Responses of Fungi to Modified Atmospheres
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Abstract

The use of controlled atmospheres (CA) for insect control in the bulk storage of grains can have
the added benefit of controlling mould growth and mycotoxin production. Mould deterioration
accounts for significant losses in stored grains, particularly in tropical countries where the
temperature and relative humidity are high. The problem is exacerbated where grains are
inadequately dried before entering storage.

Atmospheres high in CO, are more effective in controlling fungal growth than those which
exclude O, by replacement with nitrogen. Although most fungi require some oxygen for growth,
many 5p01lage species are efficient scavengers and are capable of near normal growth in O,
concentrations of <1%. Atmospheres containing about 20% CO, generally inhibit mould growth
but >80% CO, may be required to prevent fungal deterioration of high moisture commodities.
Some Fusanum Aspergillus, and Mucor species are particularly tolerant of high levels of CO,
Mycotoxin production is more sensitive than fungal growth to low O, and high CO,.
Concentrations of CO, between 20 and 60% have been demonstrated to prevent or sagmﬁcanlly
reduce mycotoxin pro"duction by some Fusarium, Aspergillus, and Penicillium species. Reduction

of O, content is less effective in preventing mycotoxin formation.

MEepIiUM to long term storage of grains in
tropical regions presents many problems, as
grain is frequently stored at a higher moisture
content than is desirable, and invasion pressure
from insects is often high. Both these factors
will also encourage mould growth, and
postharvest losses in stored grains due to
insects and other pests, and fungal spoilage are
considerable.

The introduction of controlled atmosphere
storage of commodities for insect control also
offers considerable scope for control of fungal
deterioration. However, many storage fungi are
capable of growth in low partial pressures of
oxygen, and reduction of available oxygen is
often not sufficient to prevent moulding,
particularly of high moisture grains, Elevated
levels of CO, are more inhibitory to mould
growth, but other factors, such as temperature
and moisture content, will affect the degree of
inhibition exerted by controlled atmospheres.
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Effect of Controlled Atmospheres
on Mycoflora of Stored
Commodities

Investigations into the effects of reduced O,
and increased CO, on moulds in stored
commodities date back at least to the early
1950s, when hermetic storage of grains was
proposed as a new technology (Vayssiére
1948). The earliest studies were undertaken
with maize (Bottomley et al. 1950) and wheat
(Peterson et al. 1956) and dealt mainly with
spoilage by storage fungi. Studies undertaken
after the mid 1960s were more concerned with
the proliferation of mycotoxigenic fungi, and
the effects of controlled atmospheres on
mycotoxin production.

Maize

Storage of %high moisture content maize
presents a significant problem in many parts of
the world, including the USA. Bottomley et al.
(1950) investigated the effects of reduced



Hxygen on maize stored at relative humidities
hetween 75 and 100%, and temperatures from
»5 1o 45°C, but their storage period was only 12
jays. They found that mould growth was
significantly reduced but not prevented by
storage in an atmosphere of 0.1% O, and 21%
-0, Different moulds predominated depending
>n the storage conditions. At 80% relative
numidity, Penicillium species were dominant at
25°C, Aspergillus flavus at 30°C, and Eurotium
species at 35°C (Table 1). Mould growth was
less at 40 and 45°C, but Mucor was pre-
{ominant at 45°C, especially when the oxygen
~oncentration was 5% or less. In maize at 90%
gRH or higher, Candida species proliferated in
‘he 0.1% O, and 21% CO, atmosphere at 25°C,
but not at higher temperatures.

Wilson et al. (1975) investigated the effects of
modified atmospheres on the survival of the
roxigenic moulds A. flavus and Fusarium
moniliforme in freshly harvested high moisture
maize (moisture content 29.4%) and maize re-
wetted to 19.6% moisture. The maize was
inoculated with A. flavus and exposed to
atmospheres of air, N, (99.7%, balance O,),
CO, (61.7%) and low O, (8.7%), and a CA
mixture of 13.5% CO,, 0.5% O, and 84.8% N,.
In the freshly harvested maize, A. flavus levels
increased in the air control to 90% kernel
infection after 2 weeks, but with the other
treatments kernel infection rate was only 5-18%
after 4 weeks (Fig. 1). F. moniliforme was
recovered from 21% of the kernels initially, but
in subsamples exposed 0  modified
atmospheres for four weeks, then held for 1
week in air, was present in 100% of kernels

Table 1. Predominant mycoflora in maize stored for
12 days at 80% ERH in 20% CO, and 0.1% 02. Data
of Bottomley et al. (1950).

Temperature Species
°C) (%)
25 Penicillium  (53)
A. flavus (45)
30 A. flavus (90)
35 Eurotium (50)
Penicillium  (50)
40 Eurotium (70)
A. flavus (25)
45 Mucor (25)
Peniciltium  (50)
A. flavus (15)

from all three treatments. The CO, + low O,
sample developed an unpleasant odour, and
was visibly overgrown with an unidentified
yeast. In the rewetted maize, A. flavus did not
decrease in any of the treatments, and
increased in the N, and CA treatments. The
incidence of F. moniliforme increased from 67%
to near 90% in all treatments. The incidence of
other fungi (Penicillium, Eurotium, other
Aspergillus species, Rbizopus and Mucor) was
low, and did not increase during modified
atmosphere storage.

In a longer term experiment, Wilson et al.
(1977) used maize with a moisture content of
18.8% for a storage trial in an atmosphere of
14-15% CO, and 0.5-1.0% O,. Maize stored for
35 and 109 days in this atmosphere was tested
for aflatoxins and the presence of A. flavus and
F. moniliforme. No aflatoxin was detected after
35 or 109 days, whereas a control sample
stored in air contained 472 pg/kg total
aflatoxins. A significant proportion of the
kernels contained A. flavus (30-47%) and F.
moniliforme (35-47%), after both storage
periods, and 27% of kernels contained a
Penicillium species after 109 days storage. The
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Fig. 1. Effects of modified atmospheres on

Aspergillus flavus infection of inoculated high-
moisture maize. Data of Wilson et al. (1975).

(@) Air (0.03% CO,, 21% O,, 78% N,)

(O) CO, + low O, (61.7% CO,, 8.7% O,, 29.6% N,)
(W) N, (99.7% N,, 0.3% O,)

(Q) CA (13.5% CO,, 0.5% O,, 84.8% N,)
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maize was not Fusarium or

Penicilliuum toxins.

Controlled atmosphere storage of high
moisture maize in atmospheres containing <1%
O, could be used for temporary holding before
drying, or, at lower temperatures, for longer-
term storage, the main advantages being
residue-free insect control and retardation of
fungal growth. However, because most fungi
are not killed by low O, atmospheres, the safe
storage period for high moisture maize is
limited and the maize will deteriorate rapidly
upon exposure to the normal atmosphere.

assayed for

Peanuts

Much attention has been paid to control of
aflatoxin production in stored peanuts by use
of controlled atmospheres, and this aspect will
be addressed later in this paper. However,
relatively little has been published on the
mycoflora changes that occur in peanuts stored
under controlled atmospheres over long
periods.

The effects of CO, on growth and sporulation
of A. flavus on high moisture peanuts were
reported by Landers et al. (1967) and Sanders et
al. (1968). Growth and sporulation were
reduced with each 20% increase in CO, from
20% to 80%, with no growth occurring in 100%
CO,. Growth was much reduced in atmos-
pheres of < 5% O,, and almost completely
inhibited at < 1% O,. Concentrations of CO, in
excess of 20% were required before there was
any inhibition of growth of A. flavus in high
moisture peanuts. However, Jackson and Press
(1967) reported that incidence of A. flavus at
27°C on shelled peanuts of 5.0% moisture con-
tent {(m.c.) or unshelled peanuts at 7.5% m.c.
was not reduced by storage in atmospheres
containing 3% O, or 82% CO, in air compared
with air storage over 12 months.

Wilson et al. (1985) used pilot scale experi-
ments to determine if long-term storage of
peanuts was practical in modified atmospheres
with minimal deterioration due to mould
spoilage, aflatoxin contamination and insect in-
festation, without use of refrigeration or
pesticides. Two large bins of peanuts (1996 kg
and 6451 kg) were stored in an atmosphere of
approximately 60% CO, (balance air), at a
moisture content of 6-7% for one year,

The smaller (metal) bin experienced moisture
migration due to condensation of water on or
near the surface at night, the moisture content

of the peanuts at the top rose to 11.1% and
they were visibly mouldy after 16 weeks. After
this time, the atmosphere was recirculated, and
moisture  contents  rapidly  equilibrated
throughout the bin. The most common species
at the top of the bin were A. flavus, Eurotium
species, and an unidentified white yeast,
possibly a Candida species (Table 2). Other
Aspergillus species (A. candidus, A. ochraceus
and A. miger) were also recorded on 18% of
kernels, while Rhizopus and Penicillium were
less frequently isolated. The same species of
fungi were isolated from kernels at the bottom
of the bin, but in much lower numbers (Table
2). Despite the high incidence of A. flavus, no
aflatoxins were detected.

In the second trial with the larger (fibre-glass)
bin of peanuts, the atmosphere of 55-60% CO,
was recirculated, and there was no moisture
migration. The only major change observed in
the mycoflora was a decrease in superficial
Penicillium contamination for 64 to 16%.
Aflatoxins were not detected during the 54
week trial.

Wheat

The mycoflora of wheat differs from that of
maize and oilseeds. Wheat is usually drier
when harvested, and in general A. flavus and F.
moniliforme cause fewer problems in this
commodity.

Petersen et al. (1956) stored wheat of 18%
m.c. for 16 days at 30°C under atmospheres
with varying concentrations of oxygen and
carbon dioxide. In 4.3% O,, the mycoflora was
dominated by Eurotium species (80%), with
Penicillium species and A. flavus also present
(10% each). When O, was reduced to 2.3%,

Table 2. Fungal colonisation of peanut kernels
stored at 7% m.c. in 50-60% CO, in an outside bin at
ambient temperatures for 12 months. Data of Wilson
et al. (1985).

Species Percent kernel invasion

Top of bin Bottom of bin
A. flavus 95 18
A. candidus 5 1
A. niger 9 20
A. ochraceus 4 1
Eurotium % 87 21
Penicillium  * 3 4
Rhizopus 12 38
Candida

100 11




only Eurotium (67%) and Penicillium (33%)
| were present (Table 3). In 0.2% O, only
Furolinm species were detected, and their
pumbers were much reduced (Table 3). With
4 mixtures containing 21% O, and varying
concentrations of CO,, there was no significant
change in numbers of fungi present in up to
18.6% CO,. However, growth was almost com-
pletely inhibited by 50% and 79% CO, (Fig. 2).
Eurotium species were the most tolerant of
evated levels of CO,
shejbal and Di Maggio (1976) and Di Maggio
et al. (1976) stored wheat of 18% m.c. in pure
nitrogen, and found that mould growth was
inhibited, and fungi gradually decreased with
ime. After 30 weeks, there was an increase in
Aspergillus candidus. After 54 weeks, the total
mould count was 6 x 104/gram, a quite accept-
able level for wheat. Under 0.2% O,, mould
growth at 18-26°C on wheat of 17.4% m.c. was
substantially inhibited in comparison with the
air control. However, with both treatments, A.
candidus eventually proliferated, reaching
counts of 6 x 10%/gram after 3 and about 20
weeks, respectively.

el

Rice

In a study on naturally contaminated rice,
Richard—Molard et al. (1986) investigated the
effects of oxygen deficiency on microflora of
grain rewetted to 0.87 and 0.94 a,, and stored
for 2-4 months. They found that in the samples
where the moisture content was low enough to
prevent bacterial growth (0.87 a,,), most storage

Table 3. Effect of oxygen concentration on mould
population and distribution in wheat stored for 16
days at 18% moisture and 30°C. Data of Peterson et

al. (1956).
Oxygen (%) Moulds/g Species

0.2 7.0 x 103 Eurotium

2.3 1.9 x 105 Penicillium
29 x 105 Eurotium

43 1.0 x 105 Penicillium
8.0 x 105 Eurotium
1.0 x 105 A. flavus

8.0 1.0 x 105 Penicillium
5.6 x 105 Eurotium

20.6 6.8 x 105 Penicillium
3.9 x 105 Eurotium
5.6 x 104 A. flavus

fungi, including Penicillium and Aspergillus
were inhibited by atmospheres of less than 1%
O,. However, yeasts (Candida spp.) and the
yeast-like fungus Auwreobasidium pullulans
were able to develop, even with less than 0.5%
O,, and the higher the a,, the more rapid the
growth. In the complete absence of O, (under
100% CO, or N,), there was no fungal growth.
At ay, values higher than 0.90, lactic acid
bacteria proliferated, and were not inhibited by
any of the atmospheres studied.

Effect of Gas Mixtures on Growth
of Fungi

The two factors that need to be considered in
preventing fungal growth in controlled
atmospheres are (1) the minimum amount of
oxygen required for fungal growth and (2) the
inhibitory effects of high levels of CO,.
Atmospheres high in nitrogen aré only effective
because of their low O, content, as nitrogen
itself has no inhibitory effects.

Oxygen Requirements

Many fungi are able to grow in the presence
of very small amounts of oxygen (Miller and
Golding 1949; Follstad 1966; Wells and Uota
1970; Walsh 1972; Yanai et al. 1980; Gibb and
Walsh 1980; Magan and Lacey 1984). Anaerobic
growth has also been reported for several fungi,
for example, Fusarium oxysporum (Gunner and
Alexander 1964) and some species of
Mucorales that are used as starter cultures for

Mould count/gram

1 I 1 ! —
4 5 10 b1 ] 40 &0

Carbon dioxide (%)

Fig. 2. Effect of CO, tension on mould count in
wheat incubated 20 days at 30°C and 18% moisture.
All gas mixtures contained 21% O, Data of Peterson

et al. (1956).
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food fermentations in Asia (Hesseltine et al.
1985). Tabak and Cook (1968) reported 'good
to very good' growth of a range of species
under 100% nitrogen. The strongest growth was
exhibited by Geotrichum candidum, a
yeast-like fungus, Mucor beimalis, Fusarium
oxysporum, and F. solani. However, 'good'
growth was observed in Aspergillus niger, A.
JSumigatus, Penicillium aurantiogriseum, and P.
brevicompactum, and the black yeast-like
fungus Aureobasidium pullulans. Such an-
aerobic growth can take place only if a number
of growth factors (vitamins, oxygen donors in
the form of higher oxidation states of certain
elements) are supplied.

What is perhaps more relevant to CA storage
of commodities, is the ability of many common
field and storage fungi to grow in atmospheres
containing <1% O, (Fig. 3). Of the field fungi
present on grains at harvest, e.g. Fusarium

species,  Alternaria, other dematiaceous
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Fig. 3. Effects of reduced O, tensions on growth of some field and storage fungi.

