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The use of controlled atmospheres (CAI for insect control in the bulk storage of grains can have 
the addecl benefit of controlling mould growth and mvcotoxin production. Mould deterioration 
accounLs for significant losses in stored grains, particularly in tropicar 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 0, by replacement with nitrogen. Although most fungi require some oxygen for growth, 
many spofiage species are efficient scavengers and are capable of near normal growth in 0, 
concentrations of <l%. Atmospheres containing abouc 20% CO, generally inhibit mould growth: 
but >80% C 0 2  may be required to prevent fungal deterioration of high moisture commodities. 
Some Fusarizrm, Aspqillzrs, and Mz~cor species are particularly tolerant of high levels of COz 
Mycotoxin production is more sensitive than fungal growth to low O2 and high LO,. 
Concentrations of CO, between 20 and FjM have been demonstrated to prevent or siRnificantjy 
reduce mycotoxin probuction by some Frrsan'ztnz, Asp.q$llus, and Pmzicillitrrn species. Reduction 
of O2 content is less effective in preventing mycotoxin formation. 

MEDIUM rn Iong term storage of grains rn 
tropical reglons presenrs many problems, a s  
grain is frequently stored at a higher moisture 
content than is desirable, and invasion pressure 
from insecrs 1s often high. Both rhese hctors 
will also encourage moulci growth, and 
postharvest losses in stored ga ins  due to 
insects and other pests, and fungxl spoilage arc 
considerable 

The introdtlction of controllect atmosphere 
storage of commodities for insect control also 
offers considerable scope for control of fungal 
deterioration However, many sromge fungi are 
capable of growth in low partial pressures of 
oxygen, and reduction of available o'xygen 1s 
often not sufficient to prevent moulding, 
particularly of high moisture grains. Elevated 
levels of CO, are more inhibitory to rnor~ld 
growth, but Gher factors, such as temperature 
and moisture content, will affect the degree of 
inhibition exerted by controllect atmospheres. 

'Food Research Laboratory, CSmO Division of Food 
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Effect of Controlled Atmospheres 
on Mycoflora of Stored 

Commodities 

Investigations Into the effect? of reduced 0, 
and increased CO, on  moulds in stored 
commodities date l k c k  at least to the early 
1950s, when  hermeti'c sLordgc of grains w a s  
proposed as a new technology CVayssiere 
1948). The earliest studies were undertaken 
with maize (Rottomley et al. 1950) and wheat 
(Peterson et al. 1956) and dealt mainly with 
spoilage by storage lungi. Studies ~rndercaken 
after rhe mid 1960s were more concerned with 
the proliferation of mvcotoxigenic fungi, and 
the effects of controlled atmospheres on 
mycotoxin prc)duetinn. 

Maize 

Storage of '-high moisture conten[ maize 
presents a significant problem in many parts of 
rhe world, including the USA. Bottomley et 31. 

(1950) investigated the effects of reduced 



3xyg 
on maize stored at relative humidities 

letween 75 and 10P/ol and temperatures from 
,5 45OC, but their storage period was only 12 
jays. They found that mould growth was 
;ignificantl~ reduced but not prevented by 
jl,mge in an atmosphere of 0.1% O2 and 21% 
:o,, Different moulds predominated depending ,, the storage conditions. At 800/0 relative 
lumidity, Petzrcilliurn species were dominant at 
250c, Aspqil lus  JIflvlcs at ?O°C, and Eurotium 
jpecies at 35°C (Table 1). Mould growth was 
less at 40 and 45"C, but Mzdcor was pre- 
jominant at 45"C, especially when the oxygen 
pncentration was 5% or less. In maize at 90% 
ERH or higher, Candida species proliferated in 
:he 0.1% O2 and 21Yo CU2 atmosphere at 25*C, 
gut not at higher temperatures. 

