the toxic components from the fungal culture broth
into the organic crude extract, a highly toxic isolate was grown and
extracted using the same method to that in screening to identify the
optimal growth conditions (procedure described in Chapter 3.8.1). If this
extraction yielded toxic compounds, it would confirm that the extraction
method was indeed appropriate for this study. Therefore, F. avenaceum
WAC 7914, the most toxic isolate from the rat toxigenicity test in Table 1.6
(Barbetti and Allen 2007) was selected. Fusarium sp. WAC 7914 was
historically morphologically identified as F. avenaceum by IMI, but as part
of the current studies, it is now verified to be F. venenatum (see Chapter 2).
This isolate was cultured with the conditions set out in Table 4.2, extracted
and fractionated as described in Chapters 3.8.1 and 3.9.

4.3.2 Detection
4.3.2.1 TLC
See Chapters 3.11.1 and 4.2.4.1

4.3.2.2 NMR
See Chapters 3.11.4 and 4.2.4.3

4.3.3 Results and discussion
Fraction 9 of the crude extract of F. venenatum WAC 7914 was seen
relatively pure on the TLC plate and was analysed using proton NMR
spectroscopy. The spectra showed it to be a trichothecene-like compound,
but the mass was too small to conduct further confirmation by carbon-13
NMR. It was thus concluded that our extraction and fractionation methods
were suitable, but a choice of a different culturing medium was warranted.
This was further explored in Chapter 4.4.
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4.4 Optimising conditions and detection: Step III
Most mycotoxin studies conducted to date have used solid substrates such
as maize kernels and rice (Abbas et al. 1992; Altomare et al. 1995; Bosch et
al. 1989). However, liquid media have been proven to provide cleaner
extracts and are preferred in laboratory studies for mycotoxin production
(Lauren 2009; Wing et al. 1993). Commonly used liquid media are: glucose
yeast extract peptone (GYEP), modified MYRO and modified Czapek-Dox
liquid medium supplemented with 1% peptone (CDP) (Bergers et al. 1985;
Farber and Sanders 1986a; Greenhalgh et al. 1985; Ishii et al. 1978; Lauren
et al. 1988; Salleh and Strange 1988; Ueno 1970). Millet seed was the
substrate used to grow the Fusarium spp. isolates in the earlier rat
mortality studies (Barbetti and Allen 2007), suggesting that the toxic
metabolites were produced in this medium. This solid substrate and the
three liquid media mentioned above were therefore used to culture F.
venenatum WAC 7914 to compare and determine the metabolite profile
among the media used.

4.4.1 Conditions for fungal growth
The conditions set out in Chapter 4.2.5.1 (temperature: 23-25°C; Growth
duration: 28 d; Lighting condition: 12 h photoperiod) were followed using
the different media below, employing the extraction and fractionation
methods as described in Chapters 3.8.1, 3.8.2 and 3.9.
(i)

GYEP (Chapter 3.3.4)

(ii)

Modified MYRO (Chapter 3.3.5)

(iii)

CDP (Chapter 3.3.6)

(iv)

Millet seeds (Chapter 3.3.7)

4.4.2 Isolation and detection
4.4.2.1 TLC
See Chapters 3.11.1 and 4.2.4.1
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4.4.2.2 Flash chromatography
Fractions 7, 8 and 9 from the CDP fungal crude extract had high masses
and were found to be relatively pure on the TLC plates. Proton NMR spectra
of these fractions suggested the presence of mixtures of similar
compounds. Hence, purification of the compounds was performed using
reverse phase flash chromatography. Merck silica gel 60 was used as the
stationary phase with 100 mL of solvent as the mobile phase. Fractions 7, 8
and 9 were purified using gradient elution with increasing solvent polarity.

4.4.2.3 NMR
See Chapters 3.11.4 and 4.2.4.3

4.4.2.4 GC/MS
GC/MS analyses of samples may require the derivatisation of the samples
to make them more volatile and allow them to pass through the GC column
for

separation

and

eventually

mass

spectrometry

detection

for

identification. To determine the most suitable sample preparation method
for GC/MS analysis, derivatised and underivatised samples were prepared
and compared. Two derivatising agents (BSTFA and TFAA) were used
separately to derivatise the crude extract of F. venenatum WAC 7914 and
the trichothecene mix standard, using the procedures described in
Chapters 3.11.2.1 and 3.11.2.2. Underivatised samples were prepared by
dissolving 1 mg of the sample in dry dichloromethane and filtering into GC
vials. Analysis was done by following the GC conditions and methods
described in Chapter 3.11.2.3.

4.4.3 Results and discussion
Table 4.3 shows the mass of the fungal crude extracts from the media
tested. CDP produced the most mass among the liquid media tested while
the millet seed extract weighed more than the CDP extract. Subsequent
fractionation and purification of fractions 7, 8 and 9 from the three liquid
media

tested,

and

NMR

analysis

revealed

the

presence

of

four

trichothecenes, namely:
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i.

4-Monoacetoxyscirpenol [4-MAS, Figure 1.1, 1c (in Fraction 8, eluting
at 60% ethyl acetate : hexane)]

ii.

15-Monoacetoxyscirpenol [15-MAS, Figure 1.1, 1d

(in Fraction 9,

eluting at 100% ethyl acetate and 20% methanol : ethyl acetate)]
iii.

4,15-Diacetoxyscirpenol [4,15-DAS, Figure 1.1, 1a (in Fraction 7,
eluting at 70% ethyl acetate : hexane)]

iv.

Scirpentriol [SCP, Figure 1.1, 1f (in Fraction 7, eluting at 80% ethyl
acetate : hexane)]

The most comprehensive way to detect trichothecenes is by the use of
GC/MS (Scott 1993). A trichothecene-mix standard (Chapter 3.7) was
purchased and analysed using GC/MS by derivatising and by not
derivatising. The derivatising agents tested were trifluoroacetic anhydride
(TFAA) and bis-(Trimethylsilyl)trifluoroacetamide (BSTFA). Among the three
conditions, derivatisation with TFAA gave the most intense peaks and
showed the presence of all of the trichothecenes in the standard. The millet
seed extract, and the fungal and mycelial crude extracts from the liquid
medium

were

thus

analysed

with

GC/MS

derivatised

with

TFAA.

Comparison of the three showed that the millet seed extract also produced
the same trichothecenes detected from the fungal and mycelial crude
extracts of the liquid medium. However the millet seed extract also
contained significant quantities of the seed components, including fatty
acids, proteins and sterols, while the mycelia extract contained significant
fungal components including fatty acids and sterols. This suggests that the
toxic compounds produced by Fusaria in millet seeds and those on mycelial
surfaces are also produced in the liquid broth, which, however, gave cleaner
extracts.

Table 4.3 Mass of fungal crude extracts from different media.
Media
Mass (mg) per L of liquid culture
GYEP
Modified MYRO
CDP
Millet seed

430.7
309.3
852.0
2555.5 (mg/100g of millet seed)

GYEP: Glucose Yeast Extract Peptone liquid medium;
CDP: Modified Czapek-Dox liquid medium supplemented with 1% peptone.
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4.5 Conclusion
Factors affecting the mycotoxin production of Fusarium spp., such as
temperature, water activity (aw), substrate, oxygen availability, infection
duration, Fusarium spp., and Fusarium spp. isolates, have been widely
studied (Alberts et al. 1990; Hope and Magan 2003; Kostecki et al. 1999;
Llorens et al. 2004; Ramirez et al. 2006; Ueno 1970; Xu et al. 2007a).
Differences in each factor or in combination influence the mycotoxins
produced. For instance, maize was found to be the most suitable substrate
for the production of trichothecenes by Fusarium spp. (Bottalico et al.
1983; Miller 1994; Sydenham et al. 1991). However, F. sporotrichioides
grown on rice was found to produce the most trichothecenes compared
with wheat and maize substrates (Mateo et al. 2002b). In addition, the
production

of

beauvericin,

fusaproliferin

and

moniliformin

by

F.

subglutinans ITEM-1434 was best in rice, rye and rice, respectively, grown at
25°C for 21 d (Kostecki et al. 1999). In the same study, when F. subglutinans
ITEM-1434 was cultured on rice, beauvericin and fusaproliferin production
was at its maximum between 20-25°C, while for moniliformin was at 30°C.
Some F. graminearum (F. graminearum Gr 2) isolates from Spanish wheat
and maize showed that a short incubation period of 12-14°C after the fungi
has

invaded

the

substrate

does

not

induce

the

production

of

deoxynivalenol (DON), 3-acetyldeoxynivalenol (3-ADON) and nivalenol (NIV)
(Llorens et al. 2004), which was in contrast to some F. graminearum
isolates (Sydenham et al. 1991; Ueno 1987). The optimum incubation
duration for the maximum production of DON and zearalenone (ZEA) by a
South African F. graminearum isolate on ground maize were 8 and 10
weeks, respectively (Siame and Lovelace 1994), whereas it was 40 days for
maximum DON production for F. graminearum grown on wheat grains
(Hope et al. 2005). Mycotoxin accumulation on three cereal substrates with
varying water activity and temperature also showed significant differences
for some F. sporotrichioides isolates (Mateo et al. 2002b).
The above examples show a very small fraction of the number of studies
conducted

that

exhibited

diversified

conditions

affect

mycotoxin
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production by Fusarium spp. Moreover, it has been found that factors
affecting

mycotoxin

production

are

substantially

complicated

as

interactions among these factors control the quantity and variety of the
mycotoxins produced by Fusaria (Doohan et al. 2003; Kostecki et al. 1999;
Xu and Nicholson 2009). Thus, a set of conditions may be optimum for the
production of certain secondary metabolites and at the same time
compromise the production of other mycotoxins.
The aim of this study is not to determine the optimum conditions for the
production of a specific mycotoxin, but rather, determine a set of culture
conditions that can produce the widest range of secondary metabolites
with ample amounts for detection and characterisation within the given
restrictions and limitations, such as time and space, in this project. Hence,
from across the sets of experiments conducted, it is clear that the optimum
culture conditions (listed in Table 4.4) for the production of a wide-ranging
secondary metabolite profile with adequate mass for further work are
Fusarium cultures grown in CDP at 23-25°C, with 12 h photoperiod for 28
d.
Table 4.4 The optimal fungal growing conditions and method for mycotoxin
production and detection.

Parameters
Temperature
Growth duration
Lighting condition
Substrate composition
Detection
Bioassay

Conditions
23-25°C
28 days
12 h photoperiod
CDP
GC/MS
Brine shrimp

It was also concluded that the GC/MS should be applied in the rapid
screening and identification of toxic compounds found in the fungal
extracts. Moreover, the need to use bioassay guided fractionation was
recognised as being necessary to pinpoint the fractions that contain the
toxic compound/s which would reduce the time taken in identifying
compounds present in all fractions via GC/MS. Hence, combining these
results and findings from the above steps to determine the optimum
culture conditions and detection methods, the schematic diagram given in
Figure 4.1 was formulated for the subsequent screening of the toxic
secondary metabolites produced by Western Australian Fusarium spp.
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Pure Culture in CDP

Filter Mycelia

Filtrate

Mycelia

Extract w/ EtOAc

Extract w/
EtOAc

Bioassay Guided Fractionation

GC/MS

Toxic Fraction

TLC

GC/MS

Known Compounds

Unknown Compounds

NMR

HPLC/Semi-prep
HPLC

Bioassay Guided Fractionation

NMR/Hi-Res MS
Figure 4.1 Schematic diagram of a modified approach to characterise toxic secondary
metabolites (see Figure 3.1 in chapter 3).
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It is noteworthy that although derivatisation of fungal extracts with TFAA
and analysis using GC/MS is adequately comprehensive for detecting
trichothecenes, this detection method may not be suitable for identifying
other potentially toxic compounds. For this reason, toxic fractions that do
not have trichothecenes or any toxins detectable by this described method,
should be analysed using other methods, such as LC-MS or LC-MS/MS.
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Mycotoxins Produced by Western Australian
Fusarium Isolates Associated with Pasture Species
and Their Toxicity to Brine Shrimp (Artemia
franciscana)
5.1 Introduction
Pasture species in south-west Western Australia play an important role in
providing feed for grazing animals throughout the year (Chatterton and
Chatterton 1996). During the drier summer months, annual Medicago spp.
produce large amounts of pods containing seeds that are the major
component of the annual medics that the sheep feed on (Parkin 1966). In
the late 1980s and early 1990s, sheep in some areas of Western Australia
were refusing feed on some annual medic pastures, the pods of which were
later shown to be significantly contaminated with several Fusarium spp.
(Barbetti and Allen 2005). Subsequent toxicity tests confirmed that 15 of
the 16 tested Western Australian Fusarium spp. isolates associated with
either the medic pods, and/or subterranean clover leaves and stems,
and/or with barley grass crown contamination, were capable of producing
toxins lethal to adult male rats (Barbetti and Allen 2007).
Other southern hemisphere countries, including New Zealand and South
Africa, have reported either a high incidence of Fusarium spp. in grass
pastures (Bosch et al. 1989) or in annual medic roots (Lamprecht et al.
1988) and seed-pods (Lamprecht et al. 1986).

F. avenaceum, F.

crookwellense (F. cerealis), F. culmorum and F. sambucinum were prevalent
in New Zealand pasture species (Bosch et al. 1989; Lauren et al. 1988;
1992); whereas F. acuminatum, F. avenaceum and F. oxysporum were
predominant in South African annual medic pastures (Lamprecht et al.
1986; 1988; 1990). The above studies highlighted the capability of these
Fusarium spp. to produce a range of mycotoxins, including butenolide,
moniliformin, trichothecene, and wortmannin that can be lethal to rats,
ducklings and/or sheep (Bosch et al. 1989; Lamprecht et al. 1986).
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a

Plant Host
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
H. leporinum
T. subterraneum
T. subterraneum
T. subterraneum
T. subterraneum
T. subterraneum
T. subterraneum
T. subterraneum
M. sativa

Western Australian Department of Agriculture and Food, Culture Collection Number; b International Mycological Institute, UK

Table 5.1 Details and origin of Western Australian Fusarium isolates used in this study.
WAC No.a
IMIb ID
Molecular ID
Origin
5585
F. avenaceum
F. avenaceum
Katanning
5588
F. acuminatum
F. acuminatum
Katanning
5594
F. avenaceum
F. avenaceum
Katanning
5680
F. graminearum
F. pseudograminearum
Cunderdin
5681
F. equiseti
F. equiseti
Cunderdin
5682
F. equiseti
F. equiseti
Cunderdin
5707
F. graminearum
Fusarium sp.
Cunderdin
5712
F. graminearum
F. pseudograminearum
Cunderdin
5714
F. acuminatum
F. sambucinum
Cunderdin
5715
F. acuminatum
F. acuminatum
Cunderdin
5716
F. acuminatum
F. acuminatum
Cunderdin
5718
F. acuminatum
F. acuminatum
Cunderdin
5722
F. graminearum
F. pseudograminearum
Cunderdin
5728
F. armenicacum
F. acuminatum
Cunderdin
5738
F. acuminatum
F. acuminatum
Cunderdin
6698
F. graminearum
F. pseudograminearum
Newdegate
7821
F. sambucinum
F. brachygibbosum
Badgingara
7912
F. avenaceum
F. avenaceum
Denmark
7914
F. avenaceum
F. venenatum
Mt Barker
7962
F. avenaceum
F. avenaceum
Denmark
8010
F. acuminatum
F. acuminatum
unknown
8013
F. acuminatum
F. avenaceum
unknown
8019
F. acuminatum
F. tricinctum
unknown
8104
F. crookwellense
F. sambucinum
Wanneroo
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Mycotoxins Produced by Western Australian Fusarium Isolates Associated with Pasture
Species and Their Toxicity to Brine Shrimp (Artemia franciscana)

The common Fusarium spp. that inhabit the eastern Australian soils in
descending order of frequency, are: F. acuminatum, F. equiseti, F.
sambucinum, F. avenaceum, F. crookwellense and F. semitectum (Burgess et
al. 1988). However, annual medic pastures in Australia have been reported
to be predominantly contaminated with F. acuminatum and F. avenaceum
(Bretag 1985; Kollmorgen 1974; Mebalds 1987). Mycotoxins produced by F.
crookwellense isolated from Australian pasture soils include fusarin C,
zearalenone and nivalenol (Vesonder et al. 1991); and one F. tricinctum
isolated from Australian pasture soil produced enniatins at 1540 µg/g of
white maize grit (Burmeister and Plattner 1987). For Western Australia,
Fusarium spp. are commonly associated with roots (Wong et al. 1984),
foliage (Barbetti 1985, 1986), and/or seed (Barbetti 1990) of various pasture
species, especially pasture legumes. In particular, a high incidence of F.
acuminatum, F. avenaceum and F. equiseti have been isolated from pods of
annual medic pastures associated with sheep feed refusal in Western
Australia (Barbetti and Allen 2005).
Fusarium spp. are known to produce an array of toxic secondary
metabolites associated with feed refusal and/or chronic animal diseases
(Marasas et al. 1984). The production of these secondary metabolites is
affected by the growing conditions of the Fusarium spp., such as
temperature, humidity and substrate (Alberts et al. 1990; Marasas et al.
1984), and external stresses (Fanelli et al. 2003; Hope et al. 2003; Moss
1991). It was therefore hypothesized that Fusarium spp. in Western
Australia may produce a different metabolite profile due to their
association with Western Australia‟s unique Mediterranean climate (Gentilli
1971, 1972; Leeper 1970) accompanied by its ancient impoverished soils
(Puckridge and French 1983; Stace et al. 1968). Although the secondary
metabolites produced by Fusarium spp. have been well studied elsewhere
(Betina 1989b; Cole et al. 2003; Thrane 1989; Vesonder and Golinski 1989),
the metabolites produced by the Fusaria in Western Australia have not
previously been reported. This study, for the first time, defines the toxic
secondary metabolites produced by Fusarium spp. isolated from annual
medics (Medicago polymorpha), lucerne (Medicago sativa) and subterranean
clover (Trifolium subterraneum) based pastures in Western Australia, and
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particularly those associated with feed refusal disorders in annual medic
pastures.

