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MICROBIOLOGY OF CONTROLLED ATMOSPHERE STORAGE OF GRAINS--AN OVER VIEW 
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INTRODUCTION 

Work has been underway for more than 25 years on the use of modified atmos

pheres to reduce microbiological spoilage of stored grains. Present techno l ogy 

makes such storage feasible, and worldwide food requirements may make it essential. 

As an overview, this paper will present information first on the basic considera

tions that must be addressed in controlled atmosphere storage . Next, the i nflu 

ence of both intrin s i c and extrinsic factors on the stabil ity of stored gra i n 

and associated microbiological activity wil l be reviewed. Fi nall y, the inter

actions of these fundamental parameters as they relate to controlling undesirable 

microorganisms on grain will be assessed. 

BASIC CONSIDERATIONS 
The rationale for use of commodi ty-modified atmosphere, modified atmosphere 

or controlled atmosphere storage is based on several key considerations. Storage 

capabilities are increased when spoilage is reduced and when safety is ensured 

and changes in the grain are minimal. The undesirable activities of biological 

agents such as insects, mites, rode nts, and birds as well as microorganisms must 

be controlled. Undesirable chemical reactions also must be minimized. Preserva

tion can be further extended through reduced moisture, low temperature, and 

chemical protectants. 

The microbiological advantages of controlled atmosphere storage include the 

inhib it ion of aerobic fungi, elimination of mycotoxin production, conservation 

of des i rable quality factors in t~e grain, and manipulatior of economic advantages 

from extended storage (Christen sen , 1978). 

The microbi ol ogical disa dv antages of controlled atmosphere sto rage include 

elimina t ion of microorgan i sms that comp ete under ae robic condi ti ons, dev e l opment 

of populations of certain aerobic mic roorganisms before the atmosp here is suf

ficiently modi f ied, requireme~ts for expensive gases and complex technical 

facilities and capabilities, and generation of adverse quality f ac to rs (Chri stensen, 

1918.} . 

The followi ng is a list of many of the major considerati ons that influence 

the effectiveness of controlled atmosphere storage: (1) mic robial load, (2 ) type 

of grain, (3) climate of storage fac ility, (4) moisture or dryi ng requi rement, 

(5) potential variation in storage conditi ons, (6) type of co ntrolled atmos phere, 

and (7) technica l capabilities. 

A primary and major considerati on in the appl i cati on of con t ro lled atmosphere 

storage of gra in is the types and numbers of microorganisms t hat pl aya ro l e in 
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determini ng storage stabil i t y of grains. The "storage fungi" include Aspergillus, 

Peni ci l l ium, Absidia, Mucor, Hhizopus , Chaetomium, Scopulariopsis , Paeci lomyce8 , 

Neurospora, Nigrospora, Sporendonema, (Wallemia) (Hyde, 1974; Wallace, 1975; 

Christensen & Meronuck, 1976 ) . The "field fungi" include Alternaria, CladospoPium, 

He Uninthosporium, Fusarium, and numerous other genera. Yeasts that have been 

considered influential under controlled atmosphere conditions include Candida 

and HansenuLa (Hyde, 1974; Wa ll ace 1975; Christensen &Meronu ck, 1976). Bac t eria 

that must be cons i dered in the evalu ation of controlled atmosphere include such 

genera as LactobaciZlus, Clos tPidium and Bacillus. Gener al groups such as the 

coliforms are also freque nt ly evaluated. Furthermore, specific functional groups 

of bacter ja that constitute the thermophiles or the psyc hrotrophs are, in general, 

strategic in their role in high moisture grains (Hobbs &Greene, 1976; Bothas t. 

1974) . 

The pr incipal types of gra i n that must be considered when one evaluates the 

microbiology of controlled atmosphere storage include corn (maize), wheat, rye, 

sorghum, durham, sunflower, rice, ba r l ey, mil let, oats , and soybeans (Hobbs & 
Greene, 1976; Christensen & Kaufmann, 1977; Christensen, 1975). 

The primary physical parameters, both intrinsic and extrinsic factors, 

that influence the microbial activity on grain include the moisture or water 

activity (a ) of the grain, the temperature of storage, the atmosphere surrounding w
the grain during storage, and duration of the storage period. 

WATER ACTIVITY 

Moisture content or equilibrium relative humidity or water activity (a ) have w 
been key parameters that have been used extensively to predict grain storage 

stability irrespective of atmosphere. The role of moisture is related to the 

variations of grains, the l im itations of naturally occurring biological substances, 

the influence of harvesting and early storage, the requirements for viability and 

product performance considerations, the unifo rmity wi thin a given unit of grai n, 

the ef fects of temperature on relat ive humi dity, and the i nd ividual mic rob i al 

responses to vari o~ s water activity levels. 

Christensen and Ka~fmann (1977) have prev ious ly ident if ied key f ungi that are 

found at various relative hum idities and related eq~ilibr i um mo i sture content of 

common grains. Table 1 restates earlier summaries. 
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TABLE 1 

Equilibrium moisture content of common grains at relative humidities of 65-95%+; 
fungi found at each level (Chr i s tensen & Kaufmann, 1977). 

% R.H. Moisture Content FungJ.. 

65-70 12.5 - 13.5 AspepgiZlus haZophilicus 

70-75 14.5 - 15.0 A. pestrictus , A. glaucus , Spopendonema 

75-80 15.0 - 15.5 Above + A. candidus , A. ochraceu8 , A. versicolor 

80-85 18.0 - 18.5 Above + .4 . jlavus , few species of Penicillium 

85-90 19.0 - 20.0 Above + several species of Penicillium 

95-100 22.0 - 24 .0 All advanced decay fu ngi, yeas t s, and bacteria. 

These obs~rvations are direct ly related to t he min imum a that supports growth w 
of these various fungi at optimum growth temperatures from 26°C to JO°C (Table 

2) . 

TABLE 2 

Minimum water activity (a ) for growth at opt imum temperature (Christensen & 
Kaufmann, 1974). w

Aspergil lus haLophilicus 0.68 

A. res trictus 0.70 

Sporendonema (Wallemia) 0.70 

A. glaucus 0.73 

A. candidus , A. ochraceus 0.80 

A. flavu s 0. 85 

PeniciUium (depending on sp.) 0.80 to 0.90 

A recent publicat i on by Northolt (1979) summarized the mi nimum a levels requi red w 
for fungal growth and mycotoxin production on several agricultural prod ucts. In 

some cases, the organism was part of the natura l flora present on the grain. In 

other cases, the organism was present in combination with competitive flora on 

the gra~n, or it was present as a pure culture. The literature reviewed by 

Northolt is summarized in part in the adapted information presented in Table 3. 

The influence of incubation temperature, as well as product and competition from 

other microorganisms, is readily evident. Direct co~parisons are difficult 

because of the variations in the test parameters. Nevertheless, it appears that 

reduced competition results in the ability of the organisms to produce ~ycotoxins 

at lower aw than would otherwise be possible. 
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TABLE 3 


Minimum water activity (a ) for growth and mycotoxin production (Nor tholt, 1979).
w

Produc t Fungus °C Tem~. Growth M,lcotoxin 

Natural Flora 

Barley 

Oats 
Sorghum 

Aspergillus sp . 
Penicillium sp . 
ABpe~illus flavu B 
Aspergillus flavus 

20 
20 
19 
24 

25 
30 

0. 80 
0.87 
0.88 

0.75 
0.8 

0.92 

Competitive Flora 

Barley Penicillium viridicatum 
Aspergil lus flavus 
Aspergi llus flavus 

12 
35 
15 

0 .85 
0 .77 
0 .84 

0. 85 

\·iheat Aspergillus ochraceus 
Aspergillus pa:rasitiou8 
Aspergillus f lavus 

20 
30 
25 

0.75 
0. 70 
0. 85 

0 .80 
0.85 

Pure Culture 

Corn 


Wheat 


Rice 


Penicillium expansum 19 
Aspergillus ochr'aceus 19 
Aspergil l us ochraceus 25 
Penicillium viridicatum 19 

Aspergil.Zu fl·avus 20 

Aspergillus f lavus 30 
Aspergillus ochraceus 25 

0.91 
0.76 
0.88 
0.85 

0.80 

0. 76 
0.86 

Northolt studied the ml nlm~m \~ater activity for groltlth and mycotoxin production 
by A. f lavus , P. expansum., A. oom'aceus , and A. parasiticus . A compari son of 
Northolt's data with tho se found in the literature shows some dramati c di ff erences 
in stated minillluill water act i vities. These dif f erences are summarized i n Tabl e 4 
that was adapted fr om Northolt (1979). 