Wilson et al. (1975) investigated the effects of 
modified atmospheres o n  the survival of the 
[oxigenic moulds A. f7urm.s and Ftfiun'urn 
motzilfomze in freshly harvested high moisture 
maize (moisture content 29.4%) and maize re- 
wetted to 19.6% moisnrre. The maize was 
inoculated with A. Jlavzcs and exposed to 
atmospheres of air, N2 (99.7?/0, balance 02), 
C 0 2  (61.7%) and low O2 (8.7%), and a CA 
mixture of 13.5% C 0 2 ,  0.5% 0, and 84.8% N,. 
In the freshly harvested maize,-A. J a w  levers 
increased in the air control to 900h kernel 
infection after 2 weeks, but with the other 
treatments kernel infection rate was only 5-18% 
after 4 weeks (Fig. 1) F. monilijome was 
recovered from 21% of the kernels initially, but 
in subsamples exposed co 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 
1 2  days at 80% ERI-I in 2P/o GO, and 0.1% 02. Data 
of Bottomley et al. (1950). 

Temperature 
("C ) 

Species 
I%) 

from all three treatments. The C 0 2  + low 0, 
sample developed an unpleasant odour, and 
was visibly overgrown w i ~ h  an  unidentified 
yeast. In the rewetted maize, A. flaw did not 
decrease in any of the treatments, and 
increased in the N, and CA treatments. The 
incidence of F. moniffome increased from 67% 
to near 9O?h in all treatments. The incidence of 
other fungi (Penicillium, Eumtium, other 
Aspqi l lus  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% C 0 2  and 0.5-1.0% 02. Maize stored for 
35 and 109 days in this atmosphere was tested 
for aflatoxins and the presence of A.flaous and 
F. monilfome. No aflatoxin was detected after 
35 or 109 days, whereas a control sample 
srored in air contained 472 pdkg total 
aflatoxins. A significant proportion of the 
kernels contained A. Jlauus (3&47%) and F. 
monilifonne 3 7  after both storage 
periods, and 27O/o of kernels contained a 
Pmicilliurn species after 109 days storage. The 

Weeksexposed 

Fig. 1. Effects of modified atmospheres on 
Aspe?gilltd.s j7atw.s infection of inoculated high- 
moisture maize. Data of Wilson et al. (1975). 
(I)) Air (0.03% CO,, 21% 02, 78% N2) 
(13) C 0 2  + low O2 I61.7Qh CO,, 8.7% O,, - 29.6% N,) 
I., N, (33.7% Nz, 0.3% 02) 
(3) & (13.5% CO,, 0.5% O,, 84.8% N,) 



maize was not assayed for Ft~sariurn or 
Pcnicillir~rn toxins. 

Controlled atmosphere storage of h i ~ h  
moisture maize in atmospheres containing <1°4  
Oz could be used For temporary holding before 
drying, or, at lower temperatures, for lonper- 
cerm storage, the main advantages being 
residue-free insect control and retardation of 
fungal growth. However, because most fungi 
are not killed by low 0, atmospheres, the safe 
storage period for high moisture maize is 
limited and the maize will deteriorate rapidly 
upor1 exposure to the normal atmosphere. 

Peanuts 

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

The effects of CO, on growth and sporulation 
of A.  / l n z l r ~ <  on hlfi. h moisture peanuts were 
reported by Landers et al. 11967) and Sanders et 
al. (1968). Growth :~nd spon~lation were 
reduced with each 20?4 increase in COz from 
20% to 80%, with no growth occurring in 100% 
CO,. Growth was much reduced in atmos- 
pheres of < 5% 02, and almost completely 
inhibited at. < 1% 0,. Concentrations of C 0 2  in 
excess of 20% w e r e  required before there was 
any inhibition of growth of A.  Jciz?ur; in high 
moisture peanuts. However, Jackson and Press 
(1067') reported that incidence of A.  Jtarnts at 
27OC on shelled peanuts of 5.0% moisture con- 
tent (rn.c.) or unshelled peanuts at 7.5% m.c. 
was not reduced by storage in atmospheres 
containing 3?41 (0, or 83"/0 C 0 2  in air compared 
with air storage over 12 months. 

LVilson et al. (1985) used pilot scale experi- 
ments to determine if long-term storage of 
peanuts was practical in modifiecl atmospheres 
with minimal deterioration due to mould 
spoilage, aflatoxin contamination and insect in- 
festation, without use of refrigeration or 
pesticides. Taro large hins of peanuts (1996 kg 
and 6451 kg) were scored in nn atmosphere of 
approximately 60% CO, (balance air). : ~ t  a 
moisture content of 6-T4;for one year. 

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

of the peanucs at the rop rose to 11.1%1 and 
they were visibly mouldy after 16 weeks After 
this time, the atmosphere was recirculated, and 
moisture contents rapidly equilibratecl 
throughout the bin. The most common species 
at the top of the bin were A. J'L~~~us, Ezimtiu??~ 
specles, and an unidentified white yeast, 
possibly a Candrda species (Table 2). Orher 
Aspeq@lltd.~ species (A. candidiis, A.  ochmce-lcs 
and A. niger) were also recorded on 18Oh of 
kernels, while Rhizoprrs and P~nlcillirtm were 
less frequently isolated. The same species of 
fungi were isolated from kernels at the bocrom 
of the bin, but in much lower numbers (Table 
2).  Despite the high incidence of A.  .flar~us, no 
aflatoxins were detected. 

In the second trial with the larger (fibre-glass) 
bm of peanuts, the atmosphere of 55-6OQh C 0 2  
was recirculated, and there was no moist~~re 
migration. The only major change observed in 
the rnycoflora was a decrease in sciperlicial 
Penicilfiurn contamination for 64 to 16°,/o 
Matoxins were not detected during the 5-4 
week trial. 

Wheat 

The mycoflora of wheat differs from that of 
maize and oilseeds Wheat IS usually drier 
when harvested, and In general A f lnz~r is  and F. 
?nonilforme cause fewer problems in this 
comrnodiry. 

Petersen et al. (1956) stored wheat of 18"d1 
m.c for 16 days at 30°C under atmospheres 
with varying concentrations of oxygen and 
carbon diosidc. In 4 . . 3 O / o  02, the rnycoflora was 
dominated by E~drotiurn species (80°/n), w i ~ h  
PeniciNium species and A. .flnvid.s also present 
(10%) each). When 0 ,  was reducccl to 2.3°h. - 

Table 2. Fungal colonisation of peanut kernels 
stored ac 7% m.c. in 50-600h COz in an outside bin at 
ambient temperatures for 12 months. D3t3 01 Wilson 
et al. (1985). 

Species Percent kernel invasion 
Top of bin Rottorn of bin 



,only Eurotium (67%) and Penicillizim (33%) 
,ere present (Table 3). In 0.2% Q2 only 
filmfjum species were detected, and h e i r  
nL,ntbers were much reduced (Table 3). With 
as mixtures containing 21°/0 0, and varying 

g concenrrations of C02 ,  there w a c n o  significant 
in numbers of fungi present in up  to 

lfi.60/o COT However, gromrth was almost com- 

P letely inhibited by 50°/o and 7g0h CO, (Fig. 2). 
~ ~ m t i u m  species were the most tderant of 
elevated levels OF CO, 

~hejba l  and Di Maggio (1976) and Di Maggio 
,t a!. (1976) stored wheat of 18% m.c. in pure 

and found that mould growth was 
inhibited, and fungi eadually decreased with 
time. After 30 weeks, there was an  increase in 
~speq ih s  candidus. After 54 weeks, the total 
mouI~l count was 6 x 104/gram, a quite accept- 
able level for wheai. Under 0.2% 02, mould 

at 18-26OC o n  wheat of 17.4% m.c. was 
inhibited in comparison with the 

air control. However, with both treatments, A. 
candidus eventually proliferated, reaching 
counts of 6 x 105/gram after 3 and about 20 
weeks, respectively. 

Rice 

In a study on  naturally contaminated rice, 
~ichard-Molard et al. (19%) 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 contenc was low enough to 
prevent bacterial growth (0.87 a,), most storage 

fungi, including Penicillium and Aspqqillus 
were inhibited by atmospheres of less than 1%) 
0,. However, yeasts (Candida spp.) and the 
yeast-ltke Fungus Aumobasidiurn pulltrlans 
were abIe to develop, even with less than 0.5% 
0 2 ,  and the higher the a,, the more rapid the 
growth. In the complete absence of 0, (under 
10% C 0 2  or N2), there was no fungal-growth. 
At a,, 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 C02. 
Atmospheres high in nitrogen ar6 only effective 
because of their low O2 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; \Valsh 1972; Yanai et al. 1980; Gibb and 
Walsh 1980; Magan and Lacey 1984). Anaerobic 
gmwth has also been reported for severa 1 fungi, 
for example, Fusarium oqqorurn (Gunner and 
Alexander 1964) and some species of 
Mucornles that are used as starter cultures for 

8.0 1.0 x 105 Penicilliurn 
5.6 x 105 Eumtirtm 

Table 3. Effect of oxygen concentration on mould lo1-  

population and distribution in wheat stored for 16 
days at 1% moisture and 30°C. Data of Peterson et 
al. (1956). 

E 1n6- 

Species 
6 

Oxygen (96) ?VlouIds/g - 
C 
2 

0.2 7.0 x 103 Eumtium 8 !,I?- 
2 
f 

2.3 1.9 x 105 Penicillium 2 
2.9 x 105 Eurotium 

4.3 1.0 x 105 PeniciNium rn4 

8.0 x 105 Eumtium 
1.0 x 105 A. flatruli 

Carbon dioxide (%) 

- 

I I I I 

L: s 10 an 40 an 

20.6 6 8 x 105 Penicillium Fig. 2. Effect of 60, tension on mould count in 
3,9 x 105 Eurotium wheat incubated 20 days at 30°C and 180/;1 moisture. 
5.6 x 104 A. j7avus AII gas mixtures contained 21°h 0, Data of Peterson ... 



food fermentations in Asla (Hesselrine et a1 
1985) Tabak and Cook (1968) reported 'good 
to very good' growth of a range of species 
under 100°/o nitrogen. The strongest growth was 
exhibrted by Geolrichurn candidurn, a 
yeast-like fungus, Mtdcor heimnlis, firsarizrm 
o-rysporr~m, and F sofrni. However, 'good' 
growth was observed In Aspe~gillus niger, A. 
ftrrnigatus, Penicilliztm nziratztiogrisemz, and P 
brerlicompacturn. and the black yeast-like 
fungus Aureo~~nsidiurn pullulans. Such an- 
aerobic growth can take place only if a number 
of growth factors (vitam~ns, 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 3 ~  O2 (Fig. 3).  Of the field fungi 
present on grains at I>an.c_.st, e.g. Ftlsnrjurn 
species, Alfemaria, other dematiaceous 

hyphomycetes, Rhizopzrs, yeasts, ctc., some 
grow very well in low levels of oxygen. 
Fusaririrn mot~il~fonne, F oqJsponirn, F, 
c~ilmontrn. and F solatzi all Rrow srrangly rn 
atmospheres containing 1.0?4~ to 0.1% O2 Or 

even less (Gunner ancl Alexander 1964; Tabak 
and Cook 1968; Walsh 1972, Gibh and IValsh 
1980; Magan and Lace): 1984), provided that 
other growth conditions such as temperature 
and water activity are favourable Some 
Rhimpus and Mticor species can also grow at 
low oxygen tensions (\Veils 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 uncler low oxygen atmospheres 
lBottomIey et al. 1950; \ViIson et al. 1975). 
Other field fungi such as Alremnnn and 
Claciospon'z~rn herl?nmnr are more sensitive r o  
redclced oxygen tensions (Magan and Lace)?, 
1984) and gradually die out during storage. 

T €8 1.0% 0 2  ffl 0.1%02 

Fig. 3. Effects ol' reducer1 O2 tensions on growth of sonle field ancl storage f ~ ~ n g i .  Data of a. Yanai et a1 
(1980); and h. Gibh and WaIsh (1980). 



I 
; Scordge fungi such as Penicillium and 
I Arp@iiac species are generally more sensitive 
I low levels of O2 than the more tolerant field 
I fungi. With the exception of P. mquefortii, the 

g rowth rates of most Peniciliitrm species are 
red~~ced by more than 50% in atmospheres of 
1% o2 or less (Yanai et al. 1980; Magan and  
Lacey 1984). Of the Aspet-~illus species, A. 

' condidus is the most tolerant of reduced 0, 
(Magan and Lacey 1984) and thus 

can proliferate in CA stored wheat (Shebjal and 
Di Maggio 1976; Di Maggio et a!. 1976). Some 
Eurotium Species are also reasonably tolerant 
of low Oz levels (Petersen et al. 1956; Yanai et 
al. 1980). 

In our laboratory, studies on a number of 
spoilage fungi isolated from low O2 en- 
vironments have shown that most are inhibited 
only slightly when grown in nitrogen 
atmospheres, with 0-1.O0+ 01 (Fig. 4). Isolates 
of Penicillium cotylophilurn- and P. glabrurn 
-from vacuum-packed jams were able to grow at 
6690% of their control rate (air) when sealed 

in barrier film with an atmosphere of nitrogen. 
Fzfiariurn equiseti and F. oxyspomm which 
caused fermentative spoilage of UHT fruit juices 
grew at 88-97% of their normal rate. A 
Cladosporiurn species isolated from the inside 
of a UHT pack of apple juice was lide affected 
by lack of oxygen, growing at 95-100% when 
sealed in an atmosphere of nitrogen. Mucor 
plumbeus and Absidra corymhiJea also grew 
strongly in nitrogen. The xerophilic fungus 
Eurotium repens grew at 60-90% of the control 
rate, depending on the gromh medium, ancl 
the extreme xerophile Xeromyces lrisponis grew 
at the same rate in air and in nitrogen (Fig. 4) .  

Effects of Increased Carbon Dioxide Levels 

Levels of C 0 2  from 4% to 20°4 can be 
stirnulatory to growth of many fungi in 
atmospheres containing low levels of O2 (Wells 
and Uota 1970; Gibb and Walsh 1980), 
conditions chat may well arise during sealed 
storage of commodities. However, elevated CO, 

Fig. 4. Growth rates (relative to air) of nine fungi in 02, Nz, and C02.  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. 



concentrations are gener~lly much more 
effective in controlling fungal growth than 
oxygen depletion. Thus, atmospheres rlch in 
C 0 2  are more likely to prevent mould 
deterioration of C.4 stored high moisture 
commodities than atmospheres of nitrogen with 
traces of 0 2 .  Typical insecticidal atmospheres 
used for gram storage are 1% O2 in nltrogen and 
60°h CO, 40% air (Ranks 19811, and while both 
may be-equally effective in controlling Insect 
popular~ons In stored grain, the CO,-ennched 
atmosphere woulcl be more efFective in 
controlling fungal growth in high-nlsisture 
commodities. 

Atmospheres containing > 50?6 CQ2 will suh- 
stantially inhibit growth of most spoilage fungi 
(Petersen et al. 1956; \Veils and Uota 1970) but 
there is little information in the literature on  their 
actual C 0 2  tolerances. S t o t z h  and Goos (1965) 
recorded slight growth of Rhzxoprcs stolonlfpr, 
Mucor hiemulis. and a Tiichodetrnn specles in 
100% C02. The same three species grew well in 
an atmosphere of 5096 C02, 4 4 5 O h  N2, and Soh 02. 
Fusarit~m oxysporum grew in 95°Aj CO,, 5%N2 
but not in 9i"h COz ' i?h 0,. ~aec;[on?yces 
lilacinza did not gr6w in ;ither of these 
atmospheres, but grew reasonably well In 50°/o 
CO,, - 45% N2, ancl 5% 0,. .. 

Magan and Lacey (1984) reported that >T5?/o 
C02  was requ~red to halve rhe lrnear growth rate 
of most of the 14 species of field a"d storage 
h n g ~  tesred ar 0 9,s-0.90 3 ,  and 27°C The 
species most sensitive to elevated C 0 2  concen- 
trations were P~ntc i l l inn~ bm~icompactr~rn. 
Aspez illzds fzd n7 igalrrs, A. nduln??s, and A 
vc.rsicolor(Tablc 4) However, nn upper lirnlts of 
COz tolerance were determined, as the 
maximum concentration of C:O, - tested was 15?h 

Nine species were tesred in our lat~oratory for 
their ability to grow in an atmosphere of C)'-c)c)Ohl 
C 0 2  with trace amounts of 0, and N2. Only 
Fusnrilrm om,,<ponlm and ~ u c o r  plum/wtis 
grew, and the~r  growth rates were only 0 . 5 4 4  
of those in air (Fig. 4). 

\Veils and Uota (1970) showed that growth of 
Alternnria altemata. Botryt is cinerea, Rh izopr.is 
stolonifer, 2nd C/adosporirlm hwbantm in 
atmospheres of 10, 213, 30, and 45O/o C 0 2  plus 
22% O2 decreased l~ncarlv with increasing CO, 
concentrations and w;~s inhibited about 50% in 
an atmosphere of 20% CO, (Fig. 5). Growth of 
a Fusaritrm species, cited as F. mseum was 
stlmulared at 10% C02, and inhibited 50% at 
45% CO, 

Table 4. Concentrations of C 0 2  required to halve h e  
linear growth rate of field and storage fungi at 23°C. 
Data of Magan and hcey (1954). 

Water activity 
0.98 0.95 0.90 

Field fungi 
A. nltematu >15.0 
C. cladoswoides >15.0 
C, herbnntm 73.0 
E. n@mm > l j . O  

F. crrlmornm 14.0 

Storage h n g i  
P. brevicompacttr rn 
P. aurcznlingriseum 
P. horrlei 
P. piceum 
P. roq?.llifortii 
A. candidr.~ 
A. fumiptzrs 
A. nidulans 
A. uenicalor 
E. repens 

' Stimulation of growth occurred at higher CO1 conccn- 
tntions. 

0 10 20 30 45 

Percenl C02 

Fig. 5. Growfh of five Fungt in 21% O2 nrith different 
levels of CO,, cultured on Ijquid meclin at 19°C 
Growth was measured by dry wcighr of rnvceli;~ 
Data of lVells and Uota (1970). (0) Fzdsuritrrn 
'roseurn'; (A) Rhizopzis stolonfec (0) Altmnna 
alternam; (a) B o t ~ t i s  cl newu: (. Ciuclt~sporiit tn 
berhnrnm 



me effects of C 0 2  concentrations on  fungi 

a r ~ w  ing in stored commodities, rather than in 
L? ,,, seem to vary. Landers et al. (1967) ynd snnders et  al. (1968) reporred that growth of 
, ~ , / ~ a u t r s  on high moisture peanuts was inhibited 
b y  80% CO2/2P/o 02, but Jackson and Press 
(1967) found no  redrlction in A. f2avus on 

e;lnuts stored at 5% m.c. (approximately 0.7 
,) in 82% C 0 2  in air for 12 months. This 

' H 

P erhaps indicates that although 80% C 0 2  will 
gr~.wth of A.  ~ ' k t ~ f i ,  conidia of this 

Species are not killed by exposure to high 
levels of C 0 2  at low a,. Peterson et al. (1956) 
reported that Ezmtium species survived and 

g rew in wheat stored in 50% C02/21% O2 and 
79% C02/21% 0,. However, there is little 
.vidence that ~ur6t ium species are particularly 
tolerant of high concentrations of CO, in pure 

Magan and Lacey (1984) fgund that 
5% CO-, was required to halve the linear 

growth rate of E R J D ~ ~ ~ s ,  but this species will 
not germinate or grow in an atmosphere of 85% 
c02 12% N, -, and 3% O2 (Hocking, un- 
pblished).  

The exact mechanisms of C 0 2  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 
bacseria, 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 foIIows: (a) the ex- 
clusion of oxygen by replacement with CO, 
may contribute slightly to the overall effect; (bj 
the ease with which CO, penetrates cells may 
facilitate its chemical effects on the internal 
metabolism; (c) 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 enzy~ne  
systems, though these effects differ for different 
species and with differing growth conditions. 

Effects of Gas Mixtures on 
Mycotoxin Production 

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. (19671, investigating 

aflatoxin production in stored peanuts, 
reported thar aflacoxin production decreased 
with increasing concentrations of CO, 'from 
0.03% (air) to 10M, and thar, in ghneral, 
reducing the O2 concentration also reduced af- 
latoxin production, particularly from 5% to 1% 
O2 (Fig. 6). The inhibitory effect of C 0 2  was 
greater at 15°C than at 30°C. At 15OC, aflatoxln 
production in 20% C02,  596 O,, and 75% N, 
was less than 1% of that in air, and was barely 
detectable in an at-mosphere of 40"h CO,, 5% 
O,, and 559h N2. 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 C 0 2  concentration 
caused a decrease in aflacoxin formation, and 
lowering the [emperamre also decreased the 
amount of toxin formed. 

0 t o  r o  60 %COP (with 20% 02) 

Fig. 6. Influence of various concentrations of 0, and 
COz on aflatoxin production in peanuts with Lernel 
moisture content of 27-jO?h held at 30°C for 2 weeks. 
Data of Landers et al. (1967). (0) CO, with 2Wh 02; 
(W) 02-with no C02;  (3) 0, with 2 0 % - ~ 0 ,  

Epstein et a1 (1970) studied the effects of  
controlled atmosphere (10% CO,, 1.8% 0,. and 
88.2941 N,i on  aflatoxin production in liquid 
medium and in inoculated maize at room 
temperature (which varied from 25 to 3S°C) 
and at [ernperatures from 29°C to 1 OC. At room 
temperature, A. flavus grew well and produced 
toxin in both air and CA. At lS°C, aflatoxin 
production, but not growth, was inhibited in 
CA. Aflatoxin was not produced at 12OC, and 
there was tittle growth at this temperature in air 
and none in CA. The minimum temperature for 



aflatoxin production v~r i e s  with strains. but is 
generally 10-12°C (Northolt et al. 1977). 

Wilson and Jay (1975) found char maize 
inoculated with A.j?avtas and stored at 27°C for 
four weeks in three difFerent modified 
atmospheres accumulated less than 20 @@kg 
total aflatoxin compared with up  to >I021 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 32OC For up to 21 days was minimal 
(<I pg/kg) in an atmosphere of N2 compared 
with 123 p#kg ir? air (Fabbri et al. 1980). 
Clevscrom et al. (1983) also found that small 
quantities of aflatoxins were produced when A. 
J l n m ~ ~  was cultured under an atmosphere of 
nitropen, 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 15 to 15 pg/litre) 
were formed when formic acid was added. 

Carbon monoxide can also suppress growth 
of A. Jcazlus and aflatoxin formation. Ruchanan 
et al. (1985) reported that after growth of A. 
Jlnulis for 32 davs in cooked rice medium or 
raw pistachio nuts in an atmosphere containing 
2% O2  and 10% CO, aflatoxin production was 
~ 2 %  of the product~on In an atmosphere 
containing 2% 0, - or air without CO. 

Other AspeqiIIztrs Toxins 

Ochratoxin is the only other AsperffiNzis toxin 
that has been studied uncler modified 
atmospheres Paster et al. (1983) grew A.  
ochracel~s on solid synthetic meclium at 
1 6 ~ c - t i ~ c  for 14 clays in atmosplieres 
containing various concentrations of 0, and 
C 0 2  (Fig. 7). In atmospheres of 1?4 arb 5?6 
0,without C 0 2 .  ochratoxin production was 
s ih l a r  to the air control. Increasing the 0, 
level up  to 40% reduced ochratoxin 
by 75%, whereas at 60?6 0,,  ochratoxin pro- 
duction was enhanced. In a&ospheres of 10% 
and 20% COz, ochratoxin pn~duction decreased 
when 0, concentrations were below 20°h, and 
was enhanced when they were 40%) or 6046 
Ochratoxin production was completely in- 
hibited by 30% or more C02 ,  regardless of the 
oxygen concentration. Colony growth was 
partially inhibited at 60% CO,, and there was 
no grocvth in 80% C02. 

Flg. 7. Ochratoxin production by A s p e q i l l t ~ ~  och- 
rcrcmis grown under moclified atmospheres on solid 
synthetic mediun-r at 1 6 ~ ~ + 1 ~ c  for 14 clays. Data of 
Paster et al. (1983). (3) OOh CO,; (a) 101'1/1 CO,; - (01 
20°/0 CO,; 30% CO,. 

Penfdfliw m Toxins 

The effect of modified atmospheres on 
growth and toxin product~on by P~nicillium 
species has not been thoroughly investigated, 
and there are few reports in the literature I-low- 
ever, in general, it can be assumed that 
elevated levels of C 0 2  will inhibit toxin pro- 
duction to some degree The effect of limiting 
O z  supplies is less predictable. The effect of 
modified atmospheres on patulin production by 
PeniciNiurn patlclum (now P gris~oftrlrwn) has 
been investigated by Paster and Lisker ( 1985) 
(Fig. 8) Cultures grown for 7 days rn 1% or 5O6 
O 2  but no C 0 2  produced less toxin than thc 
control (1 and 14 mg/40 mL compared with 45 
mg/40 mL for the control). In 10°4 0, without 
C 0 2  patulin production and mycGlial dry 
weight were similar to the controls. Increasing 
the 0, content to GO?'n or 70041 decreased patulin 
prodicrlon to 20 and 1.3 mg/40 mL re- 
spectlvelv Toxin production was also inhibited 
when CO, concentration was raised to 20%) or 
more in -the presence of 20°h 02. Spores 
incubated in 100?6 CO, or N2 did not 
germmate, but grew no&allv ancl producecl 
patulln in amounts comparable to the controls 
when suhsequet~tly exposed to air. 

Penicillic acid production by Penicillirr??~ 
martmii (now P ar~mnfiogm~eum) was 
studied in mould inoculated maize over a 



% O2 (no C02) 

Controlled atmosphere 

Fig. 8. Effects of controlled atmospheres on patulin production by Peniciffium atrrantiogriseurn grown for 7 
days in Czapek agar at 26°C. Data of Paster and Lisker (1985) 

rernperature range of 5" to 20°C in air and in 
atmospheres containing 20%, 40941 or 60% COz, 
with 20?h O2 (Lillehoj et al. 19723. 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% C02,  and by 40% C 0 7  at 
10°C over a four week incubation period. 

- 

As with Penici!liurn species, linle work has 
been done on  the effects of modified ac- 
rnospheres on torrln production by Fusan'urn 
species, although it is known that many 
Fzsan'um specles are tolerant of low O2 
tensions and high C 0 2  concentrations. 

The effects of !blA on production of T-2 toxin 
by F. sprotnchioides 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 27OC in an 
atmosphere of 50% C02/200h 0, - was reduced 

to about 20% of the air control (Fig. 9) At 60% 
and 80% C 0 2  with 209h 0 7 ,  there was a 
significant reduction in hnga i  growth. Toxin 
production in 80% COz was only 1.1 pg/45 mL. 
When the same strain of F. spnrotrichioide.s was 
grown for 14 days at 260Cfl°C on  irradiated 
maize remoistened to 22% m.c., the production 
of T-2 toxin was totally inhibited under 60% 
C02/20?h O,, and only trace amounts were 
detected whgn the gas combination was 40% 
C02/5?/o O2 (Fig 10) Fungal growth was not 
inhibited by any of the gas mixtures examined, 
and the grow~h rate was identical to that for 
grains kept under air. 

Lmpllcations for CA Storage of 
Commodities 

Storage of commodities in controlled at- 
mospheres containing high !>600/o) levels of CO, 
to prevent insect infestation can also inhib; 
mould growth and mycotoxin production, while 
atmospheres of nitrogen need to contain <l04 
O2 to retard fungal growth. Mycotoxin produc- 



rion is more sensitive th:ln fungal growth r t ~  C h  
conditions, b u r  may still occur if other condi- 
tions (temperritctre and a,) are Ltvoclrahle. 

Fungal deterioration cannot he complett.ly 
prevented in high moisture cornnrocIities (a,\ 
I3etween aboc~t 0.90 and 0.80) by CA stora.ge. as  
some firngi, particcrlarIy some firsarilim, i I l / t ~ ~ r  
and AspeqiNus species, :ire tolerant sf levels of 
60-80°/o C 0 2  Yeasts and yeast-like fungi can 
also develop in CA stored high moisture 
comrnodiries, causing rancidity and off odours. 
At very high moisture levels, above 0.90 :I,., 

lactic acid bacteria may devclop, irrespective of 
the concentrarions of C 0 2  o r  O2 used in the 
storage atmosphere. 
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