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Abstract
Barley grain was inoculated with Aspergillus flavus, Penicillium verrucosum and
Fusarium poae, either individually or in pairs and incubated at different aw and
temperatures. Germination of spores on the grain surface was observed by scanning
electron microscope and colonisation was assessed by direct and dilution plating. Aflatoxin
B1, T-2 toxin and ochratoxin A were assayed by enzyme-linked immunosorbent assay. All
fungi tested germinated when another species was present, whether in contact or slightly
apart, on the grain surface. Colonisation by A. flavus was decreased by P. verrucosum at
20 C but not at 30 C while that of P. verrucosum was decreased by A. flavus at both
temperatures. Growth of F. poae was inhibited by A. flavus and P. verrucosum under all
environmental conditions. Aflatoxin B1 production by A. flavus was decreased by P.
verrucosum under most conditions but was enhanced by F. poae at 20°CjO.97aw and at
30' CjO.90aw. A. flavus decreased Ochratoxin A production by P. verrucosum except at 0.90
Clw and increased T-2 toxin production at 20 °CjO.95Clw but not at 20 CjO.97Clw. Interaction
between F. poae and P. verrucosum decreased ochratoxin A production but enhanced T-2
toxin production.
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Introduction
Grain may be colonised by microorganisms at all stages of its development before
harvest and during storage. Inoculum of a wide range of species can be present on the
grain surface, often in close proximity. When the propagules of the microorganisms
germinate, different species compete for space and substrate. How they interact with one
another will determine which species survive.
Colonisation of barley by Aspergillus spp., Penicillium spp. and Fusarium spp. is
common (Hill and Lacey, 1983). Some species produce mycotoxins but it is not known how
their mycotoxin production is affected by the presence of other species. In maize before
harvest, Aspergillus flavus infection and aflatoxin contamination can be decreased by the
presence of Fusarium moniliforme (Wicklow et aI., 1988) and Penicillium oxalicum (Ehrlich
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et al., 1985) while in stored grain it may be enhanced by Hyphopichia burtonii and Bacillus
amyloliquejaciens (Cuero et al., 1987). In some conditions, ochratoxin A production by P.
viridicatum and zearalenone production by F. graminearum were also enhanced by the
presence of other filamentous fungi in maize (Cuero et aZ., 1988). However, the