5.2 Methodology
5.2.1 Fungal isolates and culture conditions
Table 5.1 lists the 24 isolates used in this study, and Appendix III shows a
map of Western Australia pinpointing the farm sites where the isolates
were collected. Modified Czapek-Dox liquid medium supplemented with 1%
peptone (CDP) and millet seeds were used as substrates and their
preparation, fungal inoculation and culture conditions were the same as
described in Chapters 3.3.6, 3.3.7 and 3.6. Moreover, controls for each
medium were prepared and subjected to the same conditions as those
described above (Chapters 3.3.6, 3.3.7 and 3.6) with the exception of the
inoculation of the fungus into the media.
Throughout this chapter, Fusarium spp. isolates are all referred by their
molecular classification ID and WAC number.

5.2.2 Extraction and bioassay guided fractionation
The schematic diagram shown in Figure 4.1 in Chapter 4.5 was followed to
identify the toxic compounds present in the fungal extracts. Detailed
descriptions of the extraction, bioassay guided fractionation and mycotoxin
determination of the toxic compounds can be found in Chapters 3.8-3.11.

5.3 Results
5.3.1 Comparison of extracts from millet seed versus liquid
medium
GC/MS analyses of fungal crude extracts from the liquid medium and from
millet seeds were found to contain similar secondary metabolites (data not
shown). The millet seed fungal crude extract had a more complex gas
chromatogram, containing additional compounds present in the millet
seed, hence the “cleaner” crude extract from the liquid broth was preferred
and used for the detection of mycotoxins.
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5.3.2 Toxicity of fungal crude extracts to brine shrimp
Toxicity test results of the fungal crude extracts to brine shrimp are shown
in Figure 5.1 and 5.2 in relation to the four concentrations (5, 10, 50 and
100 µg/mL) tested versus the mortality rates of the brine shrimp in the
three different time courses, 6, 24 and 48 h, investigated.
To confirm that the mycotoxins detected from the GC/MS of the fungal
crude extracts were those causing the brine shrimp deaths, each crude
extract was separated using vacuum silica chromatography into ten
fractions and these fractions were also subjected to the brine shrimp
bioassay. Fractions that exhibited toxicity were analysed using GC/MS and
compared to the GC/MS data from the fungal crude extracts.
All crude extracts and at least one fraction from each of the tested fungal
crude extracts caused some toxicity to the brine shrimp. Appendix V shows
the mortality rates of brine shrimp to the fungal crude extracts and the
corresponding toxic fractions with a tabulated list of the relative amounts
of mycotoxins detected. Fractions 5 and 6 (eluting at 80% ethyl acetate :
hexane and 100% ethyl acetate, respectively) were commonly found to be
the fractions containing the toxic components and exhibiting the highest
toxicity among most fractions. Three examples of fractions showing
toxicity and the relative abundances of the mycotoxins detected are shown
in Figure 5.3.
F. acuminatum WAC 5716 was found to be the most acutely toxic isolate,
with 100 µg/mL of its crude extract causing 78% brine shrimp deaths in 6
h. This isolate also had three fractions that caused 55-85% death within 6 h,
mortality rates of two of these fractions are shown in Figure 5.3A. F.
sambucinum WAC 8104 exhibited the most chronic toxic effect on brine
shrimp, 5 µg/mL of its crude extract and 5 µg/mL of two of its fractions
caused 100% mortality within 24 h. Two examples of the most toxic
fractions are shown in Figure 5.3C.
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Two toxicity patterns among the fractions tested were frequently observed:
(a) at least 50% mortality at 100 µg/mL in 6h; (b) nearly 100% mortality at 5
µg/mL in 48 h. Observations described in (a) were generally associated with
the presence of enniatins, while observations in (b) were most often
associated with the presence of type A trichothecenes. Furthermore, all of
the controls tested did not exhibit toxicity to brine shrimp.

5.3.3 Major mycotoxins detected
Mycotoxins produced by the Fusarium isolates tested and their relative
quantities based on the integrated peak area from GC/MS analyses are
shown in Table 5.2 and 5.3. Mixtures of trichothecenes were found to be
produced by ten of the 24 isolates used in this study (Table 5.2). The four
most toxic isolates were all type A trichothecene producers (Figure 1.1).
Among these four, only F. sambucinum WAC 8104 produced T-2 toxin
(Figure 1.1, 1g), HT-2 toxin (Figure 1.1, 1b) and their derivatives, and was
found to be the most toxic isolate of the four when tested with the brine
shrimp bioassay. The remaining three isolates (F. equiseti WAC 5681, F.
equiseti WAC 5682 and F. venenatum WAC 7914) produced scirpenol
derivatives, mainly 4,15-diacetoxyscirpenol (4,15-DAS, Figure 1.1, 1a), 15monoacetoxyscirpenol (15-MAS, Figure 1.1, 1d) and scirpentriol (SCP, Figure
1.1,

1f),

with

only

F.

venenatum

WAC

7914

producing

4-

monoacetoxyscirpenol (4-MAS, Figure 1.1, 1c). All type A trichotheceneproducing isolates caused a minimum of 80% brine shrimp mortality rate at
50 µg/mL within 24 h, and were the only isolates that caused 100% brine
shrimp deaths at the lowest concentration tested (5 µg/mL) within 48 h. It
is noteworthy that all four isolates that produced type A trichothecenes
also produced trace amounts of type A trichothecene derivatives.
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Australian Fusarium isolates associated with annual pasture legumes and/or sheep feed refusal disorders after 6, 24 and 48 h of
incubation.

Figure 5.1 Brine shrimp mortality rates against 5, 10, 50, 100 µg/mL of 10 crude extracts from trichothecene-producing Western

Mycotoxins Produced by Western Australian Fusarium Isolates Associated with Pasture
Species and Their Toxicity to Brine Shrimp (Artemia franciscana)

87

Chapter 5

Figure 5.2 Brine shrimp mortality rates against 5, 10, 50, 100 µg/mL of 10 crude
extracts from enniatin-producing Western Australian Fusarium isolates
associated with annual pasture legumes and/or sheep feed refusal disorders after
6, 24 and 48 h of incubation.
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acuminatum WAC 5715; (B) F. equiseti WAC 5682; (C) F. sambucinum WAC 8104, to brine shrimp at four concentrations (5, 10, 50, 100
µg/mL) and monitored at 3 time intervals (6, 24 and 48 h) with the relative amounts of the mycotoxins found in each fraction.

Figure 5.3 Toxicity of the two fractions, commonly found to be the most toxic fractions, from three Fusarium spp. isolates, (A) F.
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The less toxic type B trichothecenes (Figure 1.2) were produced by three
isolates, namely F. pseudograminearum WAC 5680 and WAC 6698, and
Fusarium sp. WAC 5707. 3-acetyldeoxynivalenol (3-ADON, Figure 1.2, 2a)
was consistently produced by these three isolates, while both F.
pseudograminearum

WAC

5680

and

WAC

6698

also

produced

deoxynivalenol (DON, Figure 1.2, 2c). Traceable amounts of type B
trichothecene derivatives, that also did not match our standards nor the
molecular ions of known trichothecenes, were detected from all three
isolates. Moreover, the highly toxic nivalenol (NIV, Figure 1.2, 2e) was
absent from all of the crude extracts of the Fusarium isolates tested. The
only isolate that was detected to produce a zearalenone derivative was
Fusarium sp. WAC 5707.
F. pseudograminearum WAC 5712 and F. pseudograminearum WAC 5722
mainly produced DON while F. brachygibbosum WAC 7821 mainly
produced fusarenon-X (FUS-X, Figure 1.2, 2d), in addition to some type A
trichothecene derivatives. These three isolates were found to be less toxic
than the four isolates producing only type A trichothecenes, and more toxic
than the three isolates producing only type B trichothecenes.

The crude extracts of all trichothecene-producing Fusarium isolates were
toxic to brine shrimp. Moreover, their respective toxic fractions were
confirmed by GC/MS to contain trichothecenes. Purified 4-MAS, 15-MAS,
DAS and SCP (from F. venenatum WAC 7914, see Chapter 4.4) also showed
toxicity towards the brine shrimp, immobilising 100% at 5 µg/mL within 24
h. The mass spectra of some unreported trifluoroacetylated trichothecenes,
3-ADON, FUS-X, 4-MAS, 15-MAS and NIV, in EI mode are shown in Figure
5.4.
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Figure 5.4 Mass spectra of trifluoroacetylated (A) 3-ADON; (B) FUS-X; (C) 4-MAS; (D) 15MAS; and (E) NIV in EI mode
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92
DRV
A+, B+
A+
A+
B+
A+, B+
A+, B+
A+, B+
A+
A+
A+

a

Western Australian Department of Agriculture and Food, Culture Collection Number.
DON = deoxynivalenol; 3-ADON = 3-acetyldeoxynivalenol; FUS-X = fusarenon-X; 4-MAS = 4-monoacetoxyscirpenol; 15-MAS = 15monoacetoxyscirpenol; DAS = diacetoxyscirpenol; SCP = scirpentriol; T-2 = T-2 toxin; HT-2 = HT-2 toxin; ZEA = zearalenone; DRV =
derivative; A = type A trichothecene/s; B = type B trichothecene/s
+ 0-5%; ++ 6-10%; +++ 11-15%; ++++ 16-20%; +++++ more than 21% of the relative area from the GC/MS chromatogram

Table 5.2 Relative quantities of trichothecenes produced by trichothecene-producing isolates used in this study.
Trichothecenes
WAC
Molecular ID
a
No.
DON 3-ADON FUS-X 4-MAS 15-MAS DAS SCP
T-2
HT-2
F. brachygibbosum
7821
+
F. equiseti
5681
++
+++++ ++
F. equiseti
5682
+
+++
+
F. pseudograminearum
5680
+
++++
F. pseudograminearum
5712 +++++
F. pseudograminearum
5722 +++++
F. pseudograminearum
6698
+
+++++
F. sambucinum
8104
++++
+++++ ++
F. venenatum
7914
+
+++++
++
++++
Fusarium sp.
5707
+

+

ZEA
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Table 5.3 Relative quantities of enniatins produced by enniatin-producing isolates.
Molecular ID
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. avenaceum
F. avenaceum
F. avenaceum
F. avenaceum
F. tricinctum
F. tricinctum
F. sambucinum

WAC
No.a
5588
5715
5716
5718
5728
5738
8010
5585
5594
7912
7962
8013
8019
5714

A
+

Enniatins
A1
B
+
++
+++++
+++
+
+++
+
+++
+
+++
+
+++
++
+++++
+++++
+
+++++
++
+++++
++
+

++

B1
+
+++
+
++
++
+
+++
+
+++
+
+++
+
+

DRV
+
+
+
+
+
++
+
+
+
+
+
+++++
+

CLM
+
+

+
++

++
+
+

Western Australian Department of Agriculture and Food, Culture Collection Number
CLM = chlamydosporol; DRV = enniatin derivative/s
+ 0-5%; ++ 6-10%; +++ 11-15%; ++++ 16-20%; +++++ more than 21% of the relative area
from the GC/MS chromatogram
a

All of the F. acuminatum and F. avenaceum isolates studied in this chapter
(Table 5.1), based on molecular identification, produced mixtures of
enniatins (ENN), mainly ENN B (Figure, 7.1, 5c), and ENN B1 (Figure, 7.1, 5d)
(Table 5.2). Only F. acuminatum WAC 5715 produced ENN A (Figure, 7.1,
5a). Four of the six F. acuminatum isolates and three of five F. avenaceum
also produced ENN A1 (Figure, 7.1, 5b). All, except one (F. acuminatum
WAC 5738), isolates had fractionated extracts that showed toxicity to brine
shrimp 6 h after exposure to the potential toxic extracts, and all exhibited
toxicity after 24 h (see Appendix V). All of these bioactive fractions
contained mixtures of enniatins. The most acutely toxic isolate is F.
acuminatum WAC 5716, found to produce ENN B, ENN B1 and other
enniatin derivatives.
Chlamydosporol (Figure 5.5, 4a) was consistently detected for seven
Fusarium isolates in the 10% methanol : ethyl acetate fraction, with its
trifluoroacetylated derivative (Figure 5.5, 4b) eluting at 16.11 min. The
identity of this compound was confirmed by the MS spectra from the
GC/MS analysis ran in the same conditions as Savard et al. (1990). While
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chlamydosporol-producing isolates also produced enniatins, all of the
fractions containing chlamydosporol and free of enniatins also exhibited
some toxicity to brine shrimp. This metabolite was not produced by any of
the trichothecene-producing isolates. Furthermore, controls were not
detected to contain any of these toxic metabolites.

4
Compound
Name
Chlamydosporol

4
a

Trifluoroacetylated b
Chlamydosporol

R

EI mass spectrum

OH*

226 (13%) (M+), 184 (32), 166 (100), 138
(40), 123 (25), 109 (22), 95 (13), 80 (13), 69
(52), 43 (98)

OCOCF3

322 (1%) (M+), 280 (100), 183 (17), 167 (99),
69 (27), 55 (13), 52 (12)

* (Savard et al. 1990)

Figure 5.5 Chlamydosporol and its trifluoroacetate structure with their EI mass
spectra

5.4 Discussion
This study shows, for the first time, that Western Australian Fusarium
isolates are capable of producing a range of different mycotoxins, including
trichothecenes, enniatins and chlamydosporol which may be related to the
previously observed sheep feed refusal disorders and/or rat deaths. This is
the first report on mycotoxins produced by Fusarium spp. from Western
Australia.
Trichothecenes are sesquiterpenes produced by a number of fungal species
including those belonging to Fusarium (Ueno 1983). Toxic type A and type
B microcyclic trichothecenes (e.g. Figure 1.1 and 1.2) have been reported
from Fusarium contaminated pasture species in countries such as South
Africa and New Zealand (Bosch et al. 1989; Lamprecht et al. 1986; Lauren et
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al. 1992). Most of the Western Australian

trichothecene-producing

Fusarium spp. produced either DAS or DON, both well-known to cause feed
refusal disorders and to be toxic to a number of different test animals
(Vesonder et al. 1973; 1976). In addition, F. sambucinum WAC 8104
produced T-2 toxin and its derivatives in relatively high amounts.
Interestingly, although F. sambucinum is known to produce T-2 toxin
(Altomare et al. 1995; Desjardins and Plattner 1989; Marasas et al. 1984), T2 toxin has not been detected for F. sambucinum or by any of the Fusarium
strains previously isolated and tested from New Zealand or South African
pasture species. T-2 toxin is both extremely toxic and an emetic factor
(Ellison and Kotsonis 1973; Fairhurst et al. 1987). The F. equiseti isolates
included in our study produced SCP and its derivatives, while they were
two of the most toxigenic isolates of those tested, only one F. equiseti
isolate from a New Zealand pasture was detected to produce a
trichothecene, namely sambucinol (Bosch et al. 1989; Lauren et al. 1988;
Lauren et al. 1992). Sambucinol was found to be less inhibitory to wheat
coleoptile growth than DON (Wang and Miller 1988) and less toxic to
caterpillars than DON (Dowd et al. 1989). With the limited studies on the
toxicity of sambucinol, it can only be assumed that sambucinol may also be
less toxic than DON to brine shrimp. As DON is less toxic to brine shrimp
than the scirpenols (Richardson and Hamilton 1990; Swanson et al. 1987),
and the Western Australian F. equiseti isolates produced scirpenols, it is
likely that the F. equiseti isolates here are more toxic than the isolate
reported in New Zealand. These comparisons suggest that not only are
Western Australian Fusarium spp. capable of producing a different
metabolite

profile

compared

with

other

countries

having

similar

environmental conditions (e.g., South Africa) or in close proximity (e.g., New
Zealand), but that the toxicity of the mycotoxins can be greater in Western
Australian isolates.
Type A trichothecenes are known to be far more toxic than type B
trichothecenes (Leeson et al. 1995; Nakano 1968; Ueno and Yamakawa
1970). This was also observed among the trichothecene-producing isolates
in Western Australia, where 5 µg/mL of crude fungal extracts from type A
trichothecene-producing isolates killed almost 100% of the brine shrimp
95

