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AtsSTR.ACT'

The red flour beetle,Tribolium castaneu¡n (Herbst) is a cot''t'"on pest of stored

grain in Canada. The insects contribute to an increase in the fsmperature and

moisture content of the $ain which dramatically influences its stability and qualiüy.

In addition, through oviposition and feedin g, T. castøneum can act as a vector for the

dissernination of fungal spores. Aesthetics aside, the excrement or frass produced

during feeding is relatively high in nitrogen, (ca.9-LOVo) and may serve as a metabolite

for fungal growth and or mycotoxin production. In this investigation, the effects of

excreta or frass from ?. castøneum on ochratoxin A (OA) production by Aspergíllus

ochra.ceus was evaluat ed at 7 , 14, and 21- days of incubation using either whole barley

or wheat (30 g¡. Ground wheat was similally investigated. Results indicated that the

addition of frass (3, 6 or 9Vo) to barley did not result in enhanced OA production. In

whole or gtound wheat, however, frass appeared to have an impact on the rate of OA

production. In the absence of frass, OA levels peaked, usually at 14 d. In contrast, OA

production in wheat containing frass did not peak during the incubation period, but

rather increased at a slow steady rate. In the case of whole wheat, a maximum level

of OA (26.LW/Ð was obtained at 2L d when 9Vo frass yv¿s s'"ployed. OA levels in

ground wheat containing frass were sigaifrcantly higher (P<0.05) than in wheat

without frass at 21 days. Uric acid, the rnpin nitrogenous component of frass (æ.87Vo)

signifrcantly increased (P<0.05) OA production compared to control. Biornass



accumulation (glucosamine) of A ochrareus in whole or ground wheat peaked at 14 d.

The addition of frass appeared to have a moderating effect on biomass accumulation.

Levels did not peak during the incubation period, but rather increased at a slow steady

rate. This effect was also shown when uric acid replaced frass. OA production in non

sterile wheat was greatly reduced. The presence of frass in non sterile wheat further

reduced OA production. Aeration which provides for a very effective method of

senf¡slling lsrnperature and moisture in stored grsin, was investigated with respect

to insect movement in stored grain. Using sectioned, simulated grain towers, the

distribution profile of T. castaneum (100 insects; mixed sexes) released on the

uppermost section of either aerated (1.7 Llsec) or non aerated grain colurnns, was

examined. At L2 d, results indicated a difference in insect migration within aerated and

non aerated coluttrt'ts. Specifically, in aerated columns, a significant difference

(P<0.05) in inseet density was observed between the uppermost and bottom sections.

This distribution profile was not observed in non aerated columns. The distribution

profrle between male and female beetles within a column was not signifrcantly

different (P>0.05). Signifrcant differences were also not observed between column

types (P>0.05).
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TNT'R,OÐUCTTTN

Bulk grain can be stored for prolonged time periods with minimum qualitative

and quantitative losses. This can only be achieved, however, if the grain is protected

from the elements of weather, insects, rodents, birds, and fungi. In particular

fsrnperatrüe and moisture must be closely controlled usually in association with

aeration. The moisture content of grain is the single most important determinant

governing spoilage. Moisture content levels higher than 13-L57o (moisture activity

0.70 ; A*) usually result in deterioration even after relatively short periods (2 to 3

months) of storage and at temperatures as low as 5"C. (Williams, 1991). Higher levels

of moisture stimulate fungal germination and insect reproduction both of which are

leading causes of damage to stored grain (Christensen and Kaufmann, 1969). With

respect to fungi, f,y¡e rnain groups are associated with the deterioration of cereals.

Field f*gt, characteristically colonize ripening grain and include Alternariø,

Clødosporium artd Fusarium spp. but seldom develop further since they ¡1s¡maìly

require a high A* (0.90 ). By contrast, storage fungi are present in low numbers before

harvest but develop rapidly in stored grain when conditions become suitable. Storage

futlgr include species of Aspergillus and Penicillium which can develop at low

temperatures (5 to 10"C) flMilliams, 1991). Storage fungl are capable of growth at À

levels of 0.65 to 0.90. Lr many instances the growth of these fungi progress

sequentially as the moisture content in the grain increases. For example, at a
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moisture content of 13.5 to L4.5Vo (A* 0.65-0.70) A. restrictus may develop. In creasing

the moisture content to L4- tSVo (N 0.70-0.75) will encourage -L glaucus to develop.

At an { of 0.75 to 0.80, -L ca.ndidus and ,4. ochraceus will develop, while at an A* 0.85,

A. flauus will develop. Penícillium spp. usually require a higher moisture content and

seldom develop on cereals if the A* is below 0.80 to 0.90. The increased moisture

content in grain is often due to several factors including respiration by gtain fungi and

insects and by moisture migration due to temperature differentials within the grain

bulk which appeü more critical in the winter months.

Insects are also a major cause of loss in stored grain (Cotton and Wilbur, L974).

Among grain insects, Cryptolestes ferruginezs (rusty gain beetle), C. pusíllus (flat

grain beetle) Tribolium cøstøneurn (red flour beetle), T. confusu;n¿ (confused flour

beetle) and grain mite, Acarius sílo are the most tolerant of low fsrnperatures and dry

cìirnates of Canada and northern United States. Tríbolium spp. in particular can

survive in very low (less t]nan 9Vo) moisture environments (Williams, 1-991). These

insects damage grain by eating the endosperm. They also contaminate grain via fecal

pellets or frass, and by their exoskeletons a¡d dead bodies (Cotton and Wilbur,1i974).

In addition they serve as substrates for the development of fungi (Sinha and'Watters,

1985). Storage fungi usuaìly accompany or follow insect infestation. Lrsects carry

fungal spores via their gut, setaceous body parts, ovipositor and mouthparts. During

feeding and reproduction their metabolic activity increases the moisture level and

lsmperature of the grain making it suitable for fungal growbh (Dunkel, 1988). Many

insects are dependent on fun$ for food (fungivores) and or essential nutrients. For

example, some insects depend on fungi for the B-group vitamins which are not

available in their diet (Van Wyk et al., 1959 ). The combined activity of both insects
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and fungi i:rvariably lead to kernel damage. The damaged kernels are ideal sites for

further microbial and fungal activity and mite infestation CWilliams, 1991). The fungi

also i:rteract or compete with each other for moisture and nutrients (Panasenko, 1-967).

Among the fungi, the Aspergillus, Penicillium and Fusq.rium spp. are prolific

mycotoxin producers. Mycotoxins are secondary metabolites produced by fungi which

are kr'rown to be carcinogenic, mutagenic and teratogenic. These mycotoxins are

þss6ming an increasingly serious problem in the animaì and human health area

(Bhatnagar et al., Lg92) The role of Aspergillus spp. and insect devnage in preharvest

grain, contaminated with mycotoxins was reported by severa.L authors (Anderson et al.,

197þ Lillehoj et al., 19?5; Smith and Riley, L992). Toxin formation TÌuIy occur in the

flreld and or during storage. One important mycotoxin with respect to Canadian

prairie grain is ochratoxin. Several species of Penicillium and. Aspergíllus produce

ochratoxin. Ochratoxin is known to cause kidney and liver d¡rnage in farm and

laboratory anima.ls and has been suggested as the causative agent of nephropathy, a

fatal chronic kidney disease in eows and pigs (Krogh, 1991).

The interaction between moisture and temperature is the most important

aspect affecting grain preservation. For ideal grain storage, both the temperature and

moisture should be kept as low as practicable. Aeration is an effective method for the

control of both temperature and moisture. With a slow constant flow of air, both

condensation caused by natural movement of air and hot spots created by insects, fungi

or both can be prevented. This requires the action of blowing or suction fans. Blowing

is practical especially if the air can be warmed slightly so that the relative humidity

can be reduced thereby enabling it to carry more moisture. Air must be efficiently

removed from the top of the grain bin to prevent condensation on the roof, particularly
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in metal bins (Willi¡rns, 1991-). Aeration using ambient air is the most cost effective

method of protecting grain from both insects and fungi and thereby mycotoxin

production.