(1980); and b. Gibb and Walsh (1980).

hyphomycetes, Rbizopus, yeasts, elc., some
grow very well in low levels of oxygen.
Fusarium moniliforme, F. oxysporum, F.
culmorum, and F. solani all grow strongly in
atmospheres containing 1.0% to 0.1% O, or
even less (Gunner and Alexander 1964; Tabak
and Cook 1968; Walsh 1972; Gibb and Walsh
1980; Magan and Lacey 1984), provided that
other growth conditions such as temperature
and water activity are favourable. Some
Rbizopus and Mucor species can also grow at
low oxygen tensions (Wells and Uota 1970;
Gibb and Walsh 1980; Yanai et al. 1980) or
even anaerobically (Hesseltine et al. 1985), and
can proliferate in high moisture commodities
stored under low oxygen atmospheres
(Bottomley et al. 1950; Wilson et al. 1975).
Other field fungi such as Alternaria and
Cladosporium herbarum are more sensitive 1o
reduced oxygen tensions (Magan and Lacey,
1984) and gradually die out during storage.
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storage fungi such as Penicillium and
Aspergillus species are generally more sensitive
0 low levels of O, than the more tolerant field
| fungi. With the exception of P. roquefortii, the

growth rates of most Penicillium species are
reduced by more than 50% in atmospheres of
1% O, or less (Yanai et al. 1980; Magan and
[acey 1984). Of the Aspergillus species, A.
candidus is the most tolerant of reduced O,
conditions (Magan and Lacey 1984) and thus
can proliferate in CA stored wheat (Shebjal and
Di Maggio 1976; Di Maggio et al. 1976). Some
Eurotium species are also reasonably tolerant
of low O, levels (Petersen et al. 1956; Yanai et
al. 1980).

In our laboratory, studies on a number of
spoilage fungi isolated from low O, en-
vironments have shown that most are inhibited
only slightty when grown in nitrogen
atmospheres, with 0-1.0% O, (Fig. 4). Isolates
of Penicillium corylophilum and P. glabrum
from vacuum-packed jams were able to grow at
66-90% of their control rate (air) when sealed
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in barrier film with an atmosphere of nitrogen.
Fusarium equiseti and F. oxysporum which
caused fermentative spoilage of UHT fruit juices
grew at 88-97% of their normal rate. A
Cladosporium species isolated from the inside
of a UHT pack of apple juice was little affected
by lack of oxygen, growing at 95-100% when
sealed in an atmosphere of nitrogen. Mucor
plumbeus and Absidia corymbifera also grew
strongly in nitrogen. The xerophilic fungus
Eurotium repens grew at 60-90% of the control
rate, depending on the growth medium, and
the extreme xerophile Xeromyces bisporus grew
at the same rate in air and in nitrogen (Fig. 4).

Effects of Increased Carbon Dioxide Levels

Levels of CO, from 4% to 20% can be
stimulatory to growth of many fungi in
atmospheres containing low levels of O, (Wells
and Uota 1970; Gibb and* Walsh 1980),
conditions that may well arise during sealed
storage of commodities. However, elevated CO,
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Fig. 4. Growth rates (relative to air) of nine fungi in O,, N,, and CO,. Fungi were grown in pure culture on
Petrislides (Millipore Corp.) sealed inside barrier film containing the appropriate atmosphere, and incubated at
25°C. Growth was measured by radial growth rate of colonies.
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concentrations are generally much more
effective in controlling fungal growth than
oxygen depletion. Thus, atmospheres rich in
CO, are more likely to prevent mould
deterioration of CA stored high moisture
commodities than atmospheres of nitrogen with
traces of O,. Typical insecticidal atmospheres
used for grain storage are 1% O, in nitrogen and
60% CO, 40% air (Banks 1981), and while both
may be equally effective in controlling insect
populations in stored grain, the CO,~enriched

atmosphere would be more effective in
controlling fungal growth in high-moisture
commodities.

Atmospheres containing > 50% CO, will sub-
stantially inhibit growth of most spoilage fungi
(Petersen et al. 1956; Wells and Uota 1970) but
there is little information in the literature on their
actual CO, tolerances. Stotzky and Goos (1965)
recorded slight growth of Rhizopus stolonifer,
Mucor hiemalis, and a Trichoderma species in
100% CO,. The same three species grew well in
an atmosphere of 50% CO,, 45% N,, and 5% O,.
Fusarium oxysporum grew in 95% CO,, 5%N,
but not in 95% CO, 'S% O,. Paecilomyces
lilacinus did not grow in either of these
atmospheres, but grew reasonably well in 50%
CO,, 45% N,, and 5% O,.

Magan and Lacey (1984) reported that >15%
CO, was required to halve the linear growth rate
of most of the 14 species of field and storage
fungi tested at 0.98-0.90 a, and 23°C. The
species most sensitive to elevated CO, concen-
trations were Penicillium brevicompactum,
Aspergillus  fumigaius, A. nidulans, and A.
versicolor (Table 4). However, no upper limits of
CO, tolerance were determined, as the
maximum concentration of CO, tested was 15%.

Nine species were tested in our laboratory for
their ability to grow in an atmosphere of 97-99%
CO, with trace amounts of O, and N,. Only
Fusarium oxysporum and Mucor plumbeus
grew, and their growth rates were only 0.5-4%
of those in air (Fig. 4).

Wells and Uota (1970) showed that growth of
Alternaria alternata, Botrytis cinerea, Rhizopus
stolonifer, and Cladosporium hberbarum in
atmospheres of 10, 20, 30, and 45% CO, plus
21% O, decreased linearly with increasing CO,
concentrations and was inhibited about 50% in
an atmosphere of 20% CO, (Fig. 5). Growth of
a Fusarium species, cited as F. roseum was
stimulated at 10% CO,, and inhibited 50% at
45% CO,

Table 4. Concentrations of CO, required to halve the
linear growth rate of field and storage fungi at 23°C.
Data of Magan and Lacey (1984).

Water activity

0.98 0.95 0.90
Field fungi
A. alternata >15.0 >15.0 >15.0
C. cladosporioides >15.0 >15.0 >15.0
C. berbarum 13.0 >15.0 >15.0
E. nigrum >15.0 >15.0 >15.0
F. culmorum 14.0 13.5 >15.0
Storage fungi
P. brevicompactum 11.5 8.5 15.0
P. aurantiogriseum 4.5° 4.0* >15.0
P. hordei >15.0 8.5 9.5
P. piceum >15.0 >15.0 14.5
P. roquefortii >15.0 >15.0 4.5
A. candidus >15.0 >15.0 >15.0
A. fumigatus >15.0 5.2 25
A. nidulans >15.0 6.5 13.5
A. versicolor 12.0 >15.0 14,5
E. repens >15.0 >15.0 >15.0

* Stimulation of growth occurred at higher CO, concen-
trations.

120r L

Mean percent growth (air = 100%)

[¥] 10 20 30 as
Percent CO4

Fig. 5. Growth of five fungi in 21% O, with different
levels of CO,, cultured on liquid media at 19°C.
Growth was measured by dry weight of mycelia.
Data of Wells%and Uota (1970). (O) Fusarium

roseum'; (A) Rbizopus stolonifer; (Q) Alternaria
alternata; (@) Botrytis cinerea; (W) Cladosporium
herbarum.
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The effects of CO, concentrations on fungi

cowing in stored commodities, rather than in

ure culture, seem to vary. Landers et al. (1967)
nd Sanders et al. (1968) reported that growth of
4. flavus on high moisture peanuts was inhibited
by 80% CO,/20% O,, but Jackson and Press
(1967) found no reduction in A. flavus on
ipeanuts stored at 5% m.c. (approximately 0.7
a,) in 82% CO, in air for 12 months. This
perhaps indicates that although 80% CO, will
\inhibit growth of A. flavus, conidia of this
species are not killed by exposure to high
levels of CO, at low a,,. Peterson et al. (1956)
reported that Ewrotium species survived and

rew in wheat stored in 50% CO,/21% O, and
79% CO,/21% O,. However, there is little
evidence that Eurotium species are particularly
tolerant of high concentrations of CO, in pure
culture. Magan and Lacey (1984) found that
>15% CO, was required to halve the linear
growth rate of E. repenms, but this species will
not germinate or grow in an atmosphere of 85%
CO, 12% N, and 3% O, (Hocking, un-
published).

The exact mechanisms of CO, inhibition of
microbial growth are unknown. It is obvious
that it is not simply an oxygen displacement
effect. Most studies have been carried out on
bacteria, and little is known of the effects on
fungi. Research on mechanisms of inhibition of
bacterial growth have been summarised by
Daniels et al. (1985) as follows: (a) the ex-
clusion of oxygen by replacement with CO,
may contribute slightly to the overall effect; (b)
the ease with which CO, penetrates cells may
facilitate its chemical effects on the internal
metabolism; (¢) carbon dioxide is able to
produce a rapid acidification of the internal pH
of cells with possible ramifications relating to
metabolic processes; and (d) carbon dioxide
appears to exert an effect on certain enzyme
systems, though these effects differ for different
species and with differing growth conditions.

Effects of Gas Mixtures on
Mycotoxin Production

Aflatoxins

A number of studies have investigated the
effects of various atmospheres and other envir-
onmental conditions on aflatoxin production,
both in stored commodities and in pure
culture. Landers et al. (1967), investigating

aflatoxin  production in stored peanuts,
reported that aflatoxin production decreased
with increasing concentrations of CO, from
0.03% (air) to 100%, and that, in general,
reducing the O, concentration also reduced af-
latoxin production, particularly from 5% to 1%
O, (Fig. 6). The inhibitory effect of CO, was
greater at 15°C than at 30°C. At 15°C, aflatoxin
production in 20% CO,, 5% O,, and 75% N,
was less than 1% of that in air, and was barely
detectable in an at-mosphere of 40% CO,, 5%
O,, and 55% N,. Sanders et al. (1968) reported
similar results in storage experiments with
peanuts at reduced a,, and temperature. They
found that aflatoxin levels decreased as a,
decreased from 0.99 to 0.86. At a constant
temperature, an increase in CO, concentration
caused a decrease in aflatoxin formation, and
lowering the temperature also decreased the
amount of toxin formed.
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Fig. 6. Influence of various concentrations of O, and
CO, on aflatoxin production in peanuts with kernel
moisture content of 27-30% held at 30°C for 2 weeks.
Data of Landers et al. (1967). (O) CO, with 20% O

(W) O, with no CO,; (D) O, with 20% CO, g

Epstein et al. (1970) studied the effects of
controlled atmosphere (10% CO,, 1.8% O,. and
88.2% N,) on aflatoxin production in liquid
medium and in inoculated maize at room
temperature (which varied from 25 o 35°C)
and at temperatures from 29°C to 1°C. At room
temperature, A. flavus grew well and produced
toxin in both air and CA. At 15°C, aflatoxin
production, but not growth, was inhibited in
CA. Aflatoxin was not produced at 12°C, and
there was little growth at this temperature in air
and none in CA. The minimum temperature for
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aflatoxin production varies with strains, but is
generally 10-12°C (Northolt et al. 1977).