TABLE 4 


Significant differences be t ween Illi nimum a - Li t erature vs . Northolt (Nort holt , 1 979 ~ 
w 

Product fu ngus 

Corn 	 Aspergillus flavus 

Penicillium expansum 

Aspergillus oohr'aceus 

Aspergillus ochraceus 


Wheat 	 Aspergillus ochr'aceus 
Rice 	 AspergiZlI~s parasiticus 

AspePgillus ~VU8 

Growth 

+0. 07 
-0. 07 
+0. 05 
-0. 08 
-0. 10 

Myco to xi n 

+0 . 09 

-0. 03 
-0. 07 

+ i ndicates literature is hi gher than Nor t holt 
- indicates the reverse 

http:Aspergil.Zu
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TEMPERATURE 

Storage temperature is a well established parameter that influences microbial 

activity as well as other characteristics of grain. The ambient temperature may 

fluctuate with climatic change or it may be partially control led through construc

tion or mechanical devices. ~nder specific conditions it may be controlled very 

precisely for experimental determinations. Reduced temperatures general ly reduce 

chemical reactions, and growth is an example of a response that is slowed by 

reducing temperatures. Although many chemical reactions continue to accelerate 

at elevated temperatures, growth above optimum levels generally is somewhat 

reduced to a maximal level at which growth ceases. Temperature, as an influential 

parameter, is affected by action of various organisms, including microorganisms 

that may be metabolically active in association with the grain; or the temperature 

may be influenced by the climate or by the facility used for sto rage. The 

fluctuation or uniformity of the temperature of storage can dramatically influence 

subsequent response by mi croorganisms or the grain itsel f. 

Christensen & Kaufmann (1974) reported the minimum, optimum. and maxi mum 

temperatures for growth of common storage fungi on grains. Table 5 presents 

a summary of this information. 

TABLE 5 

Minimum, optimum, and maximum temperatures (OC) for growth of common 

storage fungi on grains (Christensen & Kaufmann, 1974). 

Minimum O~timum Maximum 

.4 spel'gi llu8 r es trictu s 5-10 30-35 40-45 

A. g laucus 0- 5 30-35 40-45 

A. candidus 10-15 45-50 50-55 

A. flavus 10-15 40-45 45-50 

PeniciLlium -5- 0 20-25 35-40 

Recently Northolt (1979) summarized findings in the literature for a vari ety 

of agricultural products . His summary of the literature is adapted in Table 6. 

It is readily evident that reduction in temperature alone is insufficient to 

control growth and mycotoxin production by various fungi on grain. 
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TABLE 6 

Minimum temperature (OC) for growth or mycotoxin production 
on grain (Northclt, 1979). 

Product Fungus Growth M~cotoxin 

Barley P. c:ye l.opiwn <1 <1 

Corn P. eyc:l.opiwn 
P. mar f;ensii 
A. oc:Jtr>aeeu8 

<1 
NO 

<l 
1 

10 
Wheat A. oehraaeus 

P. v iPidic:a tum <5 
10 
<5 

Rice A. f Za:vus 
P. eye Zopiwn <1 

11 
<1 

Sorghum P. cycZopiwn <1 <1 

ATMOSPHERE 

The storage parameter primary to our efforts here i s the atmosphere around 

the stored grain. Evaluation of the effects of atmosphere on retard ing deter iora

tion of various food products has been extensive during the last 25 years. The 

atmosphere surrounding products of one type or another can be influenced or 

changed through various means which subsequently lead to t he respective iden(ifying 