relationship between fungal growth and mycotoxin production during interspecific
interactions has never been determined.
We report here studies of the early growth of interacting fungi on grain surfaces by
scanning electron microscopy, and their subsequent colonisation of the grain, assessed by
direct and dilution plating. Mycotoxin production in barley by A. flavus, P. verrucosum and
F. poae were assayed in single and paired cultures in different environments.
Materials and methods
Preparation of spore suspensions
Spore suspensions ofA. flavus, P. verrucosum and F. poae were prepared from 14 dayold-cultures on a~toclaved barley grain, incubated at 25 °C, by mixing 4-5 colonised grain
in sterile distilled water containing 0.05% Tween-20. Concentrations were adjusted to 106
spores ml- l and used to prepare inoculum containing 2.5 x lOS spores mI- l by mixing 100
}'l of stock suspensions of one or two fungi with distilled water in a 96 well rnicrotitre plate.
Thus 2 }'l of suspension contained 250 spores of each fungus either alone or paired with
another species.
Inoculation of grain
Barley grains, sterilized with 12 kGy gamma irradiation (Ramakrishna et al., 1990b),
were adjusted to 0.97, 0.95 or 0.90 3w (water contents 27.4%, 24.4% and 20.2%
respectively) by adding sterile water. Individuals grains of different 3w were aseptically
transferred to compartmentalized Petri dishes (Sterilin; 25 wells, each 2 cm square x 2 cm
deep), and placed dent side down leaving the flat side exposed. Individual grains were
then point inoculated on the flat side with 2 }'l of single or mixed spore suspension.
Gamma irradiated barley grains (10 or 40 g) adjusted to different 3w were also
aseptically transferred to bags made of microporous film (ValmicR, Vanleer UK Ltd) and
inoculated with suspensions containing 106 spores mI- l of toxigenicA. flavus, P. verrucosum,
F poae, either alone or in pairs, with 0.1 ml of each per 10 g grain.
Controlled environment incubation
Petri dishes containing inoculated grain were incubated at 20 ° or 30 °C in desiccators
containing glycerol solution of the same 3w. Concentrations of glycerol required to give
0.97, 0.95 or 0.90 3w were respectively, 1.6, 2.75 and 5.5 molal (Dallyn and Fox, 1980).
Microporous bags containing inoculated grain were incubated at 20°C or 30°C in a
controlled environment incubator (NAPCa 7300) at 97%, 95% or 90% relative humidity
for 14 days.
Scanning electron microscopy of fungal growth on the grain surface
Every 12 h, up to 96 h, one grain from each inoculation treatment was fixed for 24 h
in formaldehyde vapour in a desiccator. Grains were then mounted onto aluminum stubs,
gold coated with a sputter coater (EMScope, Model AE 1231) and examined by scanning
electron microscope (Hitachi S450). The lengths of the longest hyphae from 20
germinating spores of A. flavus, P. verrucosum and F. poae growing alone or with another
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species were measured at magnifications of 100, 1000 or 10000 times.
Assessment of grain colonisation by fungi
Colonisation of barley grain by A. flavus, P. verrucosum and F. poae in single and
paired cultures was determined after 14 days incubation by direct and dilution plating of
10 g samples.
Estimation of mycotoxin production in single and paired cultures
Production of aflatoxin Bt , T-2 toxin and ochratoxin A in grain, by toxigenicA. flavus,
P. verrucosum and F. poae respectively, growing alone or with another species, was
determined after 14 days incubation by enzyme linked immunosorbent assay (ELISA)
(Ramakrishna et al. 1990a) using 40 g samples in two replicates.
Statistical analysis
Analyses of variance were performed on results of ELISA assays of toxins using 10glO
transformed values.
Results
Spore germination of interacting fungi on the grain surface
Conidia ofA. flavus or P. verrucosum and micro-conidia of F. poae have distinct shapes
and ornamentations that enables them to be identified by scanning electron microscopy.
The ornamentation of A. flavus conidia is lobate-reticulate and of P. verrucosum microverrucose and both conidia are globose. F. poae micro-conidia are irregularily ridged and
obovate in shape.
When inoculated in pairs onto the grain surface, all species germinated in the presence
of all others and in all environments tested, producing a germtube which grew linearly on
the grain surface. At 20 C, spores of all three species germinated within 18 h at 0.97 and
0.95 ~ but at 0.90 ~ A. flavus germinated only after 36 h but the other species within 24
h. At 30 C, A. flavus germinated within 6 h at 0.97 and 0.95 ~ but took 12 h at 0.90 ~
while P. verrucosum germinated only after 18 h at 0.97 or 0.95 Sw and F. poae after 12 h.
Both P. verrucosum and F. poae germinated within 24 hat 30 CjO.90Sw. Germination was
unaffected, even when the spores of the interacting fungi were in contact, and 40-60%
spores of all species germinated whether alone or paired with another species. However,
only < 10% of A. flavus spores germinated at 20 CjO.90Sw.
0
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Growth and mycotoxin production of interacting fungi
Growth and mycotoxin production of A. flavus, P. verrucosum and F. poae in single
and paired cultures are shown in Tables I-III.
kpergil/us flavus and Penicillium veTTUCosum: At 20 C, linear growth of P. verrucosum on
0