Chapter 5

while those of the type B trichothecene-producing isolates killed only 0-1%
in 48 h.
Six of the ten tricothecene-producing isolates were from Cunderdin,
Western Australia, an area with the most severe cases of feed refusal
disorders (Barbetti and Allen 2005). Potential involvement of these toxic
metabolites may also explain some of the mysterious sheep death incidents
reported to the Animal Health Laboratories, DAFWA, Perth, Western
Australia, especially during the summer of 1989 (J. G. Allen, personal
communication).
Enniatins (Figure 7.1) are cyclic hexadepsipeptides recently named as one
of the four emerging Fusarium mycotoxins (Firakova et al. 2007; Jestoi
2008). To date, 27 enniatins have been described to be isolated from
different fungal species (Lin et al. 2002; Nilanonta et al. 2003). They can act
as ionophores and exhibit insecticidal, antimicrobial, cytotoxic and
phytotoxic activities (Gäumann et al. 1960; Grove and Pople 1980;
Ovchinnikov et al. 1974; Uhlig et al. 2004; Vesonder and Golinski 1989). In
New Zealand, one F. avenaceum isolate and two F. culmorum isolates have
produced uncharacterised enniatins in detectable concentrations (Bosch et
al. 1989), whereas relatively high amounts were produced by all of the
Western Australian F. acuminatum, F. avenaceum and F. tricinctum isolates,
and one F. sambucinum isolate from pasture species. Numerous studies
have suggested that the toxicity on brine shrimp and rats tested may not be
entirely due to enniatins, but may be due to the presence of other toxins
such as fusaproliferin, beauvericin or uncharacterized toxins (Altomare et
al. 1995; Bosch et al. 1989; Moretti et al. 2007). However in this study, toxic
fractions mainly containing mixtures of enniatins exhibit a consistent acute
toxicity. As no other mycotoxins were detected from these fractions, it is
highly likely that the observed acute toxicity was caused by enniatins.
More than half of the Fusarium strains isolated from Western Australian
pasture produced enniatins (14 of the 24) while the others produced
trichothecenes. Crude extracts containing type A trichothecenes were
found to be extremely toxic to brine shrimp, while those that contain type B
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trichothecenes were less toxic than those that contain enniatins. Enniatinproducing Fusarium isolates that were highly toxic to brine shrimp
produced relatively high quantities of enniatins. It is noteworthy that all of
the Western Australian Fusarium isolates included in this study only
produced either trichothecenes or enniatins, but never both. Furthermore,
all 24 isolates showed various levels of toxicity towards the brine shrimp.
The high incidence of enniatin-producing Fusarium isolates in Western
Australian pasture species co-occurring with trichothecene-producing
Fusarium isolates supports the need to better understand the interactions
of enniatins with trichothecenes in animal systems (Jestoi 2008), as those
may well be synergistic effects that aggravate animal toxicoses.
Fusarium sp. WAC 5707 was the only isolate detected to produce a
zearalenone derivative, whereas zearalenones are commonly produced by
many Fusarium isolates from pasture in New Zealand (di Menna et al. 1987;
Lauren et al. 1992). Zearalenones are non-steroidal oestrogenic mycotoxins
that can cause swine infertility (Biehl et al. 1993; Kuiper-Goodman et al.
1987), but have not been reported to cause acute toxicity, feed refusal nor
have they been associated with fatal animal toxicoses (Desjardins 2006).
Seven strains belonging to four of the Western Australian Fusarium spp.
used were detected to produce chlamydosporol. Chlamydosporols are
bicyclic “lacto-ketals” (Savard et al. 1990) having an LD50 of 56 ppm towards
brine shrimp (Visconti et al. 1992). Chlamydosporol can reduce feed
consumption and reduce weight of rats, cause mortality to chick embryos,
and is cytotoxic to mouse and human fibroblast cells (Abbas et al. 1992).
This study is the second report on the production of chlamydosporol by F.
sambucinum. The first report of chlamydosporol production by a strain of
F. sambucinum (Abbas et al. 1989) was by an isolate from Norway which
produced HM-8, synonym: chlamydosporol (Abbas et al. 1992). Previous
reports on some morphologically identified F. acuminatum, F. avenaceum,
F. chlamydosporum, F. culmorum, F. graminearum (F. graminearum Gr 2),
F. oxysporum, F. sambucinum and F. tricinctum showed the diversity of
Fusarium spp. capable of producing chlamydosporol (Abbas et al. 1989;
Solfrizzo et al. 1994; Thrane 2001). However, a specific metabolite
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production should not be assigned solely on the basis of traditional
morphology-based taxonomy of Fusarium spp. where misidentification can
occur. For instance, the initial misidentification of WAC 5714 as F.
acuminatum for which the molecular identification of sequences amplified
using the primer pairs ITS1/ITS4 and ef1/ef2 confirmed it to be F.
sambucinum. Thus, it is likely that similar misidentifications may have
occurred among the strains identified as F. acuminatum or other Fusarium
spp. found to produce chlamydosporol. This makes it challenging to relate
the production of specific metabolites to one or more particular Fusarium
spp. especially the taxa from the southern hemisphere as most, if not all, of
the Fusarium isolates used in previous toxin and toxicity studies were only
identified using classical morphological characteristics.
The toxicity results observed from the brine shrimp bioassay showed that
trichothecenes, enniatins and chlamydosporol were are all toxic to brine
shrimp and some of these could have been responsible for the rat deaths
observed in a previous study by Barbetti and Allen (2007). These findings
also suggest that these compounds were likely to have been produced by
the Fusarium spp. colonizing medic residues and pods in the fields
associated with sheep feed refusal incidents in Western Australia. While
little is known about the activity of enniatins on animal systems, the
toxicity exhibited by enniatin-producing isolates thus far warrants further
investigation into their biological activity.
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Mycotoxins Produced by Western Australian
Fusarium Isolates Associated with Fusarium Head
Blight and Their Toxicity to Brine Shrimp
6.1 Introduction
Fusarium head blight (FHB) in wheat (Triticum aestivum) is one of the most
devastating diseases of wheat worldwide (McMullen et al. 1997). Not only
are grain yield and quality reduced, mycotoxins that can cause acute or
chronic toxicity of livetstock and humans are also produced (Bottalico
1998; Joffe 1986). The disease frequently occurs when climatic conditions
are suitable, especially as Fusarium can readily survive in plant debris as
either saprophytic mycelium or as dormant chlamydospores (Xu and
Nicholson 2009). Moreover, crop rotation of wheat with maize also provides
successive stubbles of either crop for Fusaria to carry over on and, when
optimal conditions prevail, FHB can rapidly spread throughout individual
fields (Logrieco et al. 2002a). The Fusarium spp. profile causing FHB is
affected by factors such as climatic conditions, specifically rainfall and
temperature during the flowering stage; agronomic factors, including soil
cultivation, fertilisation, crop rotation; and host genotype (Bottalico and
Perrone 2002). The mycotoxin profile of FHB infected grains is not only
influenced by these factors, but also by the interaction of the different
Fusarium spp. with the environment and with intra- and inter-species
interactions. Together, these complicate the prediction of the potential
mycotoxins involved (Jestoi et al. 2009a).
Mycotoxins detected from infected wheat grain in Europe include
trichothecenes

[e.g.,

3-acetyldeoxynivalenol

(3-ADON),

15-

acetyldeoxynivalenol (15-ADON), deoxynivalenol (DON) and nivalenol (NIV)],
zearalenone, moniliformin, beauvericin and enniatins (Bottalico 1998; Jestoi
et al. 2004; Jestoi et al. 2009b; Langseth and Rundberget 1999; Yli-Mattila et
al. 2008). As these toxic secondary metabolites cause detrimental effects,
which are not detoxified even after food processing (Bottalico and Perrone
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2002; Pineda-Valles and Bullerman 2000), grain quality monitoring has
been implemented in many countries. Also, a large number of studies have
focused on breeding wheat cultivars resistant to the Fusarium head blight
species complex, and on the development of biological and fungicidal
controls (e.g., McMullen et al. 1997; Parry et al. 1995; Pirgozliev et al. 2003;
Schisler et al. 2002; Snijders 1990).
Countries sharing the same Mediterranean climate as Australia (e.g., South
Africa), or in close proximity to Australia (e.g., New Zealand, with a
moderately temperate climate), share the same predominant FHB pathogen,
F. graminearum (F. graminearum Gr 2) (Cromey et al. 2001; Sayer and
Lauren 1991; Sydenham et al. 1991). South African F. graminearum isolates
produce DON (Figure 1.2, 2c) and/or NIV (Figure 1.2, 2e) (Sydenham et al.
1989; 1991), whereas New Zealand F. graminearum isolates produce NIV or
15-ADON (Figure 1.2, 2b) (Monds et al. 2005).
In Australia, FHB occurs sporadically in the wetter areas of south-eastern
Queensland and northern New South Wales (Burgess et al. 1981; Williams et
al. 2002). Their main causal agents for this disease are: F. graminearum
(62%), F. pseudograminearum (F. graminearum Gr 1) (20%), and F.
avenaceum (2%), while fifteen other Fusarium spp. isolated from infected
wheat in Australia were also found to cause FHB in glasshouse experiments.
These included: F. acuminatum, F. avenaceum, F. babinda, F. compactum, F.
culmorum, F. crookwellense (F. cerealis), F. equiseti, F. lateritium, F. nygamai,
F. poae, F. proliferatum, F. subglutinans, F. torulosum, F. tricinctum and F.
verticilloides [formerly known as F. moniliforme (Seifert et al. 2003)]
(Akinsanmi et al. 2004). Several studies on the mycotoxin production of
Australian FHB pathogens, particularly of F. graminearum, found that the
F. graminearum population in Australia is comprised of both DON and NIV
chemotypes (Blaney and Dodman 1988, 2002; Tan et al. 2004). Different
roles for mycotoxins in FHB infection have been proposed, such as
virulence factors (Desjardins et al. 1996; Goswami and Kistler 2005; Jansen
et al. 2005), as a fungal response to microbial competition stress (Xu et al.
2007b), and in response to oxidative stress (Reverberi et al. 2010) and to
environmental stress (Doohan et al. 2003; Hope et al. 2005).
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In 1962, F. avenaceum was reported in wheat in Western Australia
(Chambers 1962). In a survey conducted between 1964-1965, a low
incidence of F. culmorum, F. moniliforme, F. oxysporum and F. sambucinum
were detected in grains and other wheat plant samples (Shipton and
Chambers 1966). A later study of wheat diseases in Australia (Murray and
Brown 1987) showed F. graminearum to be associated with crown rot in
Western Australia, having light (0.5-1.0%) disease severity and occurring in
localised areas during some seasons (<25% of area, 1 in 5 years), whereas
no head scab was observed. The next notable outbreak of FHB of wheat in
Western Australia was during the 2003-2004 harvest season, with Fusarium
spp. detected on wheat grain grown in the Wellstead region (Loughman et
al. 2004). Although FHB outbreaks are relatively infrequent in Western
Australia, the Fusarium spp. can readily survive in stubbles, from which
they can initiate further outbreaks with the onset of favourable conditions
(Summerell et al. 1989). No studies have been undertaken to determine the
mycotoxins produced by Western Australian Fusarium spp. associated with
FHB. Hence, a study was undertaken, firstly to perform a screening for the
mycotoxins produced by the Fusarium isolates associated with FHB of
wheat in Western Australia, and secondly, to compare the species of
Fusarium associated with FHB and their spectrum of metabolites with those
of the Fusaria associated with the sheep feed refusal or other pasture plant
disorders in pastures in Western Australia as well as with the mycotoxins
associated with FHB that occurred elsewhere outside of Western Australia.
As with feed refusal disorder, the toxicity of the crude extracts from these
FHB isolates were determined using the brine shrimp assay.

6.2 Methodology
6.2.1 Fungal isolates and culture conditions
Table 1.8 lists the details of the 23 Fusarium isolates used in this study,
while Table 2.5 lists the molecular identification of these isolates. Modified
Czapek-Dox liquid medium supplemented with 1% peptone (CDP) and
millet seeds were used as substrates for these FHB isolates and their
preparation and culture conditions were as described in Chapters 3.3.6,
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3.3.7 and 3.6 as utilised for Fusarium spp. isolates associated with the feed
refusal disorder. Moreover, controls for each medium were prepared and
subjected to the same conditions as those described earlier in Chapters
3.3.6, 3.3.7 and 3.6, with the exception of the inoculation of the fungus into
the media.

6.2.2 Extraction and brine shrimp bioassay
The approach shown on the schematic diagram in Figure 4.1 (Chapter 4.5)
was followed and used to identify the toxic compounds present in fungal
extracts. Detailed descriptions of the extraction, bioassay and structural
determinations of the toxic compounds can be found in Chapters 3.8-3.11.

6.3 Results
GC/MS analysis of fungal crude extracts from CDP and from millet seeds
showed that these Fusarium isolates from wheat contained similar
mycotoxins, and that the secondary metabolites produced were irrespective
of the growth substrate used.

6.3.1 Toxicity of fungal crude extracts to brine shrimp
Brine shrimp mortality rates against four concentrations (5, 10, 50 and 100
µg/mL), in three time courses (6, 24 and 48 h) are shown in Figure 6.1 for
trichothecene-producing isolates; in Figure 6.2 for enniatin-producing
isolates; and in Figure 6.3 for isolates that did not produce either
trichothecenes or enniatins. Among the 23 Fusarium isolates, F. tricinctum
WAC 11486 was the most toxic, followed by F. acuminatum WAC 11485
then F. graminearum WAC 11387.
After 24 h of exposure to the crude extract of F. tricinctum WAC 11486,
almost 40% of the brine shrimp were killed at 50 µg/mL, and almost 80% at
100 µg/mL, and with almost 100% mortality after 48 h for both of these
two concentrations. The least toxic to brine shrimp was F. graminearum
WAC 11389, its crude extract being the only one among the crude extracts
from the 23 Fusarium isolates that did not cause any significant mortality
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to brine shrimp, even after 48 h at 100 µg/mL. All the other isolates caused
at least some toxicity to brine shrimp. Controls did not exhibit toxicity to
brine shrimp.

6.3.2 Major mycotoxins detected
Table 6.1 shows the relative amounts of specific mycotoxins detected from
the crude extracts of the 23 Fusarium isolates grown in CDP liquid medium
and in millet seed. Throughout this chapter, isolates are all referred by
their molecular classification ID and WAC number.

6.3.2.1 Trichothecenes
Slightly less than half of the Fusarium isolates (11 of 23) from head blight
in wheat produced type B trichothecenes, mainly DON (Figure 1.2, 2c), 3ADON (Figure 1.2, 2a) or type B trichothecene derivatives. In terms of crude
extract, the second most toxic isolate among the 23 was F. graminearum
WAC 11387, that produced high concentrations of DON along with a type B
trichothecene

derivative,

and

produced

the

greatest

amount

of

trichothecenes. Crude extracts containing more (i.e. 6-15%) of the type B
trichothecenes gave higher mortality rates to the brine shrimp than those
that had lower levels of these type B trichothecenes (0-5%). None of the type
A trichothecenes were detected in the liquid nor millet seed extracts of the
23 Fusarium isolates.

6.3.2.2 Zearalenone (ZEA)
ZEA (Figure 1.3, 3a) was detected in the millet seed extracts of five isolates,
four of which were F. graminearum isolates (WAC 11352, WAC 11384, WAC
11490 and WAC 12338) and one F. acuminatum isolate (WAC 11354). F.
graminearum WAC 11490 produced the most ZEA, while the extract from
F. graminearum WAC 11384 contained only half of the amount of ZEA that
was detected for F. graminearum WAC 11490. The other Fusarium isolates
only produced trace amounts of ZEA.
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11352
11353
11354
11384
11385
11386
11387
11388
11389
11434
11473
11485

WAC
WAC
WAC
WAC
WAC
WAC

11487
11488
11489
11490
11491
11492

WAC 11486

WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC
WAC

WAC No.a

F.
F.
F.
F.
F.
F.

graminearum
graminearum
graminearum
graminearum
graminearum
graminearum

F. tricinctum

F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.
F.

Molecular
Identification
graminearum
graminearum
acuminatum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
graminearum
acuminatum

Western Australia in 2003-2004

+++

+
+

DON

+++

+++

+
++

++++

B ++
B1 +
A1 ++
B +++++
B1 +++

CLM

++

++

+++

++

+

++++

+
++

Millet seeds
DON 3-ADON TRI-DRV ZEA
+

++
+
++++
+

+

Czapek-Dox Liquid Medium
3-ADON TRI-DRV
ENN

B ++
B1 +
A1 ++
B +++++
B1 +++

ENN

Table 6.1 Relative quantities of the mycotoxins produced by Fusarium spp. associated with Fusarium head blight in the Wellstead region of
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F. graminearum

WAC 12338

A1 ++
B ++++
B1 ++
+

+ 0-5%; ++ 6-10%; +++ 11-15%; ++++ 16-20%; +++++ more than 21% of the relative area from the GC/MS chromatogram

TRI-DRV = type B trichothecene derivative/s

a

Western Australian Department of Agriculture and Food, Culture Collection Number.
DON = deoxynivalenol; 3-ADON = 3-acetyldeoxynivalenol; ENN = enniatin; CLM = chlamydosporol; ZEA = zearalenone;

F. tricinctum

WAC 12337

+

B+
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Australian Fusarium isolates associated with head blight of wheat after 6, 24 and 48 h of incubation.

Figure 6.1 Brine shrimp mortality rates against 5, 10, 50, 100 µg/mL of 11 crude extracts from trichothecene-producing Western

Chapter 6

isolates associated with head blight of wheat after 6, 24 and 48 h of incubation.

Figure 6.2 Brine shrimp mortality rates against 5, 10, 50, 100 µg/mL of 3 crude extracts from enniatin-producing Western Australian Fusarium

Mycotoxins Produced by Western Australian Fusarium Isolates Associated with Fusarium
Head Blight and Their Toxicity to Brine Shrimp

107

108

Western Australian Fusarium isolates associated with head blight of wheat after 6, 24 and 48 h of incubation.

Figure 6.3 Brine shrimp mortality rates against 5, 10, 50, 100 µg/mL of 3 crude extracts from non-trichothecene and non-enniatin producing
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When grown in CDP, only two Fusarium isolates among those that
produced ZEA in millet seeds, namely F. acuminatum WAC 11354 and F.
graminearum WAC 11384, produced trichothecenes.

6.3.2.3 Enniatin (ENN) and chlamydosporol
Only three of the 23 Fusarium isolates from head blight in wheat produced
enniatins, both in CDP and in millet seeds, and two of these were the top
two most toxic crude extracts, viz. F. tricinctum WAC 11486 and F.
acuminatum WAC 11485. Both of these isolates produced mixtures of
enniatins, mainly ENN B (Figure 7.1, 5c), ENN B1 (Figure 7.1, 5d) and ENN
A1 (Figure 7.1, 5b). In addition, these same two isolates also produced
chlamydosporol (Figure 5.5, 4a). The only other isolate that also produced
enniatins and chlamydosporol was F. tricinctum WAC 12337, which also
showed high toxicity towards brine shrimp. Only enniatin-producing
Fusarium isolates produced chlamydosporol and these particular isolates
did not produce any trichothecenes.
No trichothecenes, enniatins, chlamydosporol nor any toxic metabolites
were found in any of the control comparisons.

6.4 Discussion
Maintaning food security is one of the major global concerns. Plant
diseases not only exacerbate the situation regarding food security, but with
the current trend towards global warming, the need to manage plant
diseases becomes more imperative (Chakraborty et al. 2000). Climate
change may well alter the distribution and incidence of crop pathogens
(Burgess 1981; Coakley et al. 1999). For example, the spectrum of Fusarium
spp. occurring in the wheatbelt of Western Australia could change in the
face of more erratic and declining winter rains and increased summer
rainfall (Gallant et al. 2007). Such changes are already evidenced by the
increasing prevalence of F. graminearum in European regions having cooler
summers, whereas previously it was more associated with regions having
warmer humid conditions (Waalwijk et al. 2003; Xu et al. 2008). It is useful
not only to Western Australia to understand the mycotoxins that Fusarium
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spp. here produce under our environmental conditions, but this could also
provide useful indications to countries/regions currently having the same
or similar climatic conditions now (e.g. South Africa, Mediterranean
countries), and those countries/regions that may inherit such conditions in
the

future

as

a

consequence

of

climate

change

[e.g.

Germany

(http://www.dw-world.de/dw/article/0,,4265594,00.html)].
Worldwide, the top three most frequently isolated Fusarium spp. associated
with FHB are F. graminearum, F. culmorum and F. avenaceum (Bottalico
and Perrone 2002; Chakraborty et al. 2006; Parry et al. 1995). F.
acuminatum is less frequently associated with FHB epidemics in Europe,
while F. tricinctum is frequently associated with FHB in northern Europe,
northeastern Europe and Russia (Bottalico and Perrone 2002). From this
study, only three Fusarium spp. were readily isolated from FHB in the
Wellstead area of Western Australia. F. graminearum was the most
commonly isolated species, followed by F. acuminatum and F. tricinctum. It
is interesting that the more prevelant FHB pathogens detected in Western
Australian infected grains in the 1960s, F. avenaceum and F. culmorum,
were not recorded in the 2003-2004 sampling. This may have been due to
misidentification of the Fusarium spp. isolated in the 1960s, the limited
number of samples then or now, and/or the relatively small sampling area,
particularly in 2003-2004. Moreover, changes in cropping practices
including different crop rotations, and retention of crop residues following
introduction of minimum tillage practices, might have altered the FHB
pathogen populations in Western Australian fields over the past five
decades. Even within the current decade, there were clear differences in the
FHB species complex between the western and eastern Australian states,
with

F.

graminearum,

F.

pseudograminearum

and

F.

avenaceum

predominating in eastern Australia (Akinsanmi et al. 2004). Geographic and
climatic factors may have influenced this difference between eastern and
Western Australia, and it is possible that the Western Australian
environmental conditions are conducive to the growth and proliferation of
a particular set of Fusarium spp., such as F. graminearum, F. acuminatum
and F. tricinctum in association with FHB disease in wheat. F. graminearum
is a versatile species able to grow under diverse conditions (Jestoi et al.
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2009a) associated with FHB disease in America (Parry et al. 1995), Europe
(Bottalico and Perrone 2002), Asia (Yang et al. 2008), Africa (Sydenham et
al. 1989), and eastern Australia (Southwell et al. 2003); and now also in
Western Australia.
In Europe, F. acuminatum isolates from infected cereals produced T-2 toxin
(Figure 1.1, 1g), HT-2 toxin (Figure 1.1, 1b), diacetoxyscirpenol (DAS, Figure
1.1, 1a), monoacetoxyscirpenols (MAS, Figure 1.1, 1c and 1d), neosolaniol
(NEO, Figure 1.1, 1e) and moniliformin; F. graminearum isolates produced
DON (Figure 1.2, 2c), ZEA (Figure 1.3, 3a), zeralenols (Figure 1.3, 3b and 3c),
NIV, 4,15-diacetylnivalenol (DANIV), MAS and fusarenon-X (FUS-X, Figure
1.2, 2d) (Bottalico 1998); and F. tricinctum produced beauvericin and ENN B
(Figure 7.1, 5c), ENN B1 (Figure 7.1, 5d) and ENN A1 (Figure 7.1, 5b)
(Logrieco et al. 2002b). However, the two Western Australian F. acuminatum
isolates from FHB produced DON, 3-ADON (Figure 1.2, 2a), type B
trichothecene derivatives, ZEA, or enniatins, mainly ENN B and ENN B1 with
chlamydosporol (Figure 5.5, 4a); F. graminearum isolates produced DON, 3ADON, B-trichothecene derivatives and/or ZEA; and the two F. tricinctum
isolates produced ENN B, ENN B1, ENN A1, and chlamydosporol.
The three chemotypes of F. graminearum described in literature are: 3ADON (producers of DON and 3-ADON), 15-ADON (producers of DON and
15-ADON), and NIV (producers of NIV and FUS-X) (Miller et al. 1991; Xu and
Nicholson 2009). Eastern Australian states had 15-ADON and NIV
chemotypes (Blaney and Dodman 2002; Tan et al. 2004), whereas one F.
graminearum isolate from Western Australia produced only DON, two F.
graminearum isolates produced a type B trichothecene derivative with
mass spectra most similar to 3-ADON, and five F. graminearum isolates
produced either DON and/or type B trichothecene derivatives most similar
to DON. The most toxic NIV chemotype and the least toxic 15-ADON
chemotype (Ryu et al. 1988; Ward et al. 2008), were absent from the
Western Australian FHB isolates investigated here. Type B trichothecenes
were the most commonly detected mycotoxin from the Western Australian
Fusarium spp. isolated from FHB, particularly DON. This predominance of
DON, as suggested by Xu and Nicholson (2009), may have a selective
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advantage for the fungi by aiding cereal infection, especially of wheat. This
has also been confirmed in studies by Jansen et al. (2005) that showed DON
was a virulence factor facilitating infections on wheat.
There was a low incidence of enniatin-producing Fusarium spp. in
association with FHB of wheat in Western Australia. In contrast, Finnish and
Norweagian grains had high incidences of enniatin-producing Fusarium
spp. (Jestoi et al. 2004; Logrieco et al. 2002b; Uhlig et al. 2006b). This
difference may be due to the different climatic conditions between the
locations, the previous rotational crops, the size of the areas sampled, and
the large number of samples analysed by the Scandinavian scientists versus
the small sample size in Western Australia. While there is evidence for
enniatins being virulence factors associated with necrosis of potato tuber
tissue infected with F. avenaceum (Herrmann et al. 1996), there is no
evidence this occurs in wheat or rye seedlings (Xu and Nicholson 2009). It is
noteworthy that the reported relative concentration ratios within enniatin
types as produced by European Fusarium strains is the same as the
Western Australian Fusarium strains, viz. ENN B > ENN B1 > ENN A1 > ENN
A (Sørensen et al. 2009; Uhlig et al. 2006a; Uhlig et al. 2007), with ENN A
rarely produced by the Western Australian Fusarium isolates. This similar
pattern

of

enniatin

production

by

Fusarium

isolates

from

two

geographically different locations warrants further investigation on the
bioactivity of enniatins, in particular ENN B. In addition, this is the first
report on the production of enniatins by Fusarium spp., in particular F.
acuminatum and F. tricinctum, associated with FHB of wheat in Australia.
Chlamydosporol has been detected from maize cultures of F. tricinctum
infecting Polish wheat (Solfrizzo and Visconti 1991), and from F.
acuminatum isolates originating from US soil and barley and from New
Zealand soils (Shier and Abbas 1992). Very little is known about the natural
occurrence of this mycotoxin and its toxigenicity has only been confirmed
in a few in vitro tests (Jestoi et al. 2009a). In this study, chlamydosporol
was only detected to be produced by Fusarium spp. isolates that produced
enniatins and never in those that produced trichothecenes. Moreover, this
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is also the first report on the production of chlamydosporol by F.
acuminatum and F. tricinctum associated with FHB of wheat in Australia.
Three isolates of F. graminearum (WAC 11352, WAC 11492 and WAC
11488) had moderate toxicity to brine shrimp, yet no mycotoxins were
detected using the applied GC/MS method. This suggests further chemical
analysis of the crude extracts using LC/MS or LC/MS-MS is required. Other
low toxicity crude extracts from four isolates of F. graminearum (WAC
11434, WAC 11490, WAC 11491, and WAC 11493) either had very low
amounts or no detectable mycotoxins. F. graminearum from eastern
Australia and elsewhere in the world often produce DON, 3-ADON, 15ADON, NIV and/or ZEA, and can also produce other toxic secondary
metabolites, such as butenolide, chlamydosporol, culmorin, cyclonerodiol,
fusarin C, and fusarochromanone (De Nijs et al. 1996; Desjardins 2006;
Thrane 2001).
The wheat-maize rotations in the field have been proven to intensify the
severity of the FHB disease in wheat especially in Canada (Clear and
Abramson 1986; Teich and Nelson 1984; Teich and Hamilton 1985). The
FHB outbreak in the Wellstead area in Western Australia during 2003-2004
was observed to be related to the use of wheat-maize rotations. When
maize was no longer rotated with wheat, the disease was no longer evident
in these fields (K. Jayaseena, unpublished data). This suggests that,
normally, the Western Australian environmental conditions are not very
suitable nor optimal for FHB disease outbreaks and that summer cropping
of maize in the rotation, along with summer rainfall, are needed for any
significant outbreaks to occur.
Overall, Fusarium spp. associated with the FHB disease in Western Australia
were mainly F. graminearum with very few strains (only 2 of each) of F.
acuminatum and F. tricinctum. Together, these species produced type B
trichothecenes with very few producing enniatins. In contrast, among the
Fusarium spp. associated with the sheep feed refusal problem, F.
graminearum was not detected, and the toxic secondary metabolites
produced by those species associated with the sheep feed refusal disorder
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were predominantly enniatin producers with some type A and/or type B
trichothecene producers. These differences between the Fusarium spp. and
metabolites involved in FHB and the feed refusal problem, suggest that,
generally, the Fusarium spp. complex on pastures are quite different from
those associated with FHB. It must be noted that while the Fusarium strains
tested for the feed refusal problem were obtained from a wide range of
sites within the south-west of Western Australia, the source of FHB isolates,
however, was only limited to a specific area in Western Australia where this
disease was encountered in 2003-2004. As a consequence, it is possible
that in Western Australia, other Fusarium spp. associated with FHB,
additional enniatin-producing Fusarium isolates, and NIV chemotype
Fusarium isolates could possibly have been identified if there had been
more extensive sampling of FHB affected areas.
This study is the first report on the mycotoxin profiles of Fusarium spp.
associated with FHB of wheat in Western Australia, and the production of
enniatins and chlamydosporol by F. acuminatum and F. tricinctum in
Australia. The occurrence of F. graminearum, F. acuminatum and F.
tricinctum in infected grains signifies the capability of these Fusarium spp.
to survive and proliferate on wheat and in Western Australian environment.
It is likely that the mycotoxins produced by these Fusarium isolates could
also be produced under the natural conditions in Western Australia where
wheat crops have FHB. In such cases, farmers and grain handlers need to
monitor for the presence of both the specific Fusarium spp. present in
affected grain and for their potential mycotoxins.
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Toxicity of Enniatins from Western Australian
Fusarium spp. to Brine Shrimp
7.1 Introduction

5
Compound
Enniatin
5
a
A
b
A1
c
B
d
B1

R1

R2

R3

sec-Butyl
Isopropyl
Isopropyl
Isopropyl

sec-Butyl
sec-Butyl
Isopropyl
Isopropyl

sec-Butyl
sec-Butyl
Isopropyl
sec-Butyl

Molecular
Formula
C36H63N3O9
C35H61N3O9
C33H57N3O9
C34H59N3O9

Molecular
Weight
681.4564
667.4407
639.4094
653.4251

Figure 7.1 Chemical structures of enniatins A, A1, B and B1
(Desjardins 2006; Savard and Blackwell 1994)

Mycotoxin contamination of food and feeds has been recognised as a major
worldwide problem during the past few decades, and is associated with
crop yield losses and numerous animal and human toxicoses (Marasas et al.
1984; Windels 2000). Contamination by Fusarium is of special concern as
these fungi are well known to produce highly toxic secondary metabolites,
such as trichothecenes and fumonisins, and mycoestrogenic compounds
such as zearalenones that can cause adverse effects to consumers
(Desjardins 2006). Recent reviews (Firakova et al. 2007; Jestoi 2008) on the
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emerging Fusarium mycotoxin, enniatins, have suggested their potential
hazards to animal and human health.
Enniatin (5c) was first discovered more than 60 years ago (Gäumann et al.
1947) from Fusarium orthoceras var. enniatinium [presently included within
Fusarium oxysporum (Snyder and Hansen 1940)]. Since then, several studies
have been conducted worldwide to identify its biological activity, metabolic
pathway, gene expression, and natural derivatives. While some species of
Verticillum (Nilanonta et al. 2003), Halosarpheia (Lin et al. 2002), and
Alternaria (McKee et al. 1997) can also produce enniatins, Fusarium spp.
are commonly reported as the principal producers of this group of
metabolites (Firakova et al. 2007).
Enniatins (Figure 7.1) are a class of secondary metabolites having a sixmembered depsipeptide ring with alternating 3 D-α-hydroxyisovaleric acid
and three L-N-methylamino acid residues (Desjardins 2006; Kiryushkin et
al. 1968; Shemyakin et al. 1963). To date, 27 enniatins have been isolated
from different fungal species (Firakova et al. 2007). Their recently
discovered bioactivities suggest the potential of enniatins as anticancer
agents, for stimulatiing of cell death, inhibiting NF-κB-signalling and for
interfering with the extracellular regulated protein kinase signalling
pathway (Dornetshuber et al. 2007; Wätjen et al. 2009). Various enniatins
have been proven to be cytotoxic, exhibiting antithelmintic, antibiotic,
antifungal and/or herbicidal activities (Grove and Pople 1980; Gupta et al.
1991; Herrmann et al. 1996; Hershenhorn et al. 1992; Jeschke et al. 2003;
Nilanonta et al. 2003; Strongman et al. 1988; Zonno and Vurro 1999).
However, no reliable information about their toxicity to experimental
animals is available. Preliminary toxicity screening tests on crude extracts
from enniatin-producing Western Australian Fusarium spp. originally
isolated from pasture and wheat caused high mortality to brine shrimp
(Chapters 5 and 6). The hypothesis that specific enniatins or enniatin
groups can cause mortality of brine shrimp was tested and the results are
the subject of this chapter.
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7.2 Methodology
7.2.1 Fusarium isolates and culture conditions
The identities and origins of the 17 isolates used in this study are listed in
Table 7.1, for more details, please refer to Tables 1.8, 1.9 and 2.3. Modified
Czapek-Dox liquid medium supplemented with 1% peptone (CDP) and
millet seeds were used as substrates and their preparation, fungal
inoculation and culture conditions were the same as described in Chapters
3.3.6, 3.3.7 and 3.6. Moreover, controls for each medium were prepared and
subjected to the same conditions as those described above with the
exception of the inoculation of the fungus.
Table 7.1 Details and origin of Western Australian enniatin-producing Fusarium
isolates used in this study.

Molecular ID
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. acuminatum
F. avenaceum
F. avenaceum
F. avenaceum
F. avenaceum
F. sambucinum
F. tricinctum
F. tricinctum
F. tricinctum
F. tricinctum
a

WAC No. a
5588
5715
5716
5718
5728
5738
8010
11485
5585
5594
7912
7962
5714
8013
8019
11486
12337

Origin
Katanning
Cunderdin
Cunderdin
Cunderdin
Cunderdin
Cunderdin
unknown
Wellstead
Katanning
Katanning
Denmark
Denmark
Cunderdin
unknown
unknown
Wellstead
Wellstead

Plant Host
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
M. polymorpha
T. subterraneum
T. aestivum
M. polymorpha
M. polymorpha
T. subterraneum
T. subterraneum
M. polymorpha
T. subterraneum
T. subterraneum
T. aestivum
T. aestivum

Western Australian Department of Agriculture and Food, Culture Collection
Number

7.2.2 Extraction and fractionation of enniatins
The approach shown on the schematic diagram in Figure 4.1 (Chapter 4.5)
was followed and used to identify the toxic compounds present in fungal
extracts. Detailed description of the extraction, bioassay and structural
determination of the toxic compounds can be found in Chapters 3.8-3.10.
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Enniatins were mainly eluted at 80% ethyl acetate : hexane, 100% ethyl
acetate and 10% methanol : ethyl acetate.

7.2.3 Purification of enniatins using semi-prepartive LC
A fraction from the fungal crude extract of F. acuminatum WAC 5715,
containing enniatins, was purified by semi-preparative HPLC using a
Hewlett Packard series 1050 equipped with a 250 mm x 10 mm i.d., 5 μm
Apollo C18 reversed-phase column (Grace Davison Discovery Sciences,
Illinois, USA) and a 33 mm x 7 mm guard column of the same material.
Separation was performed using isocratic conditions acetonitrile : water
(4:1, v/v) with a flow rate of 4 mL/min for 35 min. UV absorbance was
measured at wavelengths of 210, 254, and 280 nm. The NMR spectra of the
peaks collected showed that enniatin B eluted after 14 min, B1 after 16 min,
A1 after 21 min and A after 27 min. The HPLC chromatograms of the crude
extract and a fraction from the crude extract of F. acuminatum WAC 5715
measured at 211nm are shown in Figure 7.2 and 7.3, respectively.

Figure 7.2 HPLC chromatogram of the crude extract of F. acuminatum WAC 5715.

Figure 7.3 HPLC chromatogram of fraction 4 from the crude extract of F. acuminatum
WAC 5715.
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7.2.4 Enniatin detection
7.2.4.1 Thin Layer Chromatography (TLC)
TLC aluminium sheets precoated with silica gel 60 F254 plates (3 x 6.6 cm, E.
Merck, Darmstadt) were spotted with fungal crude extracts or fractions that
contained enniatins then developed with 20% methanol : ethyl acetate. The
compounds were visualised by first spraying the TLC plate with 0.25 M
ceric sulphate, then heating to >200°C until dry. A translucent “oily” spot
was observed with an Rf value of about 0.61. The Rf value on TLC silica
plates developed with 80% ethyl acetate : hexane was 0.55.

7.2.4.2 Gas chromatography-mass spectrometry (GC/MS) Analyses
Applying the methods described in Chapter 3.11.2, enniatins were
separated and eluted at 44.65 min for A, 44.55 min for A1, 43.32 min for B,
and 43.95 min for B1.

7.2.4.3 NMR analyses
Proton and carbon-13 NMR spectra of the purified enniatins were analysed
on a Bruker AV600 NMR spectrometer using deuterated chloroform as the
solvent. Residual chloroform was used as the internal standard (δH 7.26, δC
77.2).

7.3 Results
Crude extracts of enniatin-producing strains exhibited various levels of
brine shrimp toxicity (Figure 7.4) and enniatin (ENN) composition, while the
controls did not exhibit any significant brine shrimp toxicity. The relative
amounts of each enniatin in the fungal crude extract are given in Table 5.2
in Chapter 5. Compounds that gave reasonably high similarity mass
spectral matches (70-85%) to enniatins were all referred to as an enniatin
derivative. Some of the fungal crude extracts had more than one enniatin
derivative, while that of F. tricinctum WAC 8019 had five different enniatin
derivatives and did not have any of the ENN A (5a), ENN A1 (5b), ENN B (5c)
and B1 (5d). All Fusarium isolates produced both ENN B and ENN B1, except
for F. tricinctum WAC 8019, which only produced enniatin derivatives, and
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only 11 of the 17 isolates produced ENN A1. All of the F. avenaceum
isolates produced high amounts of enniatins, in particular ENN B. One
isolate of F. acuminatum (WAC 5715) and of F. tricinctum (WAC 11486) also
produced high amounts of both ENN B and ENN B1. In addition, only F.
acuminatum WAC 5715 produced ENN A among the tested isolates. All
controls exhibited 0-3% deaths in all of the tested incubation period, while
in cases where controls were observed for 72 h, the mortality rate was 0-5%.
As there was no consistent relationship between the amounts of enniatins
present in the crude extracts with the brine shrimp toxicities of the crude
extracts, fractions containing enniatins and purified ENN A, ENN A1, ENN B
and ENN B1 (1H NMR spectra shown in Figure 7.5) were also bioassayed.
Results from this bioassay (Figure 7.6), showed that the mixture of
enniatins was the most toxic to brine shrimp compared to purified
ennitatins, having the relative toxicity order: A+A1+B+B1 > B > B1 > A1 > A.
That bioactivity could be observed after 6 h of exposure, suggested that
enniatins had acute toxicity effects on brine shrimp. ENN B was the most
toxic enniatin of those tested, having some bioactivity at 5 µg/mL and
almost 100% brine shrimp death at 50 µg/mL after 24 h of exposure. The
brine shrimp mortality rate pattern for the enniatin mixture was highly
similar to that of ENN B (Figure 7.6), suggesting ENN B as the main toxin, of
the four enniatins tested, that caused the highest mortality rates of brine
shrimp. The second most toxic was ENN B1, which showed some bioactivity
at 5 µg/mL and almost 30% deaths at 50 µg/mL after 24 h of exposure. ENN
A1 was the second least toxic, causing 20% deaths at 50 µg/mL after 24 h
of exposure, while the least toxic was ENN A, causing 8% deaths at 50
µg/mL after 24 h of exposure.
Table 7.2 Acute and chronic LC50 of pure and mixed enniatins to brine shrimp
Acute LC50 with 95%
Chronic LC50 with 95%
Compounds
confidence limits
confidence limits
Enniatin A, A1, B, B1 mix 19.5 ± 0.976
10 ± 0.653
n/a
n/a
ENN A (5a)
91.2 ± 4.42
61.7 ± 4.27
ENN A1 (5b)
21.4 ± 1.14
14.5 ± 0.953
ENN B (5c)
93.3 ± 5.74
60.3 ± 4.07
ENN B1 (5d)
n/a = not applicable to the concentrations tested
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containing enniatins, after 6, 24 and 48 h of incubation

Figure 7.4 Brine shrimp mortality rates against 5, 10, 50 and 100 µg/mL of the crude extracts of 17 Western Australian Fusarium isolates
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*solvent residual peak

Figure 7.5 1H NMR spectra of purified enniatins A, A1, B, and B1 (isolated from
Fusarium acuminatum WAC 5715).
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Figure 7.6 Brine shrimp mortality rates against 5, 10, 50 and 100 µg/mL of a mixture
of enniatins and purified enniatins A, A1, B and B1 (isolated from F. acuminatum WAC
5715) after 6, 24 and 48 h of incubation.

The acute (6 h) and chronic (24 h) LC50, with 95% confidence limits of the
purified and the mixture of enniatins were calculated using the ReedMuench method (Sam 1993) (Table 7.2). These results also corresponded to
the observed degree of toxicity, showing the least LC50 value for the
enniatin mixture, followed by ENN B, and greatest by ENN A. These values
clearly indicate that enniatin B is the most bioactive enniatin among the
four enniatins tested. The greater toxicity observed for the enniatin mixture
may have resulted from other factors including synergistic toxicity effects
on brine shrimp.
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7.4 Discussion
Enniatins have been detected in cultures of Fusarium spp. on a number of
natural substrates. Recent reports from Scandinavian countries have
indicated the frequent occurrence of enniatins in cereals that accumulated
to levels as high as 25 mg/kg (Jestoi et al. 2004; Uhlig et al. 2006b). Enniatin
contamination in Austrian food, Belgian grains, Danish maize, Polish wheat,
Slovenian apples (Jestoi et al. 2009a; Kulik and Jestoi 2009; Sørensen et al.
2008; Sørensen et al. 2009), and the high incidence of enniatin-producing
Fusarium isolates in Western Australian legume pastures, together warrant
further investigation of the potential bioactivity of this class of compound
in animals and humans.
Enniatins have been shown to inhibit the growth of Plasmodium falciparum,
a human malaria parasite, and of Mycobacterium tuberculosis (Supothina et
al. 2004). They are also cytotoxic to a number of human tumor cells and
can accumulate in poultry tissues and eggs (Jestoi et al. 2007; 2009b). Little
is known about the toxic effects of enniatins in vivo, and only one study
proposed the potential toxicity of enniatins to mice when death was
observed after the administration of 10 mg/kg of a mixture of three
enniatins intraperitoneally and subcutaneously every 8 h for 5 d (McKee et
al. 1997). However, the fate of the control mice were not mentioned, and
possibly the deaths observed may be due to an overdose of enniatins or to
other factors. The toxicity of enniatins in vivo was dismissed when no
toxicity was observed after the oral administration of 2 mg of enniatins to
mice (Bosch et al. 1989) and the lack of correlation between its toxicity
towards brine shrimp (Altomare et al. 1995; Moretti et al. 2007).
Surprisingly in this study, repeated brine shrimp bioassays of enniatins
produced by Western Australian Fusarium spp. proved otherwise.
It may be argued that the difference in the toxicity observed in previous
studies and the current study may be due to the use of different Artemia
species, as different Artemia species exhibit different sensitivity towards
different toxins (Ruebhart et al. 2008; Sarabia et al. 2002; Varo et al. 1998).
All of the toxicity studies involving brine shrimp were reported to have
used A. salina, whereas this study used A. franciscana. Investigation of past
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publications in relation to the brine shrimp species used for Fusarium
mycotoxin toxicity assays sugests that there has been misidentification of
the taxonomic species. Brine shrimp from San Francisco Bay and the Great
Salt Lake in the USA are in fact A. franciscana and many toxicity reports
may have misidentified them as A. salina (Ruebhart et al. 2008; USGS 2009).
It is therefore possible that the difference in the brine shrimp‟s response to
the toxicity of enniatins previously reported and in this current study is
due to variations between the batches of A. franciscana used, or due to the
different Artemia species being used. Although the toxicity of enniatins to
Artemia species have been tested, none have expressed the fact that
enniatins are toxic to brine shrimp, and no study has been conducted to
determine the acute toxicity of enniatins to brine shrimp.
Rat toxicity tests on 16 Fusarium spp. isolated from pasture in Western
Australia showed that 15 were toxic to rats (Barbetti and Allen 2007), and
of these, eight were enniatin-producing isolates [F. acuminatum isolates
WAC 5715, WAC 5716, WAC 5718, WAC 5738 and WAC 5588; and F.
avenaceum isolates WAC 7912, WAC 7962 and WAC 5585 (Chapter 5)]. All
of the fungal crude extracts and fractions that contained enniatins
exhibited brine shrimp toxicity. Although the relationship of the observed
toxicity to the amount of enniatins present in the crude extract is not
entirely explainable, the subsequent brine shrimp bioassays on the mixture
and pure enniatins exhibited toxicity in as low as 5 µg/mL, suggesting that
enniatins are indeed responsible for the observed brine shrimp deaths,
both from the crude extracts and fractionated extracts. From this, it may
also be presumed that enniatins may partly or fully be responsible for the
rat deaths in Barbetti and Allen‟s (2007) study on the same enniatinproducing Fusarium isolates studied here. Moreover, all of the enniatinproducing Fusarium isolates that were highly toxic to the rats (causing
100% mortality at 256 g culture/kg liveweight, Table 1.6), namely two F.
acuminatum isolates WAC 5715 and WAC 5718, and two F. avenaceum
isolates WAC 5585 and WAC 7962, caused the 100% mortality of rats within
4 h of i.p. administration (J. G. Allen, personal communication). In this
study, a high rate of brine shrimp deaths were observed in the higher
concentrations tested (50 and 100 µg/mL) after 6 h of incubation. This
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suggests that enniatins are acutely toxic to brine shrimp and may also be
acutely toxic to rats.
Recent reviews on this emerging class of mycotoxins suggested the
potential synergistic effects of enniatins co-occuring with other mycotoxins
(Jestoi 2008). Five of the toxic non-enniatin-producing Fusarium spp. from
Western

Australian

pasture

were

trichothecene

producers

[i.e.

F.

brachygibbosum, F. equiseti, F. pseudograminearum (F. graminearum Gr 1),
F. sambucinum and F. venenatum (Chapter 5)]. The co-occurrence of these
metabolites in the grazing sites might have exacerbated the reported sheep
feed refusal and death incidents (Barbetti and Allen 2005). Enniatins have
been proven to have ionophoric activities (Ovchinnikov et al. 1974;
Shemyakin et al. 1969), which aid in the transportation of ions or neutral
molecules across cell membranes and may disrupt the cellular membrane‟s
function. The presence of enniatins might enhance the permeability of
other toxic metabolites into the cells and cause intensified bioactivity.
Toxicity of single component enniatins suggests that enniatins may actually
be toxic on their own, depending on the animal system being tested, while
our results suggest other factors including potential synergistic effects of
combined enniatins may have occurred as they showed higher toxicity,
higher toxicity, which was also observed in plants (Gäumann et al. 1960).
Purified enniatins (A, A1, B and B1) detected in this study had NMR spectra
and mass spectra that were exact matches to those reported in the
literature (Savard and Blackwell 1994), and were always found to be in a
mixture of ENN A, ENN A1, ENN B, ENN B1 or ENN derivatives in the fungal
crude extracts. This is an indication that the enniatins produced by Western
Australian Fusarium spp. are the same enniatins commonly detected in
grain samples found in other parts of the world (Jestoi et al. 2004; Logrieco
et al. 2002b; Uhlig et al. 2006b; Yli-Mattila et al. 2006), and suggests that
these enniatins can occur under natural field conditions in Western
Australia. The toxicity of enniatins to brine shrimp reported in this study
further supports the critical need to determine the bioactivity and role of
enniatins in human and animal systems.
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General Discussion
This study has not only identified the secondary metabolites produced by
Fusarium spp. associated with feed refusal by sheep of pasture legume
plant materials, especially annual medic seed-pods in the south-western of
Western Australia, but also evaluated the relative toxicities of metabolites
produced by the putative causal organisms of this disorder in sheep.
Although feed refusal by livestock of toxic feed materials has been
reported worldwide (including North America, Europe, South Africa, and
New Zealand), it is only in Western Australia that refusal by sheep of
pasture feed has been recorded (Barbetti and Allen 2005, 2007). The
reports of feed refusal in the eastern states of Australia did not target
pasture material but involved the role of deoxynivalenol (DON, Figure 1.2,
2c) produced in grain by F. graminearum (F. graminearum Gr 2) (Bryden et
al. 1987; Moore et al. 1985; Williams et al. 1988) or nivalenol (NIV, Figure
1.2, 2e) (Williams and Blaney 1994) in maize. Vesonder et al. (1976) noted
that DON (also known as vomitoxin), not only caused feed refusal of
infested grain but also caused emesis in the fed animals.
In Western Australia, annual medic pods have been recorded to be mainly
infested with Fusarium spp. (Barbetti and Allen 2005). Pasture fed sheep in
the Mediterranean region of Western Australia have little choice in their
source of feed, especially in the late summer and autumn period when the
available feed supply can be limiting. Thus, feed refusal in this
environment can lead to starvation of sheep dependent on these legume
residues as the main source of protein rich feed in the summer months.
Western Australia is in a region which is characterised by ancient soil forms
naturally deficient in nutrients (Puckridge and French 1983; Stace et al.
1968). In these nutrient impoverished soils, nitrogen fixing pasture legumes
serve two major functions. Firstly, they provide relatively protein-rich feed,
particularly pods or burrs and seeds, especially as dry residues over the hot
dry summer and autumn months when there is a total absence of green
feed in the grain-belt of Western Australia. Secondly, they provide soils
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with nitrogen fixed during the growing season which is valuable to
subsequent cereal crops grown in rotation (see Appendix II). They also
provide a disease break for cereal crops grown in rotation. South Africa
which also shares a Mediterranean type of climate and relatively
impoverished soils (Sivasithamparam 1993) also has rotated and nonrotated pastures, where sheep depend predominantly upon seed-pods for
survival over the summer/autumn period (Lamprecht et al. 1986; 1990).
Many species of Fusaria associated with pasture legume species are weakly
to significantly pathogenic to the host and, while readily able to colonise
green plant tissues (Barbetti 1985, 1986; You et al. 2000), they are
especially associated with senescing or dead host tissues including pods,
burrs and/or seeds (Barbetti 1990; MacNish et al. 1976; McGee and Kellock
1974). The incidence of Fusarium spp. on foliage is generally highest where
pastures have been established for some years without rotation and/or
situations where significant amounts of pasture residues remain between
seasons (Barbetti 1986). It is noteworthy that pods or burrs of pasture
legumes, such as those of annual medics and subterranean clover,
respectively, by nature, mature on/close to or within the organic matter
layer of the soil, respectively. As substrates relatively rich in nitrogen in a
nutrient impoverished environment of plant residues, pods of annual
medics

or

burrs

of

subterranean

clover

especially,

would

attract

saprophytic colonisation by soil or trash-borne inocula of Fusaria. The
chlamydospores and/or resting mycelia of these Fusaria would therefore
likely be widespread in the Western Australian agricultural environment.
Fusaria colonising cereal grains, especially those causing Fusarium head
blight (FHB) commonly initiate infections on flowers and parasitically
colonise the cereal heads or maize cobs as they develop (Sutton 1982). The
introduction of minimum tillage involving conservation of residues is
expected to promote the survival and spread of the FHB Fusaria (Bateman
et al. 2007; Dill-Macky 2008). Although the primary inoculum of these
Fusaria can also be soil or trash-borne, success of taxa such as F.
graminearum associated with FHB may also be related to their ability to
produce ascospores which are airborne and therefore are readily
transported to the flowering parts of the host. The conidia of Fusaria
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involved with feed refusal problems however, appear to predominantly rely
on splash dispersal to initiate infections or infestations. It is noteworthy
that although F. graminearum is the major and/or the most common
pathogen involved in FHB, it was never encountered on pasture legume
leaves or petioles in Western Australia (Barbetti 1985, 1986) and only at a
low incidence on subterranean clover seed (Barbetti 1990). The occurrence
of Fusaria as weak (e.g. F. equiseti and F. sambucinum) or strong (e.g. F.
avenaceum and F. acuminatum) root pathogens of pasture legumes (Bretag
1985; Burgess et al. 1973; Kollmorgen 1974) show that they have the
necessary soil-saprophytic competence [sensu: (Garrett 1970)] that enables
them to readily colonise the organic matter in the soil environment,
especially of burrs/pods and/or seeds of mature or senescing plants
(Barbetti 1990; MacNish et al. 1976). The most common colonisers of
annual medic pods in Western Australia (Barbetti and Allen 2005) and of
annual medic seeds in Victoria appear to be F. acuminatum, F. avenaceum
and F. equiseti (Kellock et al. 1978; Kollmorgen 1974; Mebalds 1987; Nik
and Parbery 1977).
It is possible that the natural selection of Fusaria on the pasture legumes in
the southern-west of Western Australia may be related to the impoverished
soils and the Mediterranean climate characterised by a dry finish to the
season, especially when the pods are maturing. Sangalang et al. (1995)
carried out a survey of Fusaria in various climatic regions of Australia and
found that F. acuminatum was isolated only from Mediterranean regions,
whereas F. equiseti was cosmopolitan. However, it should be noted that
these distributions may also be related to the nature of vegetation common
to the particular environment.
Ecological specialisation in Fusaria clearly plays a role as evident not only
in the occurrence of taxa of Fusarium spp. but also in the metabolites they
produce (Xu et al. 2007a; 2008). This is evident among the Fusaria
colonising residues of the pasture legumes compared to those associated
with the cereal grains especially in regions where pastures are rotated with
cereals.
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Although the pasture legumes and cereal crop species are relatively new
introductions compared to the native flora in Australia, there may have
been some natural selection going on with the association of these crops
with native and introduced (on seed or hay) Fusaria capable of producing
mycotoxins. A similar development of an association was detected with
Phomopsin A producing Diaporthe toxica. Although D. toxica establishes
infection on Lupinus angustifolius which is most susceptible to the fungus
in the first week after germination of the host (Williamson and
Sivasithamparam 1994), the pathogen remains latent in the host until the
host senesces naturally or artificially (through application of herbicides)
before it colonises the stem saprophytically producing the fungal mass
needed to accumulate the hepatotoxin (Phomopsin A) to levels toxic to
stock. The stubble colonised by the fungus is thus rendered toxic to
feeding stock consuming it. The substrate (stubble) is necessary for the
development of ascospores of the pathogen in the following season (and
year) (Wood and Sivasithamparam 1989) and is at the same time the only
source of dry feed for sheep during the hot-dry summer months. These
stubbles often appear bleached white and are often devoid of competing
saprophytes.
Colonisation of live grass tissues by endophytic fungi are known to deter
herbivories by the production of toxins that are lethal not only to insects
but also to grazing stock (Rodriguez et al. 2009). These toxins protect the
grasses harbouring them from insect and stock herbivory. Similarly,
colonisation of pods, burrs, seeds and dried residues by fungi that produce
mycotoxins causing feed refusal problems in pasture legumes could deter
feeding by stock (Wong et al. 1984). As both subterranean clover and
annual medics are self-seeding, the conservation of seed resulting from the
presence of mycotoxins could help to perpetuate these pasture species in
the environment. This scenario has not been established for the pasture
legumes but certainly deserves verification. Although Fusaria have been
isolated from seeds collected from field environments, the major cause of
significant germination failure in the field are other taxa of pathogens
(Wong et al. 1984).
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All these examples above imply that the production of mycotoxins provides
some selective advantage to the producers and sometimes to the plant host
that harbours them, in their natural state. Based on functionality, Vining
(1990, 1992) proposed the extrinsic and intrinsic functions of these toxins.
As an extrinsic function, they impinge on the growth and reproduction of
other organisms in the immediate environment. Intrinsically, the host could
benefit from the production of these secondary metabolites by induced
changes in the physiology or reproduction affecting its survival in an
inhospitable environment. As the production of these toxins as secondary
metabolites are expensive energetically, they have to be actively selected
(Williams

1994)

and

physiologically

regulated

in

response

to

environmentally advantageous characteristics which can be switched-on
when the environment becomes hostile and competiton is at its greatest
(Maplestone et al. 1992).
All the work described here and most other similar studies have dealt with
the production of toxic metabolites of pure cultures. Biotic and/or abiotic
stresses however can differentially affect production of mycotoxins by
different species. For example, at 25°C, F. verticillioides (F. moniliforme)
produced larger amounts of fumonisins in the presence of F. graminearum
than

on

its

own

(Doohan

et

al.

2003). Addition

of

sub-optimal

concentrations of the fungicide triazole increased production of DON by F.
culmorum (Magan et al. 2002). For the sake of uniformity, in the
characterisation of metabolites of individual strains, cultures were
incubated in modified Czapek-Dox liquid medium supplemented with 1%
peptone (CDP) at 23-25°C for 28 d with 12 h photoperiod. Although sterile
millet seed cultures produced extracts with higher mass, the extracts
contained mostly proteins and sterols derived from the millet seed (2555
mg in 100 g millet seed vs 309 – 852 mg in 1 L liquid media for F.
venenatum WAC 7914). The sterile millet seed cultures also did not
produce detectable levels of chlamydosporol (Figure 5.5, 4a) or 3acetyldeoxynivalenol (3-ADON, Figure 1.2, 2a), whereas those in CDP did.
This was interesting as all of the chlamydosporol reported from previous
studies was detected from Fusarium cultures grown on solid substrates [i.e.
apple, maize and rice (Abbas et al. 1992; Bosch et al. 1989; Savard et al.
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1990; Shier and Abbas 1992; Solfrizzo and Visconti 1991; Solfrizzo et al.
1994; Solfrizzo and Visconti 1996; Sørensen et al. 2009; Uhlig et al. 2005a;
Uhlig et al. 2006a; Visconti et al. 1992)]. As mentioned in Chapter 4, the
liquid cultures provided cleaner extracts than the solid-substrate cultures,
which potentially contained many millet seed metabolites that may have
masked the Fusaria mycotoxins in the gas chromatographic analyses.
In the literature, there are many reports on mycotoxins produced by
specific species of Fusarium which have been noted throughout this thesis.
Until about 20 years ago, all identifications of species belonging to this
genus were made solely on their morphological characteristics. While some
of the species referred to may have been confirmed by subsequent
molecular verifications, many were not. Even among the Fusarium isolates
investigated here, the identification by International Mycological Institute
(IMI), Surrey, UK, matched only 32 of the 44 isolates molecularly tested. The
molecular identification also resulted in the first record of two Fusarium
spp. (F. brachygibbosum and F. venenatum) for Australia, although it is
possible that these species could have been isolated in this region before
but misidentified. Potential earlier misidentifications of Fusarium spp.
make relating mycotoxins to specific Fusarium spp. difficult and in general,
the relationships recorded previously, often unrealiable. Table 1.3 (in
Chapter 1) shows that 19 of some 32 mycotoxins reported from Fusarium
spp. have been recorded on species identified based only on their
morphology. None of the species reported in the literature to produce
chlamydosporol, for example, have been taxonomically confirmed using
molecular methods. It is likely that, as with several other soil fungi [e.g.
Trichoderma

(Ghisalberti and Sivasithamparam 1991)], evolution

of

metabolites are more likely to be influenced by the environment rather
than by taxonomic status of the producers. This further complicates
comparisons of producers from various locations within and between
countries. It is not clear whether this is entirely true, for instance, of the
relatively low toxicity to Artemia of F. equiseti mycotoxins in Peru (Logrieco
et al. 1993) compared with the high levels of toxicity found for the F.
equiseti isolates in Western Australia (Chapter 5).
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Although a key aim of this study was to determine the metabolites
responsible for feed refusal problems of sheep, it was not possible to test
the metabolites directly on sheep to evaluate their effect on the feeding
habits of these animals. This was because of the difficulties involved with
such tests in satisfying current Australian regulations relating to animal
welfare and care. This was further complicated by the large number of
fractions, purified metabolites and standards that required testing in this
study. This led to the deployment of Artemia franciscana as the bioassay to
determine relative toxicities. Brine shrimp turned out to be convenient, labbased and inexpensive, accommodating large scale and repeatable tests
requiring only short periods of incubation, and facilitating simple and
periodic evaluations. Although their mortality does not directly reflect feed
refusal in sheep, the results gave clear and repeatable indications of
relative toxicities of fractions and metabolites in this study. In addition, a
previous study (Parra et al. 2001) gave a clear correlation between brine
shrimp mortality and toxicity of the metabolites to mammals (mice). There
was however some difficulty (as discussed in Chapter 7) in comparing
results with brine shrimp with those in previous reports due to the
uncertainty of Artemia spp. they used (see discussion in Chapter 7).
The data presented by Barbetti and Allen (2005, 2007) are the only
information available to decisely and directly implicate specific Fusarium
spp. associated with feed refusal problem in Western Australia, although
their bioassay was based only on rat mortality studies. Table 8.1 presents
their previous morphological and current molecular taxonomic status, and
the metabolites identified. Fractions containing these metabolites assayed
based on brine shrimp mortality are shown in Appendix V.
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0
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0
0
0
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No. of deaths at dose rate (max =3)
256 g/kg
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26 g/kg
3
0
0
2
0
0
3
0
0
2
0
0
1
0
0
2
0
0
3
3
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7962
5585
5710
5720
5681
5682
5680

WAC
No.b
5715
5716
5718
5738
5588
7912
7914

DON, 3-ADON

3-ADON, ZEA

ENN A1, ENN B, ENN B1
ENN A1, ENN B, ENN B1
15-MAS, DAS, SCP
15-MAS, DAS, SCP
DON, 3-ADON

ENN A, ENN A1, ENN B, ENN B1, chlamydosporol
ENN B, ENN B1, chlamydosporol
ENN A1, ENN B, ENN B1
ENN A1, ENN B, ENN B1, chlamydosporol
ENN B, ENN B1
ENN A1, ENN B, ENN B1
4-MAS, 15-MAS, DAS, SCP

Mycotoxins

b

a

Identifications by International Mycological Institute, UK, based only on Fusarium morphological characteristics.
Western Australian Department of Agriculture and Food, Culture Collection Number
c
Molecularly identified taxon in this study (see Chapter 2)
†Unavailable for current investigation
ENN = enniatin; 4-MAS = 4-monoacetoxyscirpenol; 15-MAS = 15-monoacetoxyscirpenol; DAS = diacetoxyscirpenol; SCP = scirpentriol; DON =
deoxynivalenol; 3-ADON = 3-acetyldeoxynivalenol; ZEA = zearalenone

F. acuminatum a,c
F. acuminatum a,c
F. acuminatum a,c
F. acuminatum a,c
F. acuminatum a,c
F. avenaceum a,c
F. venenatum c
(F. avenaceum a)
F. avenaceum a,c
F. avenaceum a,c
F. chlamydosporum†
F. chlamydosporum†
F. equiseti a,c
F. equiseti a,c
F. pseudograminearum
(F. graminearum a)
Fusarium sp.
(F. graminearum a)
F. pseudograminearum c
(F. graminearum a)

Fusarium spp.

intraperitoneally (Barbetti and Allen 2007) and the mycotoxins they produced (see Chapter 5).

Table 8.1 The number of deaths of young adult male rats from three dosages (three rats per dosage) of extracts of 16 Fusarium isolates injected

Chapter 8

General Discussion

In the rat assays of Barbetti and Allen (2007), those isolates that caused the
deaths of all three replicate rats were considered to be highly toxic, at the
concentration of 256 g culture/kg liveweight. Of the eight isolates that
caused 100% mortality, three were highly toxic to Artemia and produced
15-monoacetoxyscirpenol (15-MAS, Figure 1.1, 1d), diacetoxyscirpenol (DAS,
Figure 1.1, 1a), and scirpentriol (SCP, Figure 1.1, 1f), but not enniatins (ENN,
Figure 7.1). These three isolates comprised of two of F. equiseti and one of
F. venenatum, one isolate from each species was also toxic at the lower
concentrations tested. Of the rest, three isolates produced ENN A1, ENN B
and ENN B1, but not 15-MAS, DAS and SCP, and were also toxic to brine
shrimp, with ENN B being the most toxic among the enniatins. This group
included two isolates of F. avenaceum and one of F. acuminatum, of which
one of the F. avenaceum isolates also caused rat mortality at a lower
concentration (128 g culture/kg liveweight). One F. acuminatum isolate
produced ENN A in addition to ENN A1, ENN B and ENN B1. The only isolate
that produced type B trichothecene in this category is an unknown
Fusarium sp. Moreover, all of the enniatin-producing isolates in this
category caused 100% rat mortality within 4 h of exposure to the toxic
extracts (J. G. Allen, personal communication). This may indicate that these
two groups of metabolites could be equally lethal. It should however be
noted that all assays were carried out with metabolites from pure cultures
consisting a single isolate. In nature however, metabolites from more than
one fungal taxa, Fusarium spp. or strains, may operate together in feed
refusal or animal mortality.
Four of the isolates in the rat assays by Barbetti and Allen (2007) caused a
mortality of 2 out of the 3 rats tested. In this group, an isolate each of F.
acuminatum and F. avenaceum produced ENN A1, ENN B and ENN B1.
While a second isolate of F. acuminatum in this catergory produced only
ENN B and ENN B1. The fourth isolate in this category produced DON and
3-ADON but no enniatins and belonged to F. pseudograminearum (F.
graminearum Gr 1). Again in this category of 2 out of 3 mortality rate,
different groups of metabolites could be implicated in this level of rat
mortality. Only one of the tested isolates was in the next category of rat
mortality (1 of 3 mortality). This isolate belonged to F. acuminatum and
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produced ENN B and ENN B1, indicating that although this isolate produced
the highly toxic ENN B, it could not match the mortality rates of the two F.
acuminatum isolates in the first category that caused 100% mortality. This
indicates that the toxic effects of these compounds are complex and/or
there is a possibility that the toxic behaviour of certain isolates may change
with long term storage.
In the final category (no rat mortality), an unknown Fusarium sp. produced
3-ADON and zearalenone, but caused only a low level of toxicity to brine
shrimp at high concentrations of the fungal crude extract and after
prolonged incubation. It is noteworthy that this isolate was the only one
among those tested from Table 8.1 that produced both these metabolites.
A reason to include isolates from FHB in wheat in this study was to
examine whether isolates of Fusaria from pastures produced a similar
range of metabolites as the cereal panicle invaders. However, there were
clear differences, for while type B trichothecenes were detected in isolates
from both wheat and pastures, type A trichothecenes (which were more
toxic, e.g., DAS, SCP) were only produced by isolates from pasture, and
none from wheat. Further, the ecology of Fusaria causing FHB was distinctly
different. In addition to Fusaria associated with FHB being parasitic on
wheat heads, their distinctly different spectrum of metabolites was likely
necessary for both their parasitic and their saprophytic phases. Major
metabolites produced by South African FHB include DON and NIV while
those in New Zealand appear to produce NIV or 15-acetyldeoxynivalenol
(15-ADON, Figure 1.2, 2b). Reports from the eastern states of Australia also
reported the prevalence of 15-ADON and NIV chemotypes (Tan et al. 2004).
It is striking that F. graminearum which predominates in FHB in Western
Australia was distinctly absent in Western Australian pastures. There was,
however, one report of F. graminearum (Barbetti 1990) associated with
subterranean clover seeds, in which the identification of the species was
based only on morphological methods, which could be unrealiable as
discussed in Chapter 2. F. graminearum is the major FHB pathogen
worldwide. The production of DON by F. graminearum, that possibly helps
FHB infection, was rare or absent among the pasture isolates. It is
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interesting that the enniatin producers among FHB Fusaria were rare while
they are relatively common in Scandinavian countries (Jestoi et al. 2004;
Uhlig et al. 2006a; 2006b). The broader spectrum of metabolites reported
from Northern Europe may also reflect the relatively large amount of
research covering greater number of isolates involved in the European
studies. While the Fusarium isolates associated with feed refusal problem
and annual legume pastures used in this study were obtained from a wide
range of sites within the south-west of Western Australia, the source of FHB
isolates, however, was limited to only a specific area in Western Australia
where this disease was encountered during 2003-2004.
One of the significant outcomes of this study is the establishment of
enniatins as a major metabolite associated with the Western Australian
feed refusal problem. Not only did the enniatin producers form a
significant proportion of these isolates, they are (especially ENN B) likely to
be related to the high levels of rat mortality seen with certain Fusarium
strains which gave no detectable trichothecenes. In addition, most of the
isolates that produced enniatins did not produce detectable levels of
trichothecenes. Chlamydosporol, where detected, was found only in
isolates that produced enniatins, possibly enhancing the biological
activities of the enniatin producers. Although the frequency of isolation of
enniatin producers was higher in North Europe (Jestoi et al. 2004; Uhlig et
al. 2006a; 2006b), the relative concetrations of the components of enniatins
reported from Europe was similar to those in Western Australia viz.: B > B1
> A1 > A. The recent emergence of Fusaria as principal enniatin producers
is likely to prompt further research into this group of metabolites. Firakova
et al. (2007) have reported the existence of 27 types of enniatins. It should
be noted that the toxicological effects of pure enniatins or mixtures of
enniatins still remain untested against large animals.
In conclusion, this study identified metabolites produced by Fusarium spp.
associated with the feed refusal problem in Western Australia. The brine
shrimp bioassay was helpful in identifying the relative toxicities of the
metabolites they produced. Enniatins emerged as a major group of
metabolites associated with feed refusal problems, although tests have not
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been carried out on large animals. It is likely that the pasture feed contains
material with infestations of a broad spectrum of Fusarium spp. producing
a variety of the metabolites identified. Such metabolites, both volatile and
non-volatile, could act synergistically as a deterrent, emetic or as a lethal
combination of compounds that cause feed refusal in sheep in Western
Australia.
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Appendix I

Table I.1 Details of the references of some examples of mycotoxins produced by a
selection of 10 Fusarium spp. as shown in Table 1.3.

Mycotoxins
2-AOD-3-ol
Acuminatopyrone
Acuminatin
Acuminatum
Antibiotic Y
Aurofusarin
Beauvericin
Bikaverin

Fac

Chrysogine
Culmorin
Cyclonerodiol
Cyclonerotriol
Enniatins
Equisetin
Fosfonochlorin
Fumonisin
Fusaric acid
Fusarin C
Fusarochromanone
Moniliformin

Fb

Fe

Fg

Fo

Fp

Fs

G1
V2
C1,
F2
T3
L6

Butenolide
Chlamydosporol

Fav
U1

A3,
G1

C2
V1
L6

L6

L1

F3

M1

A2,
S1
S4

T3
L6

L6
B4,
B5
H1
D2

L1,
L2
A2

A2

K4
T3

T3

T3

T2

S2
T3

L2
L2
Y1

M3
L2

M4
L2
N1

N1

Y1

M4

B7,
W1
T1

A2
L5

U2
K3
R1

Y1

X1
P1

T1
A4
B1
A2

B1
F1

A2

A2

Naphthazarin
Napthoquinone
pigments

B4
B2

Sambutoxin
Trichothecene A

M6

Trichothecene B

D1

B3

K3

B6

K1
R2

K3

B6

S5

T1

C3
C3,
M5

L4

S3

K4,Y
1

K1
N1

M4,
N1

N1

Visoltricin
Wortmannin

Fv

B8

F3

N1

Ft
U1
S2

S2,
V3
A2

A1

A2,
M2
(Continued)
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Mycotoxins
Zearalenol
Zearalenone

Fac

Fav

Fb

H3

Fe
R3
K3

Fg
K2
L7

Fo

Fp

Fs

Ft

L3

C3

A2,
H3

H2

Fv

Highlighed ones represent molecularly identified Fusarium spp.
Fac = F. acuminatum; Fav = F. avenaceum; Fb = F. brachygibbosum; Fe = F. equiseti; Fg
= F. graminearum; Fo = F. oxysporum; Fp = F. pseudograminearum;
Fs = F. sambucinum; Ft = F. tricinctum; Fv = F. venenatum; 2-AOD-3-ol = 2-Amino14,16-dimethyloctadecan-3-ol

L4 (Leonov et al. 1993)

A1 (Abbas and Mirocha 1988)
A2 (Abbas et al. 1989)

L5 (Lezar and Barros 2010)
L6 (Logrieco et al. 1998)

A3 (Abbas et al. 1992)
A4 (Abbas and Ocamb 1995)
B1 (Bacon et al. 1996)

L7 (Lysøe et al. 2006)

B2 (Baker et al. 1990)
B3 (Balmas et al. 2010)

M2 (Marasas et al. 1988b)

B4 (Bell et al. 2003)
B5 (Brewer et al. 1973)

M4 (Miller and MacKenzie 2000)
M5 (Monds et al. 2005)

B6 (Burlakoti et al. 2007)

M6 (Mulè et al. 1997)

B7 (Burmeister et al. 1974)

N1 (Nicholson et al. 2004)

B8 (Burmeister et al. 1981)

P1 (Pathre et al. 1986)

C1 (Carr et al. 1985)

R1 (Rabie et al. 1982)

C2 (Chelkowski et al. 1999)
C3 (Clear et al. 2006)

R2 (Raza et al. 1993)

D1 (Demeke et al. 2005)

S1 (Shier and Abbas 1992)

D2 (Desjardins 2006)

S2 (Solfrizzo and Visconti 1996)
S3 (Song et al. 2004)

M1 (Malz et al. 2005)
M3 (McCormick et al. 2010)

R3 (Richardson et. al. 1985)

F1 (Farber and Sanders 1986b)
F2 (Flippin et al. 1989)

S4 (Sørensen et al. 2009)

F3 (Frisvad et al. 2006)

S5 (Sundheim et al. 1988)

G1 (Grove and Hitchcock 1991)
H1 (Harris et al. 2007)

T1 (Takeuchi et al. 1989)

H2 (Holmberg and Pettersson 1986)
H3 (Hussein et al. 1991)

T3 (Thrane 2001)
U1 (Uhlig et al. 2005b)

K1 (Kim and Lee 1994)
K2 (Kim et al. 2005)

U2 (Uhlig et al. 2006)

T2 (Thrane and Hansen 1995)

K3 (Kosiak et al. 2005)

V1 (Vesonder and Golinski 1989)
V2 (Visconti et al. 1989)

K4 (Kulik 2008)
L1 (Lauren et al. 1988)

V3 (Visconti and Solfrizzo 1994)
W1 (Wheeler et al. 1999)

L2 (Lauren et al. 1992)

X1 (Xu et al. 2006)

L3 (Lee et al. 2010)

Y1 (Yli-Mattila et al. 2006)

More references can be found in De Nijs et al. (1996; 1997), Desjardins
(2006),
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Frisvad
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and
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(2006)

Appendix II
Agricultural environment of the grain belt of Western Australia :
[Adapted from Cotterill (1987)]
a)

The land

Western Australia consists of a large plateau with narrow coastal plains and
forms one third of Australia‟s area. The underlying strata and climate have
fashioned the northern, central and southern regions with their own
dominant soil groups.
b)

Topography

The Western Australian cereal growing region is based largely on a plateau
less than 600 m above sea level (Bettenay 1983). This predominantly cereal
and sheep farming belt extends from the Murchison River to just east of
Southern Cross then south east to the south coast about 150 km east of
Esperance. The western and southern margins are Geraldton, the Darling
scarp to Boyup Brook, Mount Barker, Bremer Bay, Hopetown and Esperance
(Burvill 1979a). The plateau is bordered in the west by the Darling Fault
Scarp which rises from the coastal plain to 240 – 300 m above sea level
(Bettenay 1983). Most of the wheatbelt lies in the Avon Province of
Bettenay‟s (1983) system of soil landscape provinces. Much of the
wheatbelt was formed on the brown, red-brown and sometimes grey sandy
loams and clay loams (Burvill 1979a) where as many of the soils in the
Greenough and Stirling Provinces are podzolic with ironstone gravel
(Bettenay 1983) and considered “light lands”.
c)

The “light lands”

Many of the fringe areas of the wheatbelt consist of the so called "light
lands", largely sands and loamy sands which have sandy-clay subsoils. They
often have ironstone gravel present in surface layers, up to 90% of the soil
weight. Lateritization and chemical depletion of the sedimentary rocks of
these "light lands" has resulted in deficiencies of nitrogen, phosphorus,
potassium, calcium, sulphur, copper, manganese, molybdenum, cobalt and
selenium (Bettenay 1983). Though supporting only small shrubs and
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considered "third class" land, the light lands which have been cleared since
the 1920's and especially since the 1950's when copper and zinc
deficiencies were realised. Despite the mild acidity (which does not affect
cereal growth) with adequate winter rainfall [and inherent infertility of the
ironstone gravel soils, (Hubble et al. 1983)] and correct fertilization these
light lands have been profitable for cereal growing (Burvill 1979a).
d) Salinity
Salinity is a major concern of farmers in the wheatbelt, as much as 20-40
kg/ha accession of salts from rain or dust can occur in the 250-500 mm
rainfall areas where rain intensity is low (Burvill 1979a). However in the
areas where most of my isolates originated, the rainfall is slightly heavier
and most rain water runs off into streams or penetrates deep into sub-soils
and is not a problem (Burvill 1979a).
e) Historical development
The concept of a crop-livestock system began with the early settlers who
cleared land for growing crops, and sheep and working animals were
grazed on the natural vegetation of shrubs and grasses. At first these were
separate activities but often had common ownership (Halse 1979), hence
the evolution to the system which we see today. Wheat was first grown in
the Swan River valley in 1829 where soil was unusually fertile by Western
Australian standards, hence further expansion of wheat growing was
restricted (Johnston 1983). Most agriculture, especially in the inland areas
which began to be colonized in the 1860's and are now part of the
wheatbelt, consisted of pastoral activities, sheep grazing the native
vegetation, which in many areas (now prime wheat growing areas) was poor
in nutrients. Growth of crops was restricted by the infertile soils, as stable
manure was the only form of fertilizer available at that time. Guano had
been imported since the late 1840's but its use was restricted to the
colonized coastal plains (Burvill 1979a).
In 1894 superphosphate was first imported (Burvill 1979a). Cereal growing
increased gradually in the 1880's accelerating in the 1890's as new
technological advances made their presence felt (Burvill 1979a). The
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number of farms increased with other developments, namely railways and
a water pipeline to Kalgoorlie (Burvill 1979a). In 1910 and 1911 two
companies were established to produce superphosphate (Burvill 1979a) and
the subsequent availability of the fertilizer and the development of dryfarming techniques combined to increase production from the wheat farms
(Johnston 1983). The method involved farmers leaving paddocks fallow to
control weeds and conserve moisture for the following year‟s crop. The
crop was sown soon after the first winter rains (Johnston 1983).
Further “first” and “second” class type land was opened up following World
War I (Burvill 1979a). Development of the “light lands” began in the 1920‟s,
substantially increasing the wheat-growing capacity of the state. Good
yields were obtained from such lands with the addition of superphosphate,
nitrogen, copper and zinc (Burvill 1979a).
Sheep numbers had steadily risen to 5.5 million in the wheatbelt by 1934/5
(Burvill 1979b) reflecting their continued importance to the agricultural
economy. In 1934 it was proposed that Dwalganup subterranean clover
should be used in wheatbelt rotations, for soil improvement and better
livestock grazing (Burvill 1979b). As a result of this farming became based
upon leguminous pastures (Halse 1979) and a large expansion of legume
sown pastures occurred in the wheatbelt between 1949-1968 (Burvill
1979b). In the 1950‟s wool prices were high so wheat farmers concentrated
more on sheep (Johnston 1983) and the move away from the bare fallow,
wheat, then one or two year volunteer pasture rotation had begun. Farmers
did not want to waste land when sheep could be grazing on it (Burvill
1979b). Much “light land” was cleared and developed in the 1950‟s
(Johnston 1983) and is an important reason why Western Australia is such
a large wheat producer today. In recent years, more alternative grain
legumes, especially lupins and chick peas, have been introduced in
rotations with cereals in response to the diversifying grain market
worldwide and the value of legume crops in improving soil fertility.
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Appendix III
Western Australian localities where Fusarium spp. associated with pasture legumes and wheat were isolated.

1

2

3

4

5
6

9
8
7

10

Legend
1 – Badgingara
2 – Wanneroo
3 – Cunderdin
4 – Newdegate
5 – Katanning
6 – Kojonup
7 – Denmark
8 – Mt. Barker
9 – Woogenellup
10 – Wellstead
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The DNA fragment sequences of ribosomal RNA (rRNA) gene, and
translation elongation factor 1-alpha using the primer pairs, ITS1/ITS4 and
ef1/ef2, respectively, of the 13 Fusarium isolates that tested negative with a
selection of 10 species-specific primers in Chapter 2.

F. avenaceum WAC 5594

Translation elongator factor 1-alpha partial cds:
CTTATCTGCACTCGGAACCCGCCCAACCTGGCGGGGTATCACCACGACATCTTGC
TAACTCTTGACAGACCGGTCACTTGATCTACCAGTGCGGTGGTATCGACAAGCGA
ACCATCGAGAAGTTCGAGAAGGTTAGTCAATATCCCTTCGATTACGCGCGCTCCC
ATCGATTCCCACGACTCGCTCCCTCATTCGAAACGCATTCATTACCCCGCTCAAGT
CCGAAAAATTTGCGGTGCGACCGTGATTTTTTTTGGTGGGGTATCTTACCCCGCCA
CTCGAGTGACGGATGCGCTTGCCCTGTTCCCACAAAACCTCACCACACTGTCGCG
CACTATGTCTTGCAGTCACTAACCACTGGACAATAGGAAGCCGCCGAGCTCGGAA
AGGGTTCCTTCAAGTACGCCTGGGTTCTTGACAAGCTCAAAGCCGAGCGTGAGCG
TGGTATCACCATTGATATCGCTCTCTGGAAGTTCGAGACTCCTCGCTACTATGTCA
CCGTCATTGGTATGTTGTCACTGTCTCACACCACCATGCCTTCATCATGCTAACAT
CCCTCTCAGATGCCCCCGGTCATCGTGATTTCATCAAGAACATGAT
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F. brachygibbosum WAC 7821

18S rRNA gene, partial sequence; ITS1, 5.8S rRNA gene, and ITS2,
complete sequence; and 28S rRNA, partial sequence:
CTGCGGAGGGATCATTACCGAGTTTACAACTCCCAAACCCCTGTGAACATACCTTT
ATGTTGCCTCGGCGGATCAGCCCGCGCCCCGTAAAACGGGACGGCCCGCCGCAG
GACCACAAAACTCTGATTTTAGTGTAACTTCTGAGTCTAAAAAACAAATAAATCAAA
ACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCAAAATGC
GATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATT
GCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAA
GCCCCCGGGTTTGGTGTTGGGGATCGGGCTGTACTCCAGCCCGGCCCCGAAATC
TAGTGGCGGTCTCGCTGCAGCCTCCATTGCGTAGTAGCTAACACCTCGCAACTGG
AACGCGGCGCGGCCAAGCCGTTAAACCCCCAACTTCTGAATGTTGACCTCGGATC
AGGTAGGAATACCCGCTGAACTTAAGCATATCA
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F. equiseti WAC 5684

18S rRNA gene, partial sequence; ITS1, 5.8S rRNA gene, and ITS2,
complete sequence; and 28S rRNA, partial sequence:
TCCGTAGGTGAACCTGCGGAGGGATCATTACCGAGTTTACAACTCCCAAACCCCT
GTGAACATACCTATACGTTGCCTCGGCGGATCAGCCCGCGCCCCGTAAAAAGGGA
CGGCCCGCCCGAGGACCCCTAAACTCTGTTTTTAGTGGAACTTTTGAGTAAAACA
AACAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGA
ACGCAGCAAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATC
TTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTC
ATTTCAACCCTCAAGCTCAGCTTGGTGTTGGGACTCGCGGTAACCCGCGTTCCCC
AAATCGATTGGCGGTCACGTCGAGCTTCCATAGCGTAGTAATCATACACCTCGTTA
CTGGTAATCGTGGGCGGCCACGCCGTAAAACCCCAACTTCTGAATGTTGACCTCG
GATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGA
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F. pseudograminearum WAC 5712

18S rRNA gene, partial sequence; ITS1, 5.8S rRNA gene, and ITS2,
complete sequence; and 28S rRNA, partial sequence:
GCGGAGGGATCATTACCGAGTTTACAACTCCCAAACCCCTGTGAACATACCTTATG
TTGCCTCGGCGGATCAGCCCGCGCCCCGTAAAACGGGACGGCCCGCCGCAGGAA
CCCCAAACTCTGTTTTTAGTGGAACTTCTGAGTATAAAAAACAAATAAATCAAAACT
TTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCAAAATGCGAT
AAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCG
CCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCC
CAGCTTGGTGTTGGGAGCTGCGTCCGCGCACTCCCCAAATACATTGGCGGTCACG
TCGAGCTTCCATAGCGTAGTAATTTACACATCGTTACTGGTAATCGTCGCGGCCAC
GCCGTTAAACCCCAACTTCTGAATGTTGACCTCGGATCAGGTAGGAATACCCGCT
GAACTTAAGCATATCAA
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F. pseudograminearum WAC 5722

18S rRNA gene, partial sequence; ITS1, 5.8S rRNA gene, and ITS2,
complete sequence; and 28S rRNA, partial sequence:
GCGGAGGGATCATTACCGAGTTTACAACTCCCAAACCCCTGTGAACATACCTTATG
TTGCCTCGGCGGATCAGCCCGCGCCCCGTAAAACGGGACGGCCCGCCGCAGGAA
CCCCAAACTCTGTTTTTAGTGGAACTTCTGAGTATAAAAAACAAATAAATCAAAACT
TTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCAAAATGCGAT
AAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCG
CCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCC
CAGCTTGGTGTTGGGAGCTGCGTCCGCGCACTCCCCAAATACATTGGCGGTCACG
TCGAGCTTCCATAGCGTAGTAATTTACACATCGTTACTGGTAATCGTCGCGGCCAC
GCCGTTAAACCCCAACTTCTGAATGTTGACCTCGGATCAGGTAGGAATACCCGCT
GAACTTAAGCATATCAA

Translation elongator factor 1-alpha partial cds:
TCGTCGTCATCGGCCACGTCGACTCTGGCAAGTCGACCACTGTGAGTACCACCGC
ATCCCAACCCCGCCTACACTTGGCGCGGGGTAGTTTCACATTTCTGATGTGCTGA
CATGCTTTAATAGACCGGTCACTTGATCTACCAGTGCGGTGGTATCGACAAGCGA
ACCATCGAGAAGTTCGAGAAGGTTGGTCCCATTTTCCTCGATCGCGCGCCCTTAT
CCCCTTCGAAACATCATTCGAATCGCTCGACGACTCGACACGCGCCTGTTACCCC
GCTCGAGGACAAAATTTTTACGGCTTTGTCGTAATTTTTTTTCTGGTGGGGTTCAT
ACCCCGCCACTCGAGCGACAGGCGCTTGCCCTCCTCCCACAAATCATTCCCTGGG
CGCGCATCATCACGTGTCAATCAGTCACTAACAACCTGTCAATAGGAAGCCGCCG
AGCTCGGTAAGGGTTCTTTCAAGTACGCCTGGGTTCTTGACAAGCTCAAAGCCGA
GCGTGAGCGTGGTATCACCATTGATATCGCTCTCTGGAAGTTCGAGACTCCTCGC
TACTATGTCACCGTCATTGGTATGTTGTCACTATGTCGTCATCACATTCTCATACTA
ACATGTCTACCAGACGCTCCCGGTCACCGTG
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F. pseudograminearum WAC 6698

18S rRNA gene, partial sequence; ITS1, 5.8S rRNA gene, and ITS2,
complete sequence; and 28S rRNA, partial sequence:
CATACCTTATGTTGCCTCGGCGGATCAGCCCGCGCCCCCGTAAAACGGGACGGC
CCGCCGCAGGAACCCCAAACTCTGTTTTTAGTGGAACTTCTGAGTATAAAAAACAA
ATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCA
GCAAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGA
ACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTC
AACCCTCAAGCCCAGCTTGGTGTTGGGAGCTGCGTCCGCGCACTCCCCAAATACA
TTGGCGGTCACGTCGAGCTTCCATAGCGTAGTAATTTACACATCGTTACTGGTAAT
CGTCGCGGCCACGCCGTTAAACCCCAACTTCTGAATGTTGACCTCGGATCAGGTA
GGAATACCCGCTGAACTTAAGCATATCAA
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F. sambucinum WAC 5714
Translation elongator factor 1-alpha partial cds:
TCGTCGTCATCGGCCACGTCGACTCTGGCAAGTCGACCACTGTAAGTTGACCCAA
ATCTAAGCTCGCCTACAATTGGCGGGGTAGCCTCAAGATACGCTTGTGCTGACAT
ACTTCATAGACCGGTCACTTGATCTACCAGTGCGGTGGTATCGACAAGCGAACCA
TCGAGAAGTTCGAGAAGGTTGGTCTCATTTTCCTCGATCGCGCGCCCTACTTTCCA
TCGATCCATCATTCGAATCGCTCTGATACGACTCGACACACGCCTGCTACCCCGCT
CGAGTTCAAAAATTTTACGACTTTGTCGTAATTTTTTTGGTGGGGCTCATACCCCG
CCACTTGAGCGACATGCCCTTCCCCCAAAGCCACGGGCGCGCATCATCACGTGTT
GATCAGTTACTAACAACCTGTCAATAGGAAGCCGCCGAGCTCGGTAAGGGTTCTT
TCAAGTACGCTTGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTATCAC
CATCGATATCGCTCTCTGGAAGTTCGAGACTCCTCGCTACTATGTCACCGTCATTG
GTATGTTGTCACTACTCACCTCCATCACATTCCCGCACTAACTCACCTATCAGACG
CTCCCGGTCACCGTG
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F. sambucinum WAC 8104

18S rRNA gene, partial sequence; ITS1, 5.8S rRNA gene, and ITS2,
complete sequence; and 28S rRNA, partial sequence:
TATGTCGCTGAGGACTAGGTTTATTTTGCCTCGGGGGAGATTCTGTCCTTCGGGA
CGGCCCGCCGCAAGACCCAAAAATCTGTTTTTAGTGGAACTTCTGAGTAAAAAAA
CAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAAC
GCAGCAAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTT
TGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCAT
TTCAACCCTCAAGCCCAGCTTGGTGTTGGGAGCTGTCGTCTGACACTCCCCAAAT
ACATTGGCGGTCACGTCGAGCTTCCATAGCGTAATAATTTACACATCGTTACTGGT
AATCGTCGCGGCCACGCCGTTAAACCCCAACTTCTGAATGTTGACCTCGGATCAG
GTAGGAATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGA

Translation elongator factor 1-alpha partial cds:
GTTCGACCCAAAATCTAAGCTCGCCTACAATTGGCGGGGTAGCCTCAAGATACGC
TTGTGCTGACATACTTCATAGACCGGTCACTTGATCTACCAGTGCGGTGGTATCGA
CAAGCGAACCATCAAGAAGTTCGAGAAGGTTGGTCTCATTTTCCTCGATCGCGCG
CCCTACTTTCCATCGATCCATCATTCGAATCGCTCTGATACGACTCGACACACGCC
TGCTACCCCGCTCGAGTTCAAAAATTTTACGACTTTGTCGTAATTTTTTTGGTGGG
GCTCATACCCCGCCACTTGAGCGACATGCCCTTCCCCCAAAGCCACGGGCGCGCA
TCATCACGTGTTGATCAGTTACTAACAACCTGTCAATAGGAAGCCGCCGAGCTCG
GTAAGGGTTCTTTCTAGTACGCTTGGGTTCTTGACAAGCTCAAGGCCGAGCGTGA
GCGTGGTATCACCATCGATATCGCTCTCTGGAAGTTCGAGACTCCTCGCTACTATG
TCACCGCCATTGGTATGTTGTCACTACCACCTCCATCACATTCCCGCACTAACTCA
CCTATCAGACGCTCCCGGTCACCGTG
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F. tricinctum WAC 11486