Wilson and Jay (1975) found that maize
inoculated with A. flavus and stored at 27°C for
four weeks in three different modified
atmospheres accumulated less than 20 ug/kg
total aflatoxin compared with up to >1021 pg/kg
for the air control. Remoistened maize was more
susceptible to aflatoxin production than freshly
harvested high moisture maize. Aflatoxin
production in moistened (18.5% m.c.) wheat
incubated at 32°C for up to 21 days was minimal
(<1 pg/kg) in an atmosphere of N, compared
with 123 pg/kg in air (Fabbri et al. 1980).
Clevstrom et al. (1983) also found that small
quantities of aflatoxins were produced when A.
flavus was cultured under an atmosphere of
nitrogen, and that production increased
approximately 15-fold with the addition of B
vitamins and a supply of traces of air. Carbon
dioxide enrichment hindered aflatoxin formation
on a defined medium even in the presence of B
vitamins, but small quantities (5 to 15 pg/litre)
were formed when formic acid was added.

Carbon monoxide can also suppress growth
of A. flavus and aflatoxin formation. Buchanan
et al. (1985) reported that after growth of A.
Sflavus for 32 days in cooked rice medium or
raw pistachio nuts in an atmosphere containing
2% O, and 10% CO, aflatoxin production was
<2% of the production in an atmosphere
containing 2% O, or air without CO.

Other Aspergillus Toxins

Ochratoxin is the only other Aspergillus toxin

that has been studied under modified
atmospheres. Paster et al. (1983) grew A.
ochraceus on solid synthetic medium at
16°C+1°C for 14 days in atmospheres

containing various concentrations of O, and
CO, (Fig. 7). In atmospheres of 1% and 5%
O,without CO,, ochratoxin production was
similar to the zir control. Increasing the O,
level up to 40% reduced ochratoxin production
by 75%, whereas at 60% O,, ochratoxin pro-
duction was enhanced. In atmospheres of 10%
and 20% CO,, ochratoxin production decreased
when O, concentrations were below 20%, and
was enhanced when they were 40% or 60%.
Ochratoxin production was completely in-
hibited by 30% or more CO,, regardless of the
oxygen concentration. Colony growth was
partially inhibited at 60% CO,, and there was
no growth in 80% CO,.

% Ochratoxin production (air = 100%)

1 10 20 30 40 S0 60

04 concentration (%)

Fig. 7. Ochratoxin production by Aspergillus och-
raceus grown under modified atmospheres on solid
synthetic medium at 16°C+1°C for 14 days. Data of
Paster et al. (1983). (O) 0% CO,; (@) 10% CO,; (Q)
20% CO,; (W) 30% CO,,

PenicilliumToxins

The effect of modified atmospheres on
growth and toxin production by Penicillium
species has not been thoroughly investigated,
and there are few reports in the literature. How-
ever, in general, it can be assumed that
elevated levels of CO, will inhibit toxin pro-
duction to some degree. The effect of limiting
O, supplies is less predictable. The effect of
modified atmospheres on patulin production by
Penicillium patulum (now P. griseofulvum) has
been investigated by Paster and Lisker (1985)
(Fig. 8). Cultures grown for 7 days in 1% or 5%
O, but no CO, produced less toxin than the
control (1 and 14 mg/40 mL compared with 45
mg/40 mL for the control). In 10% O, without
CO, patulin production and mycelial dry
weight were similar to the controls. Increasing
the O, content to 60% or 70% decreased patulin
production to 20 and 13 mg/40 mL re-
spectively. Toxin production was also inhibited
when CO, concentration was raised to 20% or
more in the presence of 20% O, Spores
incubated in 100% CO, or N, did not
germinate, but grew normally and produced
patulin in amounts comparable to the controls
when subsequently exposed to air.

Penicillic acid production by Penicillium
martensii (now P. aurantiogriseum) was
studied in mould inoculated maize over a
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Fig. 8. Effects of controlled atmospheres on patulin production by Penicillium aurantiogriseum grown for 7
days in Czapek agar at 26°C. Data of Paster and Lisker (1985)

temperature range of 5° to 20°C in air and in
atmospheres containing 20%, 40% or 60% CO,,
with 20% O, (Lillehoj et al. 1972). Penicillic acid
production decreased with increasing CO,
concentration. Toxin production was greatest in
air at 5°C, but was completely blocked at this
temperature by 20% CO,, and by 40% CO, at
10°C over a four week incubation period.

Fusarium Toxins

As with Penicillium species, little work has
been done on the effects of modified at-
mospheres on toxin production by Fusarium
species, although it is known that many
Fusarium species are tolerant of low O,
tensions and high CO, concentrations.

The effects of MA on production of T-2 toxin
by F. sporotrichioides has been investigated
both in synthetic media (Paster et al. 1986) and
in remoistened irradiated maize (Paster and
Menasherov, 1988). In the synthetic medium,
T-2 production after 7 days at 27°C in an
atmosphere of 50% CO,/20% O, was reduced

to about 20% of the air control (Fig. 9). At 60%
and 80% CO, with 20% O,, there was a
significant reductlon in fungal growth. Toxin
production in 80% CO, was only 1.1 ug/45 mL.
When the same strain of F. sporotrichioides was
grown for 14 days at 26°C+1°C on irradiated
maize remoistened to 22% m.c., the production
of T-2 toxin was totally inhibited under 60%
CO,/20% O,, and only trace amounts were
detected when the gas combination was 40%
CO,/5% O, (Fig. 10). Fungal growth was not
inhibited by any of the gas mixtures examined,
and the growth rate was identical to that for
grains kept under air.

Implications for CA Storage of
Commodities

Storage of commodities in controlled at-
mospheres containing high (>60%) levels of CO,
to prevent insect infestation can also inhibit
mould growth and mycotoxin production, while
atmospheres of nitrogen need to contain <1%
O, to retard fungal growth. Mycotoxin produc-
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tion is more sensitive than fungal growth to CA
257 conditions, but may still occur if other condi-
tions (temperature and a,,) are favourable.
Fungal deterioration cannot be completely
prevented in high moisture commodities (a,
between about 0.90 and 0.80) by CA storage, as
some fungi, particularly some Fusarium, Mucor
and Aspergillus species, are tolerant of levels of
60-80% CO,. Yeasts and yeast-like fungi can
also develop in CA stored high moisture
commodities, causing rancidity and off odours.
At very high moisture levels, above 0.90 a,
lactic acid bacteria may develop, irrespective of
the concentrations of CO, or O, used in the
storage atmosphere.

T-2 (ug/a5 mi)

References

Air 5 10 20 40 50 60 &80 Banks, HJ. 1981. Effects of controlled atmosphere

storage on grain quality: a review. Food Tech-

nology in Australia, 33, 337-340.
Bottomley, R.A., Christensen, CM., and Geddes,
Fig. 9. T-2 toxin production by Fusarium sporotri- W.E. 1950. Grain storage studies IX. The influence
chioides under controlled atmospheres containing of various temperatures, humidities, and oxygen
various concentrations of CO, in 20% O,. Cultures concentrations on mold growth and biochemical
were grown on potato dextrose agar for 7 days at changes in stored yellow corn. Cereal Chemistry,
27°C. Data of Paster et al. (1986) 27, 271-296.

CO» concentration (%)

Colonies/g x 104 @ T-2 toxin, 20% O»p T-2 toxin, 5% O»p

20% 02 59’0 02
100 1 . 100
_ N
© 80t § 80 %
= § "
8 o} § 60 O
5 \ 8
® 40t § la §
L § 2
¥ N\ ©
- 20} N\ 20
\
0 §\‘\. 0

60 0 5 20
CO5 level (%)

Fig. 10. Effects of various levels of CO, and O, on colony counts of Fusarium sporotrichioides and T-2 toxin
production in maize stored under modified atmospheres at 26°C+1°C for 14 days. Data of Paster and
Menasherov (1983)

80



J.R., Sommer, N.F., and Fortlage, R]. 1985.
i Aflatoxin suppression by rpodiﬁed atmospheres
containing carbon monoxide. Journal of the
EAmerican Society for Horticultural Science, 110,

| 638 641.

jeystrom, G-, Ljunggren H., Tegelstrdom, S., and
Tideman, K. 1983. Production of aflatoxin by an
Aspergillus flavus isolate cultured under limited
oxygen supply. Applied and Environmental
Microbiology, 46, 400-405.

yaniels, J.A., Krishnamurthi, R., and Rizvi, S.S.H.
1985. A review of effects of carbon dioxide on
microbial growth and food quality. Journal of Food
protection, 48, 532-537.

y Maggio, D., Shejbal, ., and Rambelli, A. 1976.
studio della sisterriactica della flora fungina in
frumento a diversa umidit conservato in atmosfera
controlla. Informatore Fitopatologico, 26, 11-18.

pstein, E., Steinberg, M.P., Nelson, A.l., and Wei, L.
g, 1970. Aflatoxin production as affected by
environmental conditions. Journal of Food Science,
35, 389-391.

abbri, A.A., Fanelli, C., Serafini, M., Di Maggio, D.,
and Pirazzi, R. 1980. Aflatoxin production on wheat
seed stored in air and nitrogen. Transactions of the
British Mycological Society, 74, 197— 199.

ollstad, M.N. 1966. Mycelial growth rate and
sporulation of Alternaria tenuis, Botrytis cinerea,
Cladosporium berbarum and Rhizopus stolonifer in
low—oxygen atmosphere. Phytopathology, 56,
1098-1099.

;ibb, E., and Walsh, J.H. 1980. Effect of nutritional
Factors and carbon dioxide on growth of Fusarium
moniliforme and other fungi in reduced oxygen
concentrations. Transactions of the British Myco-
logical Society, 74, 111-118.

junner, H.B., and Alexander, M. 1964. Anaerobic
growth of Fusarium oxysporum. Journal of Bacteri-
ology, 87, 1309-1316.

[esseltine, C.W., Featherstone, C.L., Lombard, G.L.,
and Dowell, V.R. 1985. Anaerobic growth of molds
isolated from fermentation starters used for foods
in Asian countries. Mycologia, 77, 390-400.

ickson, C.R.,, and Press, A.F. 1967. Changes in
mycoflora of peanuts stored at temperatures in air
or high concentrations of nitrogen or carbon
dioxide. Oleagineux, 22, 165-168.
anders, K.E., Davis, N.D., and Diener, U.L. 1967. In-
fluence of atmospheric gases on aflatoxin produc-
tion by  Aspergillus  flavus in  peanuts.
Phytopathology, 57, 1086-1090.
illehoj, E.B., Milburn, M.S., and Ciegler, A. 1972.
Centrol of Penicillium martensii development and
penicillic acid production by atmospheric gases
and temperature. Applied Microbiology, 24, 198
201.

Aagan, N., and Lacey, J. 1984. Effects of gas composi-
tion and water activity on growth of field and stor-
age fungi and their interactions. Transactions of the
British Mycological Society, 82, 305-314.

uchanan,

Miller, D.D., and Golding, N.S. 1949. The gas require-
ments of molds. V. The minimum oxygen require-
ments for normal growth and for germination of
six mold culwres. Journal of Dairy Science, 32,
101-110.

Northolt, M.D., van Egmond, H.P., and Paulsch, W.E.
1977. Differences between Aspergillus flavus strains
in growth and aflatoxin B1 production in relation
to water activity and temperature. Journal of Food
Protection, 40, 778-781.

Paster, N., and Lisker, N. 1985. Effects of controlled
atmospheres on Penicillium patulum growth and
patulin production. In: Lacey, ]J. ed., Tricho-
thecenes and other mycotoxins, New York, John
Wiley and Sons, 233-241.

Paster, N., and Menasherov, M. 1988. Inhibition of T—
2 toxin production on high-moisture corn kernels
by modified atmospheres. Applied and
Environmental Microbiology, 54, 540-543.

Paster, N., Barkai-Golan, R., and Calderon, M. 1986.
Control of T-2 toxin production using atmospheric
gases. Journal of Food Protection, 49, 615-617.

Paster, N., Lisker, N., and Chet, 1. 1983, Ochratoxin
production by Aspergillus ochraceus Wilhelm
grown under controlled atmosphere. Applied and
Environmental Microbiology, 45, 1136-1139.

Petersen, A., Schlegel, V., Hummel, B., Cuendet,L.S.,
Geddes, W.F., and Christensen, C.M. 1956. Grain
storage studies. XXII. Influence of oxygen and
carbon dioxide concentrations on mold growth
and deterioration. Cereal Chemistry, 33, 53-66.

Richard—Molard, D., Diawarra, B., and Gahagnier, B.
1986. Susceptibility of cereal microflora to oxygen
deficiency and carbon dioxide concentration. In:
Donahaye, E., and Navarro, 8. ed., Proceedings of
the fourth international working conference on
stored-product  protection. Israel, Agricultural
Research Organization, 85-92.

Sanders, T.H., Davis, N.D., and Diener, U.L. 1968.
Effect of carbon dioxide, temperature, and relative
humidity on production of aflatoxins in peanuts.
Journal of the American Oil Chemists' Society, 45,
683—685.

Shejbal, J., and Di Maggio, D. 1976. Preservation of
wheat and barley in nitrogen. Mededelingen van
de Faculteit Landbouwwetenschappen Rijksuniver-
siteit Gent, 41, 595-606B.

Stotzky, G., and Goos, R.d. 1965. Effect of high Co,
and low O, tensions on the soil microbiota.
Canadian Journal of Microbiology, 11, 853-868.

Tabak, HH., and Cook, W.B. 1968. Growth and
metabolism of fungi in an atmosphere of nitrogen.
Mycologia, 60, 115-140.

Vayssiére, P. 1948. Hermetic storage, the process of
the future for the conservation of foodstuffs. In:
Easter, S. S. ed., Preservation of grains in storage.
Food and Agriculture Organization, Agriculture
Studies No. 2, 115-122.

81



Walsh, J.H. 1972. Growth and deteriorative ability of
fungi at low oxygen tensions. In: Walters, A. H.,
and Huenck van der Plas, E. H. ed., Biodeterior-
ations of Material Volume 2. London, Applied
Science Publishers, 152—160.

Wells, J.M., and Uota, M. 1970. Germination and
growth of five fungi in low-oxygen and high—
carbon dioxide atmospheres. Phytopathology, 60,
50-53.

Wilson, D.M., and Jay, E. 1975. Influence of modified
atmosphere storage on aflatoxin production in high
moisture corn. Applied Microbiology, 29, 224-228.

Wilson, D.M., Huang, L.H., and Jay, E. 1975. Survival
of Aspergillus flavus and Fusarium moniliforme in
high-moisture corn  stored under modified
atmospheres. Applied Microbiology, 30, 592-595.

Wilson, D.M., Jay, E., Hale, O.M., and Huang, L.H,
1977. Controlled atmosphere storage of high-
moisture corn and peanuts to control aflatoxin pro-
duction. Annales de Technologie Agricole, 26,
339-342.

Wilson, D.M., Jay, E., and Hill, R.A. 1985. Microflora
changes in peanuts (groundnuts) stored under
modified atmospheres. Journal of Stored Products
Research, 21, 47-52.

Yanai, S., Ishitani, T., and Kojo, T. 1980. The effects
of low-oxygen atmospheres on the growth of
fungi. Nippon Shokuhin Kogyo Gakkai-Shi, 27,
20-24.

82