the grain surface was much faster than that ofA. flavus and was unaffected by its presence.
Growth of A. flavus was restricted by P. verrucosum within 36 h at 20 C and 0.97 or 0.95
~ and after 96 h at 0.90~. At 30· C at all a"... linear growth of A. flavus was unaffected
by P. verrucosum and that of P. verrucosum was almost prevented by the presence of A.
flavus after 24 h at 0.97 or 0.95 Sw but only after 48 h at 0.90 Sw. Seed infection and cfu
of P. verrucosum were decreased by the presence of A. flavus under all conditions but
especially at 30· C while those of A. flavus were unaffected by P. verrucosum at
0
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30·C/0.97a... or 30·C/0.95a... but were decreased under other conditions as compared to
single cultures of A. flavus and P. verrucosum (Tables I and II)
Aflatoxin B1 production by A. flavus was decreased by competition with P. verrucosum
under all conditions except at 30· C/0.95 a... where production compared to single culture,
was slightly increased (Table I). Ochratoxin A production by P. verrucosum was
significantly decreased in competition with A. flavus at 0.97 and 0.95 a... at both
temperatures but at 0.90 a."., production was increased (Table II).
Aspergillus flavus and Fusarium poae: On the grain surface at 20· C, F. poae grew faster
than A. flavus at all a... but neither species was affected by the presence of the other.
However, at 30· C, A. flavus grew much faster than F. poae with no difference from pure
culture, while growth of F. poae was always decreased by A. flavus. A. flavus seed infection
and cfu were unaffected by F. poae but those of F. poae were decreased by A. flavus

(Tables I and III).
More aflatoxin B1 was produced in competition with F. poae at 20·C/0.97a... and at
30· C/0.90a... but less under all other conditions compared to single cultures of A. flavus
(Table I). T-2 toxin production was decreased by A. flavus at 20·C/0.97a... but was
significantly increased at 20· C/0.95 a... (Table III). No T-2 toxin was produced by F. poae
at 30·C or at 0.90 a....
Table I. Growth and aflatoxin B1 production by Aspergillus flavus (Ai) in single
and paired cultures on barley grain.
Assessments

At
alone
~

At in the presence of:
F. poae
P. verrucosum

20· 30·C

20· 30·C

20·

30·C

Linear growth 1
on grain surface
(J.lm)

0.97
0.95
0.90

200 750
100 600
5 40

42
14
7

800
500
65

170
110
6

700
550
50

Seeds2
infected (%)

0.97
0.95
0.90

100 100
100 97
8 99

92
53
10

99
98
59

100
98
9

100
100
80

Log colonr
forming units

0.97
0.95
0.90

7.6 7.7
7.9 7.7
3.0 6.1

7.7
5.2
2.0

7.7
7.0
4.4

8.5
7.6
3.1

7.4
7.1
5.7

Aflatoxin B12,3
(Log ng/g)

0.97
0.95
0.90

1.8 3.6
1.6 3.4
1.5 1.6

1.6
1.0
1.5

3.2
3.5
1.4

2.0
1.2
1.2

3.6
3.3
1.9

1, Linear growth recorded by SEM after 36 h at 20· C or after 24 h at 30· C.
2, Seed infection, cfu and mycotoxin production determined after 14 days incubation.
3, s.e.d ± 0.14
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Table II. Growth and ochratoxin A production by Penicillium verrucosum (Pv) in single
and paired cultures on barley grain after 14 days at different ~ and temperatures.
Assessments

Pv
alone
~

20°

linear growth 1
on grain surface
(JLm)

0.97
0.95
0.90

290
250
70

Seeds2
infected (%)

0.97
0.95
0.90

Log colonr
forming units
Ochratoxin A 2,3
(Log ng/g)

Pv in the presence of:
A. flavus
F.poae
20°

30°C

20°

40
47
23

300
270
80

12
31
10

225
180
65

37
40
33

97
96
32

95
62
4

10

43
15

15
8
0

94
89
36

96
65
2

0.97
0.95
0.90

9.4
8.6
6.7

8.5
8.4
4.9

8.9
8.7
5.7

6.0
4.1
0.0

9.4
8.6
6.7

8.0
7.4
3.4

0.97
0.95
0.90

5.0
3.3
2.4

3.2
2.1
1.7

4.4
3.2
2.5

0.5
1.9
2.0

4.9
3.4
2.3

2.9
2.0
1.9

30°C

30°C

1 and 2, see Table I. 3, s.e.d ± 0.16

Table III. Growth and T-2 toxin production by Fusarium poae (Fp) in single and
paired cultures on barley grain after 14 days at differen ~ and temperatures.
Assessments

Fp
alone

Fp in the presence of:
A. flavus
P. verrucosum

~

20°

30°C

20°

linear growth l
on grain surface
(JLm)

0.97
0.95
0.90

300
220
15

350
225
17

300
105
15

Seeds2
infected (%)

0.97
0.95

91
10

24
4

Log colonr
forming units

0.97
0.95

5.6
2.5

T-2 toxin2,3
(Log ng/g)

0.97
0.95

3.2
2.7

20°

30°C

45
60
5

290
190
11

300
200
11

14
3

11
0

1
0

7
0

2.0
1.9

0
0

0
0

0
0

0
0

0.0
0.0

3.1
3.0

0
0

3.4
3.2

0
0

1 and 2, see Table I. 3, s.e.d ± 0.08
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30°C

Penicillium verrucosum and Fusarium poae: At 20' C, growth rates of both species on the
grain surface were similar at 0.97 or 0.95 aw but P. vermcosum gre,w faster than F. poae at
0.90 aw. Growth of both P. vermcosum and F. poae were only slightly less when mixed than
in pure culture at 0.97 and 0.95 aw and 20' C. At 30' C at both 0.97 and 0.95 aw, F. poae
grew much faster than P. vermcosum but neither species grew much less than in pure
culture. However, seed infection and cfu of F. poae were decreased by P. vermcosum but
those of P. vermcosum were little affected (Tables II and III).
Ochratoxin A production was decreased significantly by competition with F. poae
except at 20' CjO.95aw and at 30' CjO.90aw where it was slightly enhanced (Table II). T-2
toxin production by F. poae was significantly increased by P. vermcosum at 20'CjO.97aw
and 20' CjO.95aw (Table III). No T-2 toxin was produced by F. poae at 30 C nor at 0.90
aw in either single or paired cultures.
0

Discussion
Interspecific interactions on grain may occur during spore germination, growth and
spore production. There was no inhibition of spore germination in the presence of other
fungi on the grain surface and all spores germinated to give a linear germtubes. Growth
rates differed with species and environmental conditions. Growth of A. flavus was much
faster at 30' C than at 20' C and P. vermcosum faster at 20 C. Initial growth of F. poae
was relatively unaffected by temperature at all aw. Although F. poae spores germinated at
0.90 aw, growth was extremely slow. F. poae seed infection and cfu could not be detected
at 0.90 aw, even after 14 days incubation.
WhenA. flavus and P. vermcosum were inoculated together, their relative growth rates
under different environmental conditions determined which species would colonise most
of the available surface area on the grain. Both species produced extensive hyphal growth
under favourable conditions which restricted the growth of competing species on the grain
surface. Colonisation of grain by both species was decreased in paired cultures under most
environmental conditions. Usually decreased seed infection by P. vermcosum was
accompanied by decreased cfu production, but at 20'CjO.97aw or 20'CjO.95aw, cfu were
unaffected although seed infection was decreased by 50-90% in the presence of A. flavus.
F. poae grew faster than both P. vermcosum and A. flavus at 20' C, but growth of these
species was little affected by F. poae in mixed infections. F. poae produced fewer hyphae
than the other two species and this may have been insufficient to prevent growth of the
competing species. Interacting hyphae of all three species always appeared normal without
any structural changes suggesting that toxic substances are not involved, at least in the early
stages of competition.
Mycotoxin production was significantly affected by interactions between aw,
temperature, incubation period and competing fungi. Decreased colonisation by A. flavus
and P. vermcosum in mixed cultures resulted in decreased production of both aflatoxin B1
and ochratoxin A under most environmental conditions. Ochratoxin A production was
almost completely inhibited in the presence of A. flavus at 30 CjO.97aw and was
significantly decreased in mixed culture at 30 CjO.95aw than single cultures of P.
vermcosum. Although growth of P. vermcosum was decreased by A. flavus at 30' CjO.90aw,
ochratoxin A produ~tion in paired culture was twice that of P. vermcosum grown alone.
At 0.90 aw. aflatoxin B1 production was either decreased or unaffected in the presence of
P. vermcosum but was enhanced in the presence of F. poae although only at 30 C.
Previously, Cuero et ai. (1988) had observed enhancement of both aflatoxin B1 and
0