18S rRNA gene, partial sequence; ITS1, 5.8S rRNA gene, and ITS2,
complete sequence; and 28S rRNA, partial sequence:
CGTAGGTGAACCTGCGGAGGGATCATTACCGAGTTTACAACTCCCAAACCCCTGT
GAACATACCTTAATGTTGCCTCGGCGGATCAGCCCGCGCCCCGTAAAACGGGACG
GCCCGCCAGAGGACCCAAACTCTAATGTTTCTTATTGTAACTTCTGAGTAAAACAA
ACAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAA
CGCAGCAAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCT
TTGAACGCACATTGCGCCCGCTGGTATTCCGGCGGGCATGCCTGTTCGAGCGTCA
TTTCAACCCTCAAGCCCCCGGGTTTGGTGTTGGGGATCGGCTCTGCCCTTCTGGG
CGGTGCCGCCCCCGAAATACATTGGCGGTCTCGCTGCAGCCTCCATTGCGTAGTA
GCTAACACCTCGCAACTGGAACGCGGCGCGGCCATGCCGTAAAACCCCAACTTCT
GAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAATAA
GCGGAGGA

Translation elongator factor 1-alpha partial cds:
GGTTGCTTATCTGCATCCGGAATACGCCCACCTGGCGGGGTATCACCAAAACATA
TTGCTAAGTTTTGACAGACCGGTCACTTGGTCTACCAGTGCGGTGGTATCGACAA
GCGAACCATCGAGAAGTTCGAGAAGGTTAGTAATATCCCTTCGATTACGCGCGCT
CCCATCGATTCCCACGATTCGCTCCCTCACTCGAAACACATCCCTTACCCCGCTCG
AGTCCGAAAATTTTGCGGTGCGACCGTGATTTTTTCTGGTGGGGTATCTTACCCCG
CCACTCGAGTCACGGATGCGCTTGCCCTGTTCCCACAAAACCTTACCACCCTGTC
GCGCACTACATGTCTTGCAGTCACTAACCACTGGACAATAGGAAGCCGCCGAGCT
CGGAAAGGGTTCCTTCAAGTACGCCTGGGTTCTTGACAAGCTCAAAGCCGAGCGT
GAGCGTGGTATCACCATTGATATCGCTCTCTGGAAGTTCGAGACTCCTCGCTACTA
TGTCACCGTCATTGGTATGTTGTCACTGTCTCACACTATCATGTATTCATCATGCTA
ACATCTCTCTCAGATGCCCCCGGTCATCGTGAT
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F. tricinctum WAC 12337

18S rRNA gene, partial sequence; ITS1, 5.8S rRNA gene, and ITS2,
complete sequence; and 28S rRNA, partial sequence:
TCCAACCCCTGTGACATACCTTAATGTTGCCTCGGCGGATCAGCCCGCGCCCCGT
AAAACGGGACGGCCCGCCAGAGGACCCAAACTCTAATGTTTCTTATTGTAACTTCT
GAGTAAAACAAACAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCA
TCGATGAAGAACGCAGCAAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGA
ATCATCGAATCTTTGAACGCACATTGCGCCCGCTGGTATTCCGGCGGGCATGCCT
GTTCGAGCGTCATTTCAACCCTCAAGCCCCCGGGTTTGGTGTTGGGGATCGGCTC
TGCCCTTCTGGGCGGTGCCGCCCCCGAAATACATTGGCGGTCTCGCTGCAGCCTC
CATTGCGTAGTAGCTAACACCTCGCAACTGGAACGCGGCGCGGCCATGCCGTAAA
ACCCCAACTTCTGAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAA
GCATATCAATAAGCGGAGGA

Translation elongator factor 1-alpha partial cds:
AAGTACAACCAACAGCGGGTTGCTTATCTGCACTCGGAATCCGCCAAACCTGGCG
GGGTATCACCAAAACATCTTGCTAACTTTTGACAGACCGGTCACTTGATCTACCAG
TGCGGTGGTATCGACAAGCGAACCATCGAGAAGTTCGAGAAGGTTAGTCAATATC
CCTTCGATTACGCGCGCTCCCATCGATTCCCACGATTCGCTCCCTCACTCGAAACA
CATCCATTACCCCGCTCGAGTCCGAAAATTTTGCGGTGCGACCGTGATTTTTTCTG
GTGGGGTATCTTACCCCGCCACTCGAGTCACGGATGCGCTTGCCCTGTTCCCACA
AAACCTTACCACCCTGTCGCGCACTACATGTCTTGCAGTCACTAACCACTGGACAA
TAGGAAGCCGCCGAGCTCGGAAAGGGTTCCTTCAAGTACGCCTGGGTTCTTGACA
AGCTCAAAGCCGAGCGTGAGCGTGGTATCACCATTGATATCGCTCTCTGGAAGTT
CGAGACTCCTCGCTACTATGTCACCGTCATTGGTATGTTGTCACTGTCTCACACTA
TCATGTATTCATCATGCTAACATCTCTCAGATGCCCCCGGTCATCGTGATTTCATC
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F. venenatum WAC 7914

18S rRNA gene, partial sequence; ITS1, 5.8S rRNA gene, and ITS2,
complete sequence; and 28S rRNA, partial sequence:
CCTCCTGGATCCGAGGGTCACATTCAGAAGTTGGGGTTTAACGGCGTGGCCGCG
TCGATTACCAGTAACGATGTGTAAATTACTACGCTATGGAAGCTCGACGTGACCG
CCAATCAATTTGGGGAGTGTTAACTAAAACAGCTCCCAACACCAAGCTGGGCTTG
AGGGTTGAAATGACGCTCGAACAGGCATGCCCGCCAGAATACTGGCGGGCGCAA
TGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTTATCGCA
TTTTGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAGTTTTG
ATTTATTTGTTTTTTTACTCAGAAGTTCCACTAAAAACAGAGTTTAGGGGTCCTGCG
GCGGGCCGTTCCGTGAGGAACGGGCTGATCCGCCGAGGCAACATAGAGGTATGT
TCACAGGGGTTTGGGAGTTGTAAACTCGGTAATGATCCCTCCGCAGGTCACCCCN
TACGGAA

Translation elongator factor 1-alpha partial cds:
TACTTCCAAAATATCAACCCCGCCTACACTTGGCGGGGTAGTCTCAAGATATGCTT
GTGCTGACATGCTTGATAGACCGGTCACTTGATCTACCAGTGCGGTGGTATCGAC
AAGCGAACCATCGAGAAGTTCGAGAAGGTTGGTCTCATTTTCCTCGATCGCGCGC
CCTACTTCCCATCGATCCATCATTCGAATCGCTCTGATACGACGACTCGACACACG
CCTGCTACCCCGCTCGAGTTCAAGAATTTTACGATTTTGTCGTAATTTTTTTTTCGG
TGGGGCTCATACCCCGCCACTCGAGCGACAGGCTTGCCCTCTTCCTCAAAGCCAC
ATGGGCGCGCATCATCACGTGTTGATCAGTCACTAACCACCCGTCAATAGGAAGC
CGCCGAGCTCGGTAAGGGTTCTTTCAAGTACGCTTGGGTTCTTGACAAGCTCAAG
GCCGAGCGTGAGCGTGGTATCACCATCGATATCGCTCTCTGGAAGTTCGAGACTC
CTCGCTACTATGTCACCGTCATTGGTATGTTATCTCTGCCACCTTCATCACATTCCC
GCACTAACCCATCTATCAAACGCTCCCGGTCACCGTGATTTCATC
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F. pseudograminearum WAC 5680

18S rRNA gene, partial sequence; ITS1, 5.8S rRNA gene, and ITS2,
complete sequence; and 28S rRNA, partial sequence:
CCTGCGGAGGGATCATTACCGAGTTTACAACTCCCAAACCCCTGTGAACATACCTT
ATGTTGCCTCGGCGGATCAGCCCGCGCCCCGTAAAACGGGACGGCCCGCCGCAG
GAACCCCAAACTCTGTTTTTAGTGGAACTTCTGAGTATAAAAAACAAATAAATCAA
AACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCAAAATG
CGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACAT
TGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCA
AGCCCAGCTTGGTGTTGGGAGCTGCGTCCGCGCACTCCCCAAATACATTGGCGGT
CACGTCGAGCTTCCATAGCGTAGTAATTTACACATCGTTACTGGTAATCGTCGCGG
CCACGCCGTTAAACCCCAACTTCTGAATGTTGACCTCGGATCAGGTAGGAATACC
CGCTGAACTTAAGCATATCAATAAGCGGAGGA
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Fusarium sp. WAC 5707
18S rRNA gene, partial sequence; ITS1, 5.8S rRNA gene, and ITS2,
complete sequence; and 28S rRNA, partial sequence:
AAAATGGGAGAAGTAATGTGAATTGGAAAATTCAAGGAATCATTTAATCTTTGATG
CACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCACC
CCTCAAGCCCAGCTTGGTGTTGGGAGCTGCGTCCGCGCACTCCCCAAATACATTG
GCGGTCACGTCGAGCTTCCATAGCGTACTAATTTACACATCGTTACTGGTAATCGT
CGCGGCCACGCCGTTAAACCCCAACTTCTGAATGTTGACCTCGGATCAGGTACGA
ATACCCGCTGAACTTAAGCATATCAATAAGCGG
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Appendix V

Brine shrimp mortality rates against the fungal crude extracts and its
corresponding toxic fractions in four concentrations (5, 10, 50 and 100
µg/mL) after 6, 24 and 48 h of incubation, with a tabulated list of the
relative amounts of mycotoxins detected.

V.1 F. acuminatum WAC 5588

WAC 5588

Mass (mg)

Crude
Fraction 4
Fraction 5
Fraction 6

267.6
1.5
32.6
60.9

B
+

Enniatins
B1
+

+++++

+++++

Derivatives
+
++++
+++++
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V.2 F. acuminatum WAC 5715

Mass
(mg)
A
Crude
468.2
++
Fraction 4
147.8
++
Fraction 5
36.4
++
Fraction 6
12.7
CLM = Chlamydosporol
WAC 5715

186

A1
+
++

Enniatins
B
B1
+++++
+++
+++++ +++++
+++++
++

Derivatives
++
+++
+

CLM

+++++
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V.3 F. acuminatum WAC 5716

Mass
(mg)
Crude
332.7
Fraction 5
29.4
Fraction 6
59.6
Fraction 7
21.7
CLM: chlamydosporol
WAC 5716

B
+++
+++++
+++++

Enniatins
B1
Derivatives
+
+
+++++
++
++++
+++

CLM

++++
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V.4 F. acuminatum WAC 5718

WAC 5718
Crude
Fraction 5
Fraction 6
Fraction 7

188

Mass
(mg)
359.4
11.2
76.9
16.6

A1
+

Enniatins
B
B1
+++
++
+++++

Derivatives
+++++
+++++
+++
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V.5 F. acuminatum WAC 5728

WAC 5728
Crude
Fraction 5
Fraction 6
Fraction 7

Mass
(mg)
281.5
11.0
65.9
13.3

Enniatins
B1
++

A1
+

B
+++

+

+++++
+++++

++
+++

Derivatives
+
+
++
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V.6 F. acuminatum WAC 5738

Mass
(mg)
Crude
316.8
Fraction 5
10.1
Fraction 6
54.0
Fraction 7
33.0
CLM: chlamydosporol
WAC 5738

190

A1
+
+++

Enniatins
B
B1
+++
+
++
+++++
++++

Derivatives

CLM
++

+++++
+++++
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V.7 F. acuminatum WAC 8010

Mass
(mg)
Crude
318.5
Fraction 5
18.2
Fraction 6
55.6
Fraction 7
25.0
CLM: chlamydosporol
WAC 8010

A1
+
++
+++

Enniatins
B
B1
+
+
+++++
+++++
+++++
+++++

Derivatives
+
++
+

CLM
+
+++++
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V.8 F. avenaceum WAC 5585

192

WAC 5585

Mass (mg)

Crude
Fraction 5
Fraction 6
Fraction 7

82.7
12.8
18.6
0.7

A1
++
++++
+++
++

Enniatins
B
B1
+++++
+++++
+
+++++
++
+++++
++

Derivatives

+
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V.9 F. avenaceum WAC 5594

WAC 5594

Mass (mg)

Crude
Fraction 5
Fraction 6
Fraction 7

333.7
79.2
36.0
5.9

B
+++++
+++++
+++++
+++++

Enniatins
B1
++
++++
++

Derivatives
+++
+++++
+++
+++
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V.10 F. avenaceum WAC 7912

194

WAC 7912

Mass (mg)

Crude
Fraction
Fraction
Fraction
Fraction

177.4
1.3
59.6
22.3
5.5

4
5
6
7

A1
++

Enniatins
B
B1
+++++
+++++
+++++
+++

+

Derivatives
++
+
+
+++
+++++
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V.11 F. avenaceum WAC 7962

Mass
(mg)
A1
Crude
266.8
++
Fraction 5
12.4
Fraction 6
43.8
++
Fraction 7
10.8
CLM = chlamydosporol
WAC 7962

B
+++
+++++
+++++

Enniatins
B1
+++++
+++
++

Derivatives
+
++++

CLM

+++++
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V.12 F. brachygibbosum WAC 7821

196

WAC 7821

Mass
(mg)

Crude
Fraction
Fraction
Fraction
Fraction

157.9
2.3
2.9
2.3
1.5

4
5
6
7

DAS

+

Type A
Type B
trichothecene trichothecene
derivative
derivative
+
+
+
+
+
+++++
+++++
+
++++
FUS-X
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V.13 F. equiseti WAC 5681

WAC 5681
Crude
Fraction 6
Fraction 7
Fraction 8

Mass
(mg)
297.8
47.0
11.1
99.5

15-MAS

DAS

SCP

++

+++++
+++++
++

++
++++
++++

+++++
+++

Type A trichothecene
derivatives
+
++
+
+
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Appendix V

V.14 F. equiseti WAC 5682

WAC 5682
Crude
Fraction
Fraction
Fraction
Fraction

198

5
6
7
8

Mass
(mg)
166.9
3.4
16.8
4.3
63.1

15-MAS

DAS

SCP

+

+++
+++++
+++++
+

+

+

+++
++++

Type A trichothecene
derivatives
+
++
+
+

Appendix V

V.15 F. pseudograminearum WAC 5680

WAC 5680
Crude
Fraction 6
Fraction 7

Mass
(mg)
232.6
19.6
4.4

3-ADON
+++++
+++++
+++++

DON

Type A
derivatives
+

Type B
derivatives
++
+

+
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Appendix V

V.16 F. pseudograminearum WAC 5712

WAC 5712

Mass
(mg)

Crude
Fraction
Fraction
Fraction
Fraction

465.0
11.6
45.2
44.8
201.7

200

5
6
7
8

DON
+++++
+++++
+++++

Type A
trichothecene
derivative
++
++++
+++
++

Type B
trichothecene
derivative
+++++
+
+++++
+++++
+

Appendix V

V.17 F. pseudograminearum WAC 5722

WAC 5722

Mass
(mg)

Crude
Fraction
Fraction
Fraction
Fraction
Fraction
Fraction

312.6
3.8
8.9
15.8
28.1
31.0
140.7

3
4
5
6
7
8

DON
+++++

+++++
+++++

Type A
trichothecene
derivative
+
+
+
++
++++
+
+

Type B
trichothecene
derivative
++
+
+
+
+++++
++
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Appendix V

V.18 F. pseudograminearum WAC 6698

WAC 6698

Mass
(mg)

Crude
Fraction 4
Fraction 5
Fraction 6

178.4
3.2
15.4
18.9

202

3-ADON

DON

+++++

+

+++++
+++++

Type A
trichothecene
derivative

Type B
trichothecene
derivative

+
+
++

+

Appendix V

V.19 F. sambucinum WAC 5714

Mass
(mg)
A1
Crude
248.2
+
Fraction 5
10.8
Fraction 6
45.3
+++
Fraction 7
17.2
+
CLM = chlamydosporol
WAC 5714

B
++
+++++
+++++

Enniatins
B1
+
+++++
++

Derivatives
+
++++
+

CLM

+++++
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Appendix V

V.20 F. sambucinum WAC 8104

WAC 8104
Crude
Fraction
Fraction
Fraction
Fraction
Fraction

204

4
5
6
7
8

Mass
(mg)
558.9
5.3
39.1
191.3
39.9
156.9

DAS
+++++

HT-2 15-MAS

SCP

++

T-2
+++++

+
+++
+
+

+++++
+++++
+
+++

Type A
derivatives
++
++
+++++
++++
+++
+

Appendix V

V.21 F. tricinctum WAC 8013

Mass
(mg)
Crude
265.9
Fraction 4
2.7
Fraction 5
25.4
Fraction 6
32.5
Fraction 7
3.1
CLM: chlamydosporol
WAC 8013

B
++
+++++

Enniatins
B1
Derivatives
+
+
++++
++++
+++
+++++

CLM

++++
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Appendix V

V.22 F. tricinctum WAC 8019

WAC 8019
Crude
Fraction 4
Fraction 5
Fraction 6

206

Mass
(mg)
216.8
3.6
8.0
27.3

B

Enniatins
B1
Derivatives
++
+
+++++
+++++

Appendix V

V.23 F. venenatum WAC 7914

WAC 7914
Crude
Fraction 7
Fraction 8
Fraction 9

Mass
(mg)
852.0
136.4
67.0
371.7

DAS
+++++
+++++
+
+

4-MAS 15-MAS
++

+

++++
+

++
+++++

SCP
+
++++
+

Type A
derivatives
+
+
+
+
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Appendix V

V.24 Fusarium sp. WAC 5707

208

WAC 5707

Mass (mg)

Crude
Fraction 4

211.8
4.6

3-ADON

ZEA

Type A
derivatives

+++++

++

+

Appendix VI
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