The purpose of this study was two fold : (1) to assess the afTect of insect excreta

or frass on the growth and mycotoxin production of fungi in grain. (2) To assess the

effects of aeration in a grain colutnn with respect to insect movement and or

aggregation and In order to evaluate these effects, a common þ¿f, important grain

infesting insect, the red flour beetle, Tribolium castaneum (Herbst) was chosen.

Aspergillus ochrareus, which is known to produce ochratoxin in storage grain, was

selected as the representative fungal organism.

The manuscript will be presented in the form of two sections. The fust section

will deal with the effects of insect frass on ochratoxin production while the second

section will deal with the effects of aeration on insect movement in a simulated grain

bin.
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ffiE\ruEW OF' T,NT'ERAT'{.]RE

TNSECTS

Stored grain products are prone to insect infestation which can result in both

qualitative and quantitative losses. These losses can be prevented or minimized by

storing grain as dry as possible in clean, weatherproof, uninfested, and preferably

aerated granaries. In empty granaries, insect hide in cracks and crevices where they

can survive in grain residues until they infest newly harvested grain. Storage insects

do not hibernate (Cotton, 1954; Sinha and'Watters, 1985) therefore their abilities to

survive during winter in unheated silos is relatively low ( Freeman, 1973 ; Williams,

1991). Some cold-hardy insects, however, do survive. More than frfty species of

insects and mites have been reported to infest stored grain in Canada's prairie

provinces (Mills, 1986). Only a few species cause severe damage; these include four

major types: weevils, moths, beetles and scavengers. The weevils, including the granary

weevil, rice weevil and the rnaize weevil generally develop inside the grain kernel.

These insects are widely distributed and are frequently the most destructive of a-ll the

insects (Cotton, 1954).
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l¡lseeÉ Ðaramge - Ðinecû Ef,f,eats

I¡rsects directly damage grain through feeding and by oviposition. Both these

actions contribute to the deterioration of the seed envelope (pericarp) resulting in

enhanced fungal cont¿mination and growth.

Granary weevils, Sitophilus granarius (Linnaeus) which are perhaps the most

destructive of the pests, are known to damage grain by boring holes in the kernels to

reach the soft endosperm. Using their snouts, females excavate holes in the kernels

into which they oviposit their eggs (usually one egg per hole). These holes are later

sealed with a gelatinous fluid in order to protect their egg (Cotton 1954). During

development each weevil larva can consume as much as 30 mg of grain, leaving ca. 6

mg of debris. At 30"C and TOVo relative humidity larvae have been reported to

consume as much as 64Vo of the wheat kernel, which represents all of the germ and

a large part of the endosperm (Sinha and Watters, 1-985). In many cases rice weevils,

Sítophilus oryza.e (Linnaeus) have been reported to develop on two sides of a single

kernel at the same time. A single insect can destroy about 30Vo of a wheat kernel

during its development from egg to adult (Sinha and Watters, 1985). During growth

in stored wheat at 30"C for 20 weeks, weevil damage to kernels was reported to range

from 80-1007o (Sinha and Watters, 1985). During its 100 day lifetime, female weevils

can reproduce three to four times and are capable of laying several hundred eggs.

Within a few weeks an enormous increase in population is therefore possible under

favorable conditions (Cotton and Wilbur, Lg74).In addition to direct destruction by

feeding, contamination of the grain also occurs during larval development from cast

off skins or exoskeletons. This process can occur four times during insect

development.
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The lesser grain borer, Prostephanus truncatus, differs from the weevil in that

its eggs are deposited on the outside of the kernel. Feeding larvae and adults can

reduce the grain kernel to a bran shell a¡d in the process produce an inordin¿fs

quantity of fecal pellets. Large quantities of fecal-pellet-dust can accumulate in the

grain rnass. The pellets have been reported to have a sweetish, musty odor that

cha¡acterizes their infestation (Cotton and Wilbur, I97 4).

Moths generaLly oviposit on the surface of grain. The developing caterpillars

then burow into the kernels. Lr the case of meal moth, Pyralís farinalis,larvae can

cause up to 99 Vo loss in the wheat kernel (Sinha and Watters, 1985). Undsmaged

kernels are eaten only when the moisture content is greater than 20Vo. Tlne Indian

meal moth, Plodia.intetpunctel/ø (Hubner) which is found in many grains, cereals and

nuts is restricted to the upper 20 cm of the grain bulk. Meal moths usually occur in

patches of moldy grain and contaminate grain through their feces and cast skin. Dead

specimens and cocoons also contribute to conta:nination. In addition, the larvae are

known to produce a silken substance that often webs grain kernels into clumps.

Ln Canada, the rusty grain beetle, Cryptolestes ferruginens (Stephens) and the

red flour beetle Tribolíum cøstaneum (Herbst) represent two major pests of stored

$ain (Mills, 1986). Normally these insects feed outside the kernels. However, the

larvae will penetrate into the germ area and remain there during the developmental

period. Beetles damage grain and cereal products through feeding and contamination,

viz dead bodies, cast skins and fecal pellets or frass ($inh¿ and Watters, 1985; Cotton

and Wilbur, L974). The red flour beetle, T. castøneum and the confused flour beetle,

T. confiisum have odoriferous glands that secrete a pungent, irritating liquid

containing quinones. In flour, a pink discolouration can develop due to this secretion.
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The secretion has been reported to contain 80-90Vo 2-ethyl-1, 4-benzoquinone, L0-207o

2-methyl-l, 4-benzoquinone and a trace of 2-methoxy-1-, 4-benzoquinone (Loconti and

Roth, 1953).

Insects that feed on moldy grains are known as scavengers and do not cause

great damage unless they are present in large numbers. The meal worm, Tenebrío

spp., the hafuy fungus beetle, Typhaeø stercorea (Linnaeus), the foreigu grain beetle,

Ahasuerus øduenø (Wattt.) the corn sap beetle, Corpophilus dimídia.tus (F.) and the

black fungus beetle, Alphitobius píceus (Oliv.) are some important scavengers found

in stored grain (Cotton, L954).

[¡rseet Darnage -Indinect Effects

Vectors of fungal dissenainatíon

Grain infesting insects, scâvengers and mites serve as vectors for the

dissemination of fungr and their spores. During feeding and oviposition insects

transport fungi via external appendages and hair and or internally via their digestive

tract ( Mills, 1986; Dunkel, 1988). For example Dix (1984) reported that corn weevils,

S. zeamaí.s were naturally contaminated with Aspergíllus flauus spores as well as

spores of penícíllíø. Fecal droppings or frass discharged during feeding is also known

to contain fungal spores

(Grifïiths et al., 1959). Certain insects including confused flour beetle, T. confitsurn

are fungivores and therefore partially depend on fungi for their growüh and

development. These types of insects would be especially important in the distribution

of fungi and their spores. In addition some insects have been reported to carry

mycotoxins. These mycotoxins have been detected through metamorphosis from larva
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to the adult stage (Eugenio et al., 1970). These insects have metabolic adaptations

(enzymes) which enable them to deal with fungal metabolites (Wright et al., 1980 b).

For example the confused flour beetle, T. confusum and cigarette beetle, Løsioderma

senicorne show little or no ill effects from ochratoxin A when exposed to 1000 ppm.

These insects have a longer history of ex¡losure to mycotoxins and thus are relatively

resistant to their effects (Dowd, L992).