0

0

0
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zearalenone production in paired fungal cultures at 0.90 llw but inhibition at 0.98 a..,
irrespective of temperature and competing species.
T-2 toxin production was significantly enhanced by competition with P. verrucosum,
although growth of F. poae was decreased. Growth of A. flavus was not affected by F.
poae, but aflatoxin B1 production was decreased at 20 CjO.95 and enhanced at
20 CjO.97llw while the reverse occurred with T-2 toxin production by F. poae in the
presence of A. flavus. Fabri et al. (1984) have found that T-2 toxin could stimulate
aflatoxin B1 production by A. flavus in liquid culture. Although T-2 toxin was produced by
F. poae at 20 CjO.97 and 0.95a.., aflatoxin B1 production was enhanced only at 0.97 llw and
decreased at 0.95 llw in the presence of F. poae compared to production in pure cultures
of A. flavus.
Thus, growth and mycotoxin production of individual species during fungal interactions
was significantly influenced by environmental conditions, but our results do not suggest a
single mechanism that may be operating. There could be several chemical substances that
might mediate mycotoxin enhancement or degradation during fungal competition, but their
effects may differ with differing environmental conditions and incubation periods, perhaps
because their concentrations change.
0

0

0
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RESUME

Aspergillus flavus, Penicillium verrucosum, Fusarium poae et
1a levure, Hyphopichia burtonii, ont ete inocules a de l' orge,
individuellement, OUpar deux et incubes a 0,97, 0,95 ou 0,90 a w
et 30 ou 20 C. La contamination des grains a ete mesuree par
denombrements de germes par dilution et par depot direct sur
milieu. La production d'aflatoxine 81 (AF8l), de toxine T-2 (T2)
et d 'ochratoxine A (OA) a ete mesuree a la fois dans les
cultures fongiques simples ou mixtes apres 7, 14 et 21 jours
d'incubation par dosage ELISA. La colonisation par A. flavus a
ete redui te par la competition avec P. verrucosum a toutes les
a w et a 20 C, mais n' a pas ete modifiee a 30 C, tandis que
celle de P. verrucosum diminuai t fortement dans sa competition
avec A. flavus dans la plupart des conditions d' incubation. La
croissance de F. poae a ete affectee par la competition avec
toutes les autres especes. La production d'AFBl par A. flavus a
ete nettement diminuee en competition avec P. verrusocum dans la
plupart des milieux d I incubation mais s' est trouvee nettement
augmentee en competition avec F. peae a 0,97 a w et a 20 C. La
production
d'OA par P. verrusocum a nettement diminue en
competition avec A. flavus a 0,97 ou 0,95 a w a la fois a 20 et a
30
C, mais s' est trouvee legerement augmentee a 0,90 a w aux
deux temperatures. L'interaction entre F. poae et P. verrucosum
a donne une diminution de la production d'OA mais a augmente la
production de T2.
Lorsque A. flavus a ete mis en competition
avec F. poae a 20 C, la production de T2 a diminue a 0,97 a w
mais a ete legerement augmentee a 0,95 a w' Les taux de AF8l, T2
et OA ont ete nettement diminues lorsque les champignons
toxinogenes ont ete mis en competition avec H. burtonii dans 1a
plupart des conditions d'incubation.
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