titles of controlled atmospheres, modified atmos pheres, and commodity-modified 

atmospheres (Brecht, 1980). In commodity-modified atmosphere, respiration and 

basic metabolism of the components of the system generally reduce available 02 

and increase CO2, In the case of modified atmosphere, CO2, 02 and N2 are introduced 

as an atmosphere over the product at specific concentrations. This is generally 

a singular event of in i t ia l change and shoul'd take into consideration ant i cipated 

product requirements and subsequent commodity-modified changes. Mod i fi ed atmos

phere is not as dynamic as the commodity-modified atmosphere but is of obvious 

greater expense. Controlled atmosphere, in its mo st fund amental definition, is 

t he precise constant mai ntenance of selected gases such as CO2, 02' and N2 at 

specific pressures or under partial vacuum . The contro lled atmosphere system , 

as defined in this fashion, is considerably more expensive than the other al t er

natives and is also techni cally demanding. This precise response to commodity 

activity r esults in a less dynamic system than the others that were described. 

Airtight storage is an ~x cellent example of commod ity-modif ied atmosphere 

storage. It is dynamic and, if functioning as desired, would ideal ly demonstrate 

a reducti,on in 02 to 0.5-1. 0" and if at all possible dO\~n to 0. 2% 02' Simul

taneously, increases in CO~ up to 50% woul d be observed. Airt ig ht storage is a 
"

method where the atmosphet"e is self-deve l oped and dependent upon the ind igeno us 

activity of the organi sms and grain system. Ai r tight storage has ut ilized a 
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variety of containers to accomplish appropriate changes in atmosphere, including

the traditional pit, tank, bin, and silo (Hyde, 1974). 

Atmosphere has a dramatic influence on metabolic activities of fungi. Toxin 

production by Penici Zlium or AspergilZus can be contro l led by elevated CO2 levels. 

Data presented in Table 7 show that penicillic acid production or af l ato xin produc

tion in laboratory media can be intl ibited by specif ic atmospheres contai ning 60 

or 90% CO2. 

TABLE 7 


Atmospheric inhibition of toxin production in laboratory ~edium. 


lpenicillic Acid 2Aflatoxin 
(at 20°C or 40°C) (at 28°C) 

20 10 

60 90 

20 

Lillehoj, Milburn, Ciegler, 1972 

2 Shih &Marth, 1973 

The influence of atmosphere on growth or toxin production on grain is also' 

well documented. Studies on corn or wheat have shown that reduced O2 or increased 

CO 2 levels will result in the inhibi t i on of growth or toxin production at optimum 

or suboptimum growth temperatures. (Table 8.) 

TABLE 8 

Modified atmosphere inhibition of growth or toxin production on grain . 


1Corn 2Corn 3Co r n 4 
\~hec t/0 '" 

0.5 0,3 0.5 20 20 0 - 4.5°2 
CO2 13.5 0.0 13.5 40 60 0 0 

84.8 99.7 84.8 40 20 1O0 - 95.5 N2 

Wilson & Jay, 1975 (2l°C) 

2 Wilson, Huang &Jay, 1975 (27° C) 

3 Lillehoj, Milburn, Ciegler, 1972 (5° & 10 :- C) 

4 Shejbal, 1979 (22 -32° C) 
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INT ERACTI ON 

In most cases the reports in the literature or the specific observations made 

in the field have reported temperature or atmosphere or relative humidity (a ) 
w 

effects on grOlo.Jth or toxin production by fungi on stored grain . Ra r ely has there 

been a concerted effort to eval uate the interactions amongst these various storage 

parameters. Bottomley, Christensen &Geddes (1950) conducted a comp rehensive 

study on corn and, with complete statistical evaluation, determined that: the 

influence of temperature was statistically significant ; the inf luence of atmos

phere was statistically significant; and the influence of hu mi dity was statistically 

highly significant. When they measured the interaction, they observed that the 

interaction of temperatu r e and atmosphere was not statistically significant nor 

was the interaction of temperature and humidity. However, the interaction of 

atmosphere and humidity was statistically highly sign if~ cant. Three-way in t er

actions displayed no stati s t ical significance. 

The influence of the interaction of atmosphere and temperatur~ on the produc tion 

of penicillic acid is readily evident in Fig. 1 which has been adapted from 

Lillehoj, Milburn & Cieg l er (1972). As the amount of CO2 in the atmosphere was 

increased, the production of penicillic acid at temperatures below opti mum was 

reduced or totally inhibited . This figure dramatically demonstrates an atmosphere

temperature interaction. 

Penicillic Acid at Two Weeks 


60 

c: 

8 
~ 

40 

20 

o 

Fig . 1. Influence of temperature and atmosphere on peni cil l ic acid 
production (Lillehoj, Mi lbu r n &Ciegler; 1972). 
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Interaction between temperature and a on growth or penicill ic acid production w 
was also evident in data reported by Northolt, Van Egrr.ond, and Paulsch (1979). 

Reduction in a not only eliminated penici11ic acid production at a variety of w 
growth temperatures, but in general influenced growth direc t ly as a dramatic 

interaction (Fig. 2). 

Joumal'!fFood Protection Vo!. 42. ""0.6. Peges 4:'6-484 Vun~ 1979) 

Copyright '9 1979. Inle·national AMOCialion of Mill(. Food. and Environmentsl Sanitar~ns 


fig .4 P.martensii RIV 159 on MES 

rat~ of growth penicillic acid 
mm/day mg 

B 

water activity temperature °C 

B 

4 4 

o I 


o 

Fig . 2. Interaction of influence of water activity and temperature on 
growth and toxin production (Northo1t, Van Egmond, and Pau1sch; 1979). 

The interaction of temperature and atmosphere on spore germ ination by PeniciL

lium martensii , the same organ i sm studied in the penicil1i c ac id pr od uc ti on, also 

has been documented by Lillehoj, Mil burn, and Ciegler (1972). Key data are rep 0 

duced in Fig. 3. These data show that increased levels of CO 2 dramatically 

narrow the range of temperatures at which spore germination was observed and 

reduce the mean percent germination as well. 
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FIG. 2. Mean germination of P. martensii spores 
after 16 hr at 30 C. Gases employed: (a) air; (b) 20% 
CO 2 • 20% O2 • 60% N 2 ; (e) 40% CO 2 • 20% Of, 40% 
N,; (d) 60% CO 2 • 20% O2 • 20% N 2 • 

Fig. 3. Interaction of temperature and atmosp here on spore germination 
(Lillehoj, Milburn, and Ciegler; 1972) . 

It should not, therefore, be unexpected that one could observe under app ro

priate conditions, a three-way interaction among humidity, temperature, and 

atmosphere. Interrelating the data of Northolt et al. (1 979) and Lil lehoj et al. 

(1972) one should be able to speculate that increasing the CO 2 levels associ~ted 

with P. martensii would have an overall interaction and antagonistic effect on 

the amount of growth, most likely narrowing the range of maximum and minimum 

temperatures at which growth would be observed, increa5inq the minimum a at whichw 
growth would occur, and re~ucing the overall amount of growth observed at any 

level of water activity. Using this combination of existing data as a stimul US , 

it seems readily evident that there ~ s a need for op t i mi zation among these three

way interactions between humidity, temperature and atmosphere. 
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From the standpoint of the type of grain,the microbiology associated with that 

grain, the entomology, the energy consumption requirements, the product quality 

and the overall economics of the situation; an optimal interaction or severa l 

interactions could be developed that would lead to a practical, feasible, and 

effective storage procedure. 

As an overview, we have attempted to analyze much of the informat ion t hat has 

been available in the literature and to stimul ate your imagination in projecting 

possible interactions from those data. We look forward to the follovring presen

tations on oxygen deplet"on by Pelhate; on the effects of nitrogen storage by 

Di Maggio; on wet grain storage by Richard-r~olard, Cahaghier, and Pois son; and 

finally, the influence of nitrogen on moist wheat by Seraf ini, Fabbri, Shejbal , 

Fanelli, Di Maggio, and Rambelli which should prove enlightening and contr ibute 

considerably more data to stimulate technological progress. 
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