Ðistríbutio¡r of hacteria

Husted et a]. (1969), reported that the rice weevil, Sitophilus oryzap (Linnaeus)

retained Salmonella monteuideo both internally and externally for seven days after

exposure to contaminated wheat. lVhen exposed to contaminated wheat from 14 to

21 days, the insects retained Salmonellø for at least flive weeks. Escherichia

intermedia, Bacillus subtilis, Sercetia marcescens, Proteus uulgøris, Micrococcus spp,

Streptococcus spp and various bacteria in the Klebsíella-Aeroba.cter group have been

isolated from the gut and feces of the granaryweevil, S. granari¿s and the yellow meal

'worm, Tenebrio molitor (Linnaeus) (Brooks, 1963; Harein and de las Casas, 1968).

Large numbers of bacteria have been isolated from the larvae and adults of the

confused flour beetle, T. confusum. Bacterial numbers appeared more numerous

within the insects than in the food from which the insects were taken (Van Wyk et al.,

1959). Van Wyk et al. (1959) reported that certain baeteria growing in the gut of

insects appeared to supply B vitamins to the host.

Sor¡rces of rnoisture arrd heat

I¡esects produce metabolic water and heat both in the larval and adult stages.
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Christensen and Hodson (1960) demonstrated that when 200 granary weevils, S.

granaríus were placed into a sealed container with 2-4 kg of wheat after 2-6 months,

the moisture content rose by 37o. T}re temperature also increased by 6"C. Dix (1984)

demonstrated that the moisture content of 'naize, experimentally infested with corn

weevils, S. zeamaís for 16 weeks rose 25Vo; the temperature also increased by 5'C.

Agrawal et al. (1957) also reported that wheat infested with the $anary weevil, S.

granarius increased in moisture content from 18 toZïVo within three months. Similar

increases in the moisture content of grain due to weevil infestation have been reported

by Sinha (1984).

Since insects possess a relatively high metabolic activity, their contribution to

an overall increase in heat and moisture is far greater arrd more important than that

contributed by dormant grain or microorganis''"s (Milner and Geddes, 1954). For

example, the rusty grain beetle, C. fetugine¿s (Stephens) through its metabolic

activity can generate sufficient heat and moisture to create hot spots in grain during

winter storage (Sinha and Watters, 1985). Burges and Burrell (1964) also reported that

the adult saw toothed grain beetle, O. surinamensis could produce as much as 677

calories of metabolic heat at 25" C during a 24 hour feeding period in wheat (density

of 80 insects/kg wheat). Eighme (1966) concluded that among the four primary grain

infesting insects, the granary weevil, S. grønørizs had the greatest ability to initiate

and promote the spread of hot spots.

Faetons.{ffecting Gnowth and Reproductio¡r of lnseats

Food

Insects are generally associated urith an excess of food, therefore quantity usually
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is not a factor. In contrast, the quality of food greatly affects the ability of insects to

develop and mature. Abushama and Al-Jeraiwi (1987) studied the food preference and

development of the red flour beetle, T. castøneum and observed that wheat flour and

semolina were more suitable tha:r rice and broken wheat for its development. In

general, food materials of relatively small size are preferred over larger particles.

Stored grain insects require vitamins of the B group ffan Wyk et al., 1959). However,

some stored product insects have lower vitamin requirements than others, possibly

owing to the presence of intercellular microorganisms or symbiots that provide

accessory food substances (Cotton and Wilbur, L974).

Ternperature and. Moisture

Generally the rate of development of stored product insects increases from 20-

35"C. Death usually occurs within 5-7 degrees above this range. Death at low

fsrnperatures is variable (Sinha and ÏVatters, 1985); development norm¡lly ceases at

10'C or lower. Insects require moisture and are attracted to damp grain. However,

moisture requirements differ among insect species. Some insects can survive and

adapt in a low moisture environment due to their highly developed excretory system

(Cochran, 1978). For example, the rusty grain beetle, C. fenugíne¿¿s and red flour

beetle, T. cøstaneunl. are both well adapted to survive cold Canadian Prairies, due to

their low (minimum relative humidity 17o) humidity tolerance (Sinha and Watters,

1985).

Gnai¡e dockage

br order to reproduce in whole grain, the red flour beetle, T. cøstøneum reqrtres
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a high moisture content. However, the presence of dockage in grain helps them to

reproduce even after the moisture has been completely eliminated. McGregor (1964)

observed that the development of the red flour beetle, T. castaneum in grain was

influenced by the presence of dockage; the number of insects present being directly

proportional to the arnount of dockage.

F'R,ASS

Stored produet insects produce relatively dry fecal pellets, with uric acid as the

rnain nitrogenous component. Uric acid and its ammonium sal.ts are insoluble and may

be eliminated with very little loss of water. Urie aeid makes up 807o or more of the

nitrogenous constituents of excreta in terrestrial. insects (Stobbart and Shaw, L974).

The measurement of uric acid is therefore a good indicator of insect infestation in

grain or grain products. Sen (1968) compared the rate of excretion of uric acid by

larvae, pupae and adults of the red flour beetle, T. castøneum anð. reported that

excretion of uric acid per mg body weight for larvae was higher than that of the adults.

The amount of frass produced by insects vary. For example, a rice weevil, S.

oryza..e larva converts about L4mg of grain into carbon dioxide and water and produces

14 mg of frass, during development into a weevil weighing 2.4 rlag. van Bronswijk and

Sinha (1971), measured the amount of uric acid in grain infested by both the rusty

grain, C. ferrugíneus and the saw toothed beetle, O. surinømensis. A sirniìar'

determination was made in grain infested with both the granary weevil, S. grønarius

and red flour beetle,T. cøstøneum. The authors reported that the combination of the

granary weevil, S. granøri¿s and the red flour beeùIe, T. castaneum produced 207o

more uric acid (ca. 0.11 mg uric acid/mg of grain dust) than the other insect
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combi:ration (ca. 0.09 mg uric acid/mg of graia dust). Gupta and Sinha (1960), a-lso

reported that the uric acid content in the frass of the granary weevil, S. granøríus

averaged LL.68Vo as compared to 17.67Vo in the confused flour beetle, T. confri.sum

and 19.58Vo in the rusty grain beetle, C. ferrugíne¿s. The urie acid eontent is low in

the frass of the granary weevil, S. granarius. Unlike T. confusu¡n¿ (confused flour

beetle) the granary weevil, S. granarius retains a portion of uric aeid and urates in its

fat body .

Studies performed by lV'eaver et al. (1990) showed that frass from mealworm

larva, Tenebrio molitor (L) contained 0.08 g of butyric acid, 0.03 g of propionic acid,

0.02 g of valeric acid and 0.24 g lactic acid per 100 g frass. These acids were not

present in the insect diet; acetic acid (0.25 g /L00 g frass) was present both in the diet

and in the frass.

Frass c¿rn serve as a source of microbial contamination; high concentrations in

grain may also act as chemical messengers, since both frass and lactic acid were found

to be attractive to larvae. When present in high concentrations frass and lactic acid

were shown to attract mealworm larvae. In contrast, butyric, acetic, propionic and

valeric acid were repellent to the larvae (Weaver et al., 1989, 1990).

F actors Af,fecting F rass Frodr¡ctio¡e

Factors which assist insects in feeding also contribute to frass producüion. For

example, the saw toothed grain beetle, O. surinamensís, cannot attack undamaged

grain unless it is moist and soft. Generally the presence of dust, broken kernels and

dockage promotes infestation by the saw toothed grain weevil, O. surinamezsis in

warm a¡d ofien freshly harvested grain. The type of gr¡in is also irnportant. The
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gmnary weevil (5. granarius) can reproduce three to four times faster on whole wheat

and barley as cornpâred to whole oats at 30'C andTÙVo relative htrmidity (Sinha and

Watters, 1985). fsmperature is also an important factor in frass production since it

i¡fluences growbh and reproduction. For example, the minimum and optimum

temperature for development of rusty grain beetle C. fenugíneus is 22'C and 33"C

respectively (van Bronswijk and Sinha, 1971).

F'{.]R{GT

Furrst are a major cause of grain spoilage and rank second only to insects. More

than 1-50 types of fungi have been isolated from cereal grains. These types include

both freld and storage fungi varieties. Field fungi, insludingAlternøría, Cladosporium

and Fusarium seldom undergo further development in storage due to their high

moisture requirement (22 to 23Vo wet weight basis or 30 to 33Vo on a dry weight basis;

(Christensen and Kaufmann, L974). Most types gradua-lly die off during storage when

the moisture content is below that required for growth (Wa-llace, L973; Mills, 1986;

Magan and Lacey, 1988; Trojanowska, 1991). Storage f*gt, particularly Penicilliutn

and Aspergillus species, which are generally present in low numbers before harvest,

develop during storage when conditions become suitable. Tlhe peníeílliø norrlally

invade grain kernels with a moisture content of LTVo and higher, whereas aspergilla

can grovv below LTVo (Trojanowska, 1991-; Magan and Lacey, 1988; Christensen and

Kaufmann, l-969). Storage fungr can grow in environments in which the intergranular

air is in equilibrium with a relative humidity of 70-90Vo (Christensen and Kaufmann,

L974).
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Cor¡.ditions Requi.red. for Growth of Storage Fulzgi

IVIoÍ.sÉure

The moisture content of grain is one of the most importa:rt factors influencing

stability. For example, grain initially containing l2.6Vo water (0.60 Av), has been stored

experirnentally for up to 16 years (Lacey and Magan, 1991). Humidity limits within

which growüh of the fungr are possible, are not as wide as those f6¡ fsmperature. For

example, Aspergillus níger can develop at temperatures from 6o to 45"C, however,

its relative þnmifify range is only 88 to LOÙVo (Panasenko, t967). During storage

small increases in relative humidity especially in the 7I-75Vo range (L4.5-L5Vo m.c.) can

result in large differences in fungal grovrth (Christensen and Linko, 1963; Sauer and

Christensen, 1966). Christensen and Kaufmann (L974), analyzed cereals from several

countries and reported that two fungal species vrere consistently isolated. The

organisms, A. restricfus and A. glaucus were shown to initiate growth at a relative

humidity of 7L-75Vo (m.c. of Lï-L Vo). When a moisture content of L\-LAVowas reached,

the,4. glaucus group appeared on the grain. Through metabolic activity, the moisture

content was raised to L5-L6Vo, which enabled A- cøndidus, A- ochra.ce¿s and A fløuus

to develop. With a further increase in moisture, A* uersicolor, A. níger and species of

Penicillíum appeared. Although storage fuogt germinate at lower A* values than freld

f*gt, fþsir YninimumA* for germination and gfowth is influenced by additional factors

such as temperature, nutrition and the nature of the solutes used to control -Ç

(Magan and Lacey, 1988). For example, xerophihc Penicíllium spp. can germinate at

an A* of 0.81-0.83 at 16'C, 0.81 A* at 23"C and 0.83-0.86 & at 30'C (Magar and

Lacey, 1988). T}ae penicillia invade kernels with a moisture content of LTVo and

higher, whereas aspergilla can grow below L77o (Cbristensen and Kaufmann, 1-969;
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Magan and Lacey, 1-988; Tîojanowska, 199L).

?'eraapenatua'e arad glH

Generally fungi are more tolerant of lower than higher temperatures. Most

fungr develop at temperatures from 5" to 35'C, with an optimum of 25"-35"C

(Panasenko, 1967). Field fungr generally survive better at 4-5'C than at ambient

temperatures although this differs âmong species. (Lacey and Magan, 1991). The

rn4jority of Penicillium and. Aspergillus spp. have a growth rânge between 10 and

40oC, with an optimum at25-35C. On the whole, Penicillulzz species are better

suited to grow at a lower temperature and occur more frequently i¡ fsrnperate

clirnates, a-lthough Aspergillu.s species can grow over a wider temperature range (-8"C

to 58"C). Several fungi, e.g.,Thermomyces lanuginosa, Taløromyces therrnophilus, are

thermophilic and cân grow up to 60'C. These fungi can cause spontaneous heating

in grain (Lacey and Magan, 1991-). The temperature of growbh of many fungr is often

a function of other envi¡onmental parameters including pH, nutritional adequacy and

moisture ( Moss, l-991).

Grain fungr can grow over a wide pH r¿mge (1.5-9.8). For example, -4.. niger and.

A. candidus can grow over a pH range of 2.1-7.7 and 1.8-8.5 respectively. Sporulation,

germination and/or enzymic activity occur within a much narrower pH range. As with

temperature, the pH range of growth is dependant on other environmental. factors

(Moss, 1991).

MyeotoNi.r¡ Froduatior¡.

Mycotoxins are secondary metabolites produced by fungi which are toxic to both
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rnax and animal. They are perhaps the most carcinogenic of all known natural

çqttpounds (Bhatnagar et ù., L992). Mycotoxins are produced by various fungl

including ûurny which grow on cereals a:rd cereal products, both in the flreld and/or in

storage. As a result, stored crops may contain mycotoxins arising from either freld

infection or from storage or a combination of the two. The main genera of fungi

associated with mycotoxin production in grain include species of Aspergillus,

PenicíIlíum, Fusarium, Cløuiceps, Alternøriø, Píthornyces, Stachybohys, Phoemø and.

Diploidiø (Smith and Hacking, 1983).

F'acÉons ^A,ffectíng Myeotoxi¡r Froductior¡

Freharvest rrrycotoxin production

Mycotoxin production during harvest is affected by various physical factors

(temperature, moisture content, rapidity of drying, rewetting, ambient relative

humidity) and the degree of exposure of the crop to mechanical injury and extensive

spore inoculation (Abramson, 1991).

Damage due to insect feeding can also lead to mycotoxin production. For

example, the Europeax corn borer, corn earworm and faJ.l amyworm are involved with

aflatoxin production in corn. The maize weevil in particular is associated with chronie

aflatoxin contamination since they effectively serve as a vector for the dissernination

of A- flauus. A study by Wildstrom (1992) indicated the mean concentration of

aflatoxin for infested freld plots was more than four times higher for weevils (329

ng/g), as for corn earworms ( 80 ng/g), or fal.l amJ ryorms (60 ng/g).

Drought stress can also play a major role in the contamination process. For

example, corn plants weakened by drought (temp > 30'C) are more susceptible to
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fungal invasion. Drought stress a¡d insect damage were shown to have a synergistic

effect enhancing aflatoxin levels in corn during the preharvest period (Smith a¡d

Riley, 1992)

Fosû havvest naycotoxín garoductíorl

(i) Moisture a¡ad tenrpenature

Moisture and temperature are the two most irnportant factors affecting mold

growth and mycotoxin production in stored grain. Temperature interacts with A, to

influence mold growth and thereby mycotoxin production (Moss, 1991). For example,

high levels of aflatoxin production by A. parasitícus were favored by temperatu¡es of

25 to 30oC when the A* was >0.90 whereas below I to 10"C, aflatoxin production

occured, but the amounts producedwere reduced and the time required for production

was extended (Bullerman et al., 1984). Northolt et al. (1979) investigated the

production of OA in relation to water activity and temperature. At 24"C optimum fu

values for OA production by A. ochraceus and P. cyclopiun't. were 0.99 and 0.95-0.99

respectively. At the optimum A*, the temperature range for OA produetion by A

ochra.ceus was 12-37'C; for P. qclopiu;æ temperature range was 4 to 31"C.

A" and temperature requirements can also differ for dissimila¡ toxins produced

by the sarne species and for similar toxins produced by different fungal species. For

example, OA production by A. ochrace¿¿s on poultry feed was optimum at 30'C and

0.95 A*, while penicillic acid production was optimum at22C and 0.90 A,* (Lacey and

Magan, 1991).
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(ii) Substrate

The A* a¡d ternperature requirements for fungal growth and toxin production

also depend on the nutritional adequacy of the substrate. Toxigenic fungr can grow

on a wide rânge of substrates; however, certain substrates are more suitable for

optimum toxin production. For example, aflatoxins are produced in high

concentrations in various oil seeds such as groundnuts, Brazil nuts, pistachios,

¡lme¡1fls, walnuts and in cereals. However, they are not formed in any signifrcant

quantity in soybeans (Moss, l-991). Bullerma'"' et al. (1984) reported that phytic acid

in soybeanwas capable of bindingzinc, a requirement for toxin production. In addition,

toxigenic mold may grow abundantly on various substrates, yet mycotoxin synthesis

may not occur. For example, studies have indicated that food substrates high in

carbohydrates general.ly favor higher mycotoxin production sst'''pared to those

substrates which are high in protein and lipids (Leistner and Pitt, Lg77). Substrates

such as cheese, which are high in protein but low in carbohydrate favor penicillia

growth, but production of mycotoxin including patulin, penicillic acid and ochratoxin

production was small or absent (Bullerman, 1981). Tïenk et al (1971) reported that

OA production by A. ochraceus at 28"C was highest in chopped corn and lowest in

bleached flour. Optimal time for toxin production was observed to depend on the

temperature and the nature of the substrate. Madhyastha et al (1990) reported that

highest OA production byA øluta.ceus Ç\ ochracel,¿s) was highest in peanut meal and

lowest in rapeseed. For P. uerrucosuï;, horvever, wheat supported maximum OA

production.

The presence or absence ofcertain ions, and the type and source ofcarbon and

nitrogen can either activate, induce or depress certain enzyrnes, thereby disturbing the
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normal channelling of key intermediates that support balanced growth (Malik, L982).

(iiå) pH

In fungi, enzymatíc activity which normally occurs within a narrow pH range can

affect mycotoxin production. For example, studies by Ferreira (1968) demonstrated

that glutamic acid and proline were excellent nitrogen sources for OA production by

A ochrace¿¿s. The uptake of glutamic acid is, however, rffas shown to be tetrrperature

and pH dependant. Bacon et al. (1974), demonstrated that optimum uptake for these

amino acids occured at pH 6.0 and at 28"C. Patulin, a mycotoxin produced by

Penicíllium expønsum is synthesized over a much narrower pH range (3.2 to 3.8) than

that supporting active growth (2.8 to 4.0). Also the production of T-2 toxin by

Fusøríum sporotrichioides was greater at pH 5.5 than at either pH 4.0 or pH 7.0

despite its ability to grow over a pH range of 4.0 to 7.0 (Moss, 1991-).

Varying the substrate pH has been reported to influence aflatoxin production by

A. flauus (Venkitasubramanian, L977). At pH 7.2, 5.8, 4.5, 2.8, aflatoxin production

was 5.4 , 5.0, 4.8 and 5.2 respectively.

Sansing et al (1973) reported that maximal OAproduction in a synthetic medium

coincided ü¡ith alkaline (7.5-8.0) pH values. Arnmonium accumulation in the medium

as a result of amino acids deamination was cited as the cause.

(ív) &lienobíal eornpetition

In a natural ecosystem fungal growth may become restricted by the ssmpetitive

growbh of other ttticroorganisms. These microorganisms can also prevent or limit

mycotoxin production. For example, decreased levels of aflatoxin have been observed

when other fungi were growrr in mixed cultures with .,4. flauus and ,4. parøsíticus ,

Mixed fungal cultures were also reported to produce different aflatoxin G,/8, ratios,
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even though the total ¡rnount of B, remained constant (Wildstrom, L992). Corn

invaded by Fusøríu,n spp. was shown to prevent aflatoxin production in spite of heavy

infestation by A. flauu.s (Sauer and Burroughs, l-980). Competition from,4. cheualieri

and,4" candídus was reported to reduce aflatoxin production when rough rice was

inoculated v¡ith A parasiticus. On sterile corn, A flauus produced 24-LL7 times more

aflatoxin, when compared with non-sterile corn (Sauer and Burrough, 1980).

Ashworth et al. (1965) reported that aflatoxin production byA. flauus was inhibited by

the presence ofA niger. Chelack et al. (i-991-) also reported marked reduction in OA

production by A alutaceus in the presence of competing mycoflora.

ÛCHR.ATOKA{

Ochratoxins (Fig. 1 ) include a group of structurally related secondar¡r

metabolites produced by several species of Aspergíllus and. Penícillíum. Ochratoxin

A is a 7-carbo>ryl-5-chloro-8-hydro>ryl 3,4 dihydro-3-R-methyl-isocoumarin which is

linked through a carboxy group to L-ß- phenylalanine. Ochratoxin B and C (OB, OC)

are the dichlorinated and ethyl ester derivatives of OA. (Chu, L974).

OA is a colorless, crystalline compound. It is highly soluble in polar organic

solvents, slightly soluble in water and dissolves in aqueous sodium hydrogen carbonate.

Ochraûoxígenic F\rrxgi

In Western Canada, Penicillíurn uiridicatum, P. qclopium and P. chrysogenum

represent the main ochratoxigenic fungi (Abrarnson and Mills, 1985). Aspergillus

ochraceus, the frrst ochratoxin producing organism was isolated from sorghum grain

and is often found in soil and decaying vegetation. A- øllea.ceus, A- melleus, A-



Figure 1. Chemical Structure of Ochratoxins.
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sulphureus, .L sclerotíorum, A ostíanus also produce ochratoxin A and E. Several

species of Penicílliurn also produce ochratoxin. P. palitans, P. commune, P.

chrysogenuffi, P. purpurescens, P. uøriable, P. uerrucosurn. Of these organisrns P.

uerrucosun'L also produces citrinin (Marquardt et al., 1989).

Na&u-ral Occurre¡ace of Oeh-raûoxin

Ochratoxin A has been detected in several plant products including cereals,

ground nuts and beans in concentrations ranging from 5 to 27 ,500 W/kS (Steyn, 1984).

Generally oilseeds, peanuts and soybean have been reported to support a higher

production of OA and OB by A. ochrace¿s compared to wheat and corn (Madhyastha

et al., 1990).

Scott et al. (L972) reported OA in 18 of 29 samples of heated farm grain in

concentrations ranging from 0.03 to 27 ppm. Ochratoxin ranging in concentration

from 110-115 ppm was detected by Shobwell et al. (1971) in corn and Yoshizawa (1991)

detected OA in 23 of 180 barley samples (0.01 to 0.037 ppm). Levi et aI. (L974)

reported OA in gleen coffee beans, while Mislivec et al. (1975) and Christensen,

(L975) reported its presence in dried beans and black pepper respectively. The natural

occurrence of OA in barley was also investigated wiih respect to its possible

transmission to beer (Steyn, 1984). Krogh et al., (1974) demonstrated, however, that

ochratoxin was destroyed during malting and brewing. Chu et al. (1975) demonstrated

that ochratoxin was partially destroyed in the .ashing and brewing process. About

28Vo of the spiked toxin was found in flrna] beers brewed from starting -aterials

containing l and 10 pg/g.OA.
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T'oxicíÉ'y

Pigs fed a diet containing OA accumulated ca. 0.5Vo of the toxi:: in their tissues

(Steyn, 1984). The immune system of the pig appears sensitive to OA below L mglL.

with a 107o inhibition of lymphocyie response being produced by ca. 0.06 mg of OA

this level has been identified in blood of slaughtered pigs (Stromer, L992). Marquardt

et al. (1988) reported the presence of OA in the blood of slaughtered pigs from

Western Canada. OA is primarily a nephrotoxin which has been shown to cause

porcine nephropathy in Sweden and Denmark. Other countries i¡sluding Finland,

Norway, Germany, Hungary and Great Britain have also reported its presence in pigs

(Steyn, 1984). OA along with a co-contaminant citrinin, have been shown to be the

principal agents in porcine nephropathy, which is comparable to Balkan nephropathy,

suggesting a com.mon relationship (Krogh et al. 1-977).

The toxicity of OA in hens and chicks was reported by Chu and Chang (1971).

Harrilton et aL. (1982) reported several outbreaks of ochratoxicosis in chickens

associated with feedstuffcontaining 2 ppm OA Levels of L-4 ppm ochratoxin in feed

seriously afTected egg production, efficiency and mortality of laying hens (Choudhury

et al., L97L).

C onditions F{ecessarXr f,or @chratoNira Froductio¡e

Production of ochratoxin is influenced by two main factors: fsmperature and

water activity of the substrate. The minimum temperature for OA production by

Penicillium and A ochrøceus is 4 and 12'C respectively. The minimum A. for toxin

production by A- ochrøceus, P. cyclopium, P. uiridicatum is in the rânge of 0.83-0.87,

0.87-0.90, 0.83-0.86 respectively. On barley meal, P. uirídícøtum produced maximum
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quantities of OA at0.97 A" and at temperatures as low as 12"C (Northolt et al., 1979).

Suhstrate

Cracked corn, pearled wheat, winter wheat and soybeans were found to support

ochratoxin production by A* ochraceus (C}llu, L974). Ferreira (1968) found that among

nitrogen sources glutamic acid and proline were best suited for ochratoxin production.

Ammonium acetate also supported OA production at a high concentration (10g/t).

Media containing yeast extract as a nitrogen source were also well suited for

oehratoxin production (Davis et al., 1969). Lai et a]. (1970) demonstrated that trace

elements ( Fe t*, Zrf', CLL'', B3*,and Mou*) were required by A- melleus (NRRL 3519

and 3520), A- ochrace¿s (NRRL 3L74) for ochratoxin production.
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MAT'ERIAí,$ "ANþ n/mTffiOÐg

F'nass FroducûÍ.o¡a

Red flour beetles, Tribolium castøneutn (Herbst) obtained from Agriculture

Canada, Winnipeg, Manitoba were reared in wide mouth glass jars frlled with ca. 2.50

kg of whole wheat and barley. The insectory had a screvr top lid with a wire mesh

center. The wire mesh was covered with flrlter paper which allowed for gas exchange

but prevented insects from escaping. The wheat and barley was adjusted to LA-LíVo

moisture by the addition of sterile distilled water and was kept at room fsynperature

for 48 h in order to reach equilibrium. The beetles were raised only on sound wheat

and barley; no wheat germ was added. These precautions were taken in order to

facilitate frass collection. About 500-600 adult red flou¡ beetles were introduced into

each insectory which were maintained i¡ ¿ þr,midity chamber in the dark at 30'C.

Afber 30 to 40 days the frass was separated from the grain r'''a*s by sieving (ca. L mm).

The sieve was small enough to remove dead insects, exoskeleton, egg cases and

cocoons. The frass was sterilized by electron beam irradiation (Atomic Enerry of

Canada, Finawa, Man; 10 KGy).

IrlsecÉ Fopulation a¡rd. Fnass Fnoduatio¡a

Whole sieved (2.36 mm) wheat (Tríticum ac,stiuurn,100 g;) contained in 250 ml

flasks was adjusted to a moisture content of L6Vo (wet weight basis). Red flour beetles
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( mixture of sexes; ca. same age group) i:r populations of 50, 100, 250 were introduced

into a series of flasks (insectory) which were subsequently incubated at22"C for l-4 d.

The frass was collected by sieving the flask contents using a 20 mesh screen. All

experirnents were repeated in triplicate.

0nganíem

Aspergillus ochrareus Wilhelm ATCC 22946 (NNRL 3L74) obtained from the

American þpe Culture Collection, Rockville, Md., was growÌr on slants of potato

dextrose agar (PDA" Difco) containingyeast extract (Difco, L.07o) and NaCl (7Vo,PDA-

YE-NaCI) for 7-10 d at 22 "C. Slants ¡yg¡s rnaintained at 7"C.

Conidia used as inocula for toxin production were produced on FDA-YE-NaCI

medium (10 d, 22-25"C) and harvested using sterile distilled water contarning LVo

Tbeen 80. Harvested spores were passed through a series of sterile Pasture pipettes

(14.5cm) packed with glass wool. The procedure removed mycelial debris and

facilitated the removal of spore clumps. All spore inocula were standardized using

sterile distilled water containing LToTween 80 (l-06 conidia/ml). Spore numbers were

determined using a serial dilution technique employing PDAv¡ith incubation at22"C

for 5 d.

tchratoxi¡r Froductio¡¡. i¡a Graí¡a Fortifi.ed with Fnass

Barley (variety Bedford; 30 g) contained in 250 ml flasks (foam caps overwrapped

vrith aluminium foil) were sterilized (20 min at 121"C) and adjusted to a moisture

content ca.24Vo (wet weight basis) by the gradual addition of predete¡minsd amou:rts

of sterile distilled water. This protocol involved the periodic shaking of flask contents
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and an equilibrium period of ca. 48 h at room fsmperature. Sterile frass (3, 6, andgVo)

was then added to a series of these flasks and allowed to further equilibrate (24h,,

22"C). The moisture content of the flask contents was determined in duplicate using

a oven drving method (130"C, for 19 h;American Society of Agricultural Engineers,

L975). All flasks were inoculated with A- ochrareus ( 10s spores per flask) and

incubated in the dark at 25"C. The experiment was performed in trþlicate and

samples were analyzed in triplicate at 0,7 and 1-4 d of incubation for toxin production.

Flasks containing no frass served as controls. At the time of sampling, the entire

flask contents was dried (24h,100"C) ground (CRC ffis¡e-milì, Chemical Rubber Co.

Cleveland, Ohio.) and stored at -20'C in polyethylene bags until analyzed.

The entire procedure was repeated using either whole or ground wheat (red

spring wheat) as the substrate. The incubation period was extended to 2L d.

Ground wheat was prepæed using a \#iley rnill and a 1-.0 mm screen. All ground

samples were screened twice to ensure an even size distribution.

@chrato*ilr Froduatio¡l i¡a Grou¡¡d. Wheaû flosfaining EIníe,&aid

The protocol followed was simiìar to that described earlier with the exception

that uric acid (0.077, 0.1-54.and 0.230 e/30 g wheat) in lieu of frass was used. The

levels of uric acid added to the moisturized, 1.0 ürm ground wheat (30 g¡ corresponded

to the uric acid level in 0.0, 3.0, 6.0 and g.ÙVo frass respectively.

Effect of Frass on Och¡eatoxí¡l Froductío¡l i¡a Sterile a*d No¡r Sterile Wheat

Ground (1.0 mm) and sterilized wheat (30 g; 121"C for 20 rnin) contained in 250

ml flasks was supplemented with sterile frass (5.0Vo) and adjusted to a moisture
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content of 24Vo as described previously. Flasks were subsequently incubated with a

1.0 ml suspension containing either 104, 105 or 106 spores and incubated at 25"C in

the dark. The experiment was performed in triplicate and samples were analyzed in

duplicate at 0,7 and 14 d. Flasks which were similarly inoculated but contained no

frass were used as controls. This protocol was repeated using ground, non sterile

$ain. Prior to use, the non sterile grain was evaluaúed for yeast and mold (PDA' 5

d. at22"C) and sta-ndard plate count (plate count agat,48 h at 35"C) using a sterile

serial dilution technique.

Eff,ect of F'rass o¡a T'h.e Growth øf Aspetgílhrs achruæus ore Syrathetic &ledía.

PDA containing sterile frass (LVo) was surface inoculated with a dilute spore

suspension of A- ochra.ceus ( 0.1 m; ca.10 spore/d). foUowing incubation at22C for

12 d, the diameter of the resulting colonies were measured. A sirnilar protocol was

performed with PDA supplemented with 2 and 7Vo frass. Inoeulated FDA without

frass served as the control.

F'nass ^AraatrysÍs

The total reducing sugff of the frass was determined using the phenol-

sulphuric method as outlined by Dubois et al. (1956). Glucose was used as the

standard.

The pH (Accumet; pH Meter Model 910) of the frass was determined by using

1.0 g of frass in 10 ml of distilled water. An iodine test was performed for starch

deterrnination. The uric acid content of the frass was determined using a

spectrophotometric method described by Marquardi (1983). A standa¡d curve wås
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prepared by using u¡ic acid (Signa Chemical Co. St. Louis, MO).

The chitin content of the frass, rnainly contributed by insect exoskeletons, was

deterrnined in terms of its glucosamine content (glucosamine being a breakdown

product of chitin). The method of Rotter et al. (l-989) was used. Bio'nass

accumulation byA ochraceus was also assessed in tertns of chitin content. When frass

*"s srnploled in the substrate, biomass chitin was calculated as: the difference

between total chitin min¡s insect chitin.

The total nitrogen content ¡y¿s dsts¡rnined by microkjeldahl (AO.AC. 1975),

Ochratoxíra ^ånalysis

Ochratoxin was analyzed by the method of Frohlich et at. (1988). Ground

samples (10 g) were extracted with CHCI. -0.L M HrPOn (12:1) following shaking (30

rnin) ¿1d filtered (W-hatrnsn No 4). The frlter paper was rinsed with additional CHCI,

(20 mI), combined with the primary fùtrate and evaporated to drSmess under vacuum

using a rotary evaporator at room fsrnperature. The residue was dissolved in CHCIB

(4.0 ml) and subjected to reverse phase thinJayer chromatography (RPTLC).

Revense Fhase T'hire-l,ayen Chro¡¡ratogra¡lhy

RPTLC plates (ca. 5x10 cm KC-18 reverse phase plates, particle size 200 pm

Whatman) were each spotted with a standard OA solution (10 pL volumes;) and three

L0 pL volumes of samples. Following ab ùying, the plates were placed in a sealed

chamber containing methanol-water (70:30;20 ml) until the solvent front reached the

end of the plate. Plates were dried and exposed to UV light (À = 366 nrn) in order to

locate the blue fluorescent OA spots (Rf= 0.76). The fluorescent area was ma¡ked
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with a needle. To ensure complete removal the area outlined was made slightly larger

than the fluorescent spot where OA was detected.

@A reaoverXr from RPTï,C plates

The OA was recovered from the RFTLC plates using a special recovery device

(Frohlich et al., 1988). The toxin was removed from the spotted area using methanol

(4 ml) and the eluted samples were dried under N, n/ith gentle heating (60-?0"C).

$amples were stored at -20'C.

@uantíûaûíve araalysís of @^4,

Quantitative analysis of OA was performed by high-pressure liquid

chrornatography on a Beckman Ultrasphere ODS í-pm' column (4.6 rnmx25 cm)

according to the method of Frohlich et al., (1988). The eluting solvent consisted of

30Vo IJrO (pH 2.1; adjusted with phosphoric acid) and 70Vo methanol- isopropanol

(90:10). A Hewlett-Packard fluorescence detector 1046 A in conjuction wiüh Hewlett

Fackard integrator 3390 A was used.
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The composition of the frass produced by T. cøstaneun is given in Table 1 . As

shown from the results uric acid nitrogen contributed to ca. 87.4 Vo of the total

nitrogen content. Approxi'nately one-third of the frass was cornposed of chitin (based

on glucosamine content) indicating the presence of insect integument and/or fungal

biomass. Reducing sugars (1.24c/o) were also detected in the frass, however, starch

(iorìine test) was not detected. The pH of the frass was 6.05.

The level of frass produced by various populations of T. castaneum in whole

wheat at L4 d is shown in Table 2. Increasing the insect population coincided with

an increase in the production of frass. The increase however, v/as not proportional

to the initial insect population, signifying perhaps intragroup competition for the

substrate.

The time course production of ochratoxin in whole, sterile, barley with frass is

shown in Fig. 2. At 14 d no significant difference (P> 0.01) in toxin production was

observed either between the control (21.9 uglÐ and barley 6Vo - frass (20.0 pg/Ð or

between barley - 3Vo (14.9 pe/Ð and barley- 9Vo frass (Lz.a A/g) (appendix table 1).

Toxin production in the former substrates was significantly higher (P< 0.001) when

s6tt"'pared to the latter two substrates both at 7 and l-4 d. The pH of the substrates

ranged from 6.05 to 6.07 at the onset of incubation.

The incorporation of frass into whole, sterile, wheat either at the 3 or ïToleveL
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TABLE 1. Çsmposition of frass produced by T. castaneum.

Components Concentration

Total nitrogen

Uric acid

Carbohydrate

Starch

pH

Chitin

9.76 x 0.4 Vo

8.53 t 1.5 Vo

L.24 ¡ 0.09 Vo

N.D"

6.05 * 0.01

33.3 mglg t 0.01

" Not detected
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TABLE 2. Amount of frass produced by T. castaneunl. in whole wheat v"r:tln L6Vo
moisture after twelve days.

No of insects" Frass (mg/100g) Frass (7o)

50

100

250

46.3 x. Z1'I

9t.76 t 16.5

L65.23 t 32.8

4.6

9.1

16.5

" Adults only; mixed sexes.



Figure 2. Effect of 0, 3, 6, and 9Vo of frass on OA production in whole barley by.á"
ochrareus. Bars represent standard deviation of the means.
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did not signiflrcantly (F > 0.05) increase toxin production (Appendix Table 2) when

compared to the control either at L4 or 2L d (Fig. 3). At 14 d OA production was

highest in the control (L7.21 pA/Ð; this level was signifrcantly higher (P < 0.05) than

that obtained inwheatgVo- frass (13.35pA1Ð. AtzL d, however, OAproduction in the

control decreased to 4.18 pg/g; in contrast toxin production vnth 9Vo frass increased

to 26.L5 pg/gwhích was signifrcantly higher (P < 0.01) than that observed among the

remaining substrates. Growth (glucosamine concentration) of A- ochracezs increased

in all substrates during the frrst hvo weeks of incubation (Fig. 4; Appendix Tabte 3).

Maximum growth was attained in the control (30.3 mg/g) at L4 d which coincided with

maximum toxin production; growth of the control decreased thereaJter. The presence

of frass inwheat appeared to have no stimulatory effect on the growth of A ochra.ceus.

Increasing the concentration of frass in the substrate appeared to decrease the rate

and extent of growth. The pH of the substrates ranged from 6.05-6.02.

Toxin levels increased ca. frve to ten fold when ground wheat (1.0 mm) was

used as the substrate (Fig.5). At 14 d, toxin production in wheat- ïVo frass (222.0 pg/S)

and wheat ôVo-frass (190.53 ug/Ð was signifrcantly higher than in the rernaining

substrates (P< 0.00L) (Appendix Table 4). At 21 d maximum toxin accumulation was

detected in wheat-3%o frass. This level of toxin, however, was not significantly different

( P> 0.05) from that obtained in the re"''aining substrates. Maximum growth of A

ochroreus in ground wheat occurred in the absence of frass at L4 d, thereafler it

decreased. The inclusion of frass (3, 6 or 97o) appeared to alter the pattern of growüh

for/" ochrøceus.In most cases the growth pattern appeared protracted but increased

steadily.

When the frass componentwas replacedwith equivalent levels of uric acid (0.0,



Figure 3. Effect of 0, 3, 6, and 9Vo of frass on OA production in whole wheat by-á-
ochraceus. Bars represent standard deviation of the mea¡s.
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Figure 4. Effect of 0, 3, 6, and 9Vo of frass on the growth (as dsfs¡rninsfl þy
glucosamine concentration) of A. ochrareus in whole wheat. Bars represent
standard deviation of the meâns.
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Figure 5. Effect of 0, 3, 6, and 9Vo of frass on the production of OA by A. ochra.ceus
in ground wheat. Bars represent standard deviation of the means.
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Figure 6. Effect of 0, 3, 6, and ïVo of frass on growth (as determined by glucosamine
concentration) of A- ochraceus on gfoundwheat. Bars represent standard deviation
of the meâns.
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76.8, 153.5 and 230.4 mg uric acid (UA)/g ground wheat equivalent to the UA content

n 0, 0.9, L.8,2.7 g frass/g ground wheat respectively) the overaÌl production of toxin

declined. Maximum toxin accumulation was observed in ground wheat at 14 d

containing 230.4 rrr1UA/g; levels decreased thereafier. No significant difference \ilas

observed in the toxin levels among the remaining substrates (P> 0.05) (Appendix

Table 6). At 21 d, toxin accumulation levels for all substrates were not signifrcantty

different (ca.9-11 ug/Ð. Biomass accumulation by.A ochraceus appeared to increase

with time in all substrates (Fig. 9). Maximum accumulation (14.6 r¡rl/Ð occurred in

wheat which contai¡ed the highest levels of UA at21d. Biomass accumulation at this

time appeared lowest in the control. The substrate pH ranged from 6.05 (control) to

5.6 (ground wheat with 230.4 mg uric acid).

The production of OA in non sterile ground wheat is shown in Fig. 9.

Substrates with or without frass containing either 105 or 106 CFU/g exhibited no

signifrcant difference (P> 0.05) (Appendix Table 8) in ochratoxin accumulation at L4

d. Substrates inoculated \Ã¡ith l-04 CFUIg yielded no toxin accumulation within the

incubation period.

The accumulation of toxin in sterile gtound wheat either with or without frass

is shown in Fig. 10 and 11. Overall, toxin accumulation appeared markedly higher in

substrates which were sterilized prior to inoculation. Substrates inoculated with either

105 or 106 CFU/g with or without frass contained no significant difference in toxin

accumulation (P> 0.05). Toxin accumulation in the absence of frass at the 10a CFU/g

inocu-l.um level was, however, signifrcantly (P < 0.05) higher than in the presence of

frass. I¡ both cases, substrates inoculated at the highest level exhibited the lowest



Figure 7. Effect of uric acid on OA production by/" ochrøceus in ground wheat. Bars
represent standard deviation of the means.
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Figure 8. Effect of uric acid on growth (as determined by glucosamine concentration)
of '4. ochrøceus on gtound wheat. Bars represent standard deviation of the means.
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Figure 9. Effect of inoculum size on OA production by A- ochraceus in non sterile
ground wheat with and without frass. Bars represent standard deviation of the
means.
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Figure 1-0. Effect of inoculum size on OAproduction byÁ. ochraceus on sterile ground
wheat without frass. Bars represent standa¡d deviation of the means.
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Figure 11. Effect of inoculum size on OAproduction by,A. ochrareus on sterile ground
wheat containing íVo frass. Bars represent standa¡d deviation of the means.
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level of toxin.

The microflora of the non sterile groundwheat included ayeast and mold count

of 34 x l-04 CFU / g and a standard plate count of 31 x 102 CFU/g. When .A ochra.ceus was

cultured on potato dextrose medium (Difco) supplemented with 0, 1,2 or \Vo frass, at

22"C for 12 d the resulting colonies were shown to have diar'''eters of 4.0, 4.5,4.5 and

4.8 cm respectively (Table 3).
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TABLE 3. Growth of A ochra.ceus oL potato dexbrose agar
at 22"C fortified with frass.

Frass (7o) Colony diameter (cm)

0

1

2

3

4.0 r 0.0

4.5 r 0.1-

4.5 * 0.0

4.8 * 0.4
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Ðrscussr0N

With their metabolic heat and v/ater, insects can increase the water activity and

fsrnperature of grein to a level suitable for fungal growth (Dunkel, lgBB). Insects can

also serve as internal and external carriers of fungal spores. Through feeding they

can destroy or damage large quantities of grain and provide environments suitable for

spore gerrnination. Fungal-insect interactions in stored cereals are intricate. The

present study was initiated to assess an interaction which hitherto has not been fully

investigated. Specifically, insects fssding in stored cereals excrete nitrogenous waste

(frass) in the form of pellets. These excretory pellets are relatively high in nitrogen

and have been reported to contain ca. from L0 to 22Vo uric acid (Gupta and Sinha,

1960). In addition, depending upon the insect species and the nature of their feed,

sta¡ch ¿¡d arnine acids have also been detecüed in their frass (Gupta and $inh¿, 1960).

In view of the potential nutrient value of frass, the question arises as to wether this

rnaterial can contribute to or influence the growüh and or toxin production of gr¡in

infesting fungt. In the case of Streptomyces, for example, Wallace ¿ad ginh¿, (1981)

reported that the frass obtained from the cereal beetle could serve as a good substrate

for growüh. The frass used in this study contained ingredients or debris not of an

excretory nature. This debris (insect and cereal material) could not be separated

adequately from the frass pellets by sieving. Alternately marr¡al separation with the

aid of a stereoscope microscope could have been performed. However, based on the
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anticipated levels required, this method was deemed unsuitable. The rate and extent

of frass production by insects is highly variable and is known to depend on a

multiplicity of factors rnâny of which also affect insect feeding. The degree of

infestation, the population pressure and the adequacy of the feed represent some of

the more important factors (Farn and Smith, 1963). In order to established reference

levels with respect to frass production and insect densities a preìirninary study was

undertaken. Following L4 d of feeding ea,. 4.67o of frass was recovered from 100 g of

grain infested with 50 T. castanez¡r¿ adults. This level increased to 9 and l6Vo wlner-

the insect densities were increased to 100 a¡d 250 respectively. Such levels of insect

infestation would be categorized as 'Visible" (> 500-1000 insects/kg cereal) as opposed

to "hidden" (< 1-10 insects/kg cereal) (White, personal commun.). As mentioned

previously the production of frass is influenced in part by insect density which is

extremelyvariable. Since'Visible" levels of insect infestation ¿re encountered in stored

cereal crops including wheat (Storey, 1985) frass levels of 3, 6, and 97o were arbitrarily

chosen. These levels of frass encompass the level produced in the prelirninar¡r study.

In this study no clear pattern on biornass accumulation was observed with

regard to frass concentration. However, in the majority of trials, the rate and extent

of biomass forma¡is¡1 in Srain containing frass was lower than that observed for the

controls. The lack of a well defined growth pattern with Â ochrateus in frass may be

due to an inherent problem which could not be adequately resolved. Specifically it was

observed that during the incubation period, some of the frass would settle to the

bottom of the culture flask as a result of stancìing and or periodic shaking. Either

whole or ground wheat would ofTen obscure the settled frass creating a heterogenous

growth environ'nent. Such a condition could have dramatic effects on mycelial tnass
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formation, viz,by limifi¡g access of the fungus to part of the substrate. This situation

was further aggravated when some of the settled frass become transformed into a

sticky conglomerate, interwoven with mycelia. Acquiescence of moisture, possibly

arising from respiration and or diffusion from the grain with the frass, most likely

contributed to this situation. A similar scenario arose when uric acid v¡as used in lieu

of frass. In the rnajority of trials, shaking the flask contents often within 3-5 d of

incubation did not result in an adequate redistribution of the substrate. At this time

period, the substrate and resulting fungal grolrth primarily existed as one ssmpact

rnass.

Although the addition of frass to $ain created distribution problems, the

situation may not be that different in a natural grain bulk. Grain dust, dockage and

frass may also be distributed unevenly due to settling and or entrapment within the

grain matrix especially in areas of high moisture content. The reduction in bion'tass

observed when .L ochraceus was gtown with frass may indicate possible inhibitory

components. Uric acid, which markedly stimulated biomass formation was not likely

involved. However, the protracted growth profiles exhibited by A. oehrarceas may arise

from a type of hinderance provided for by frass. For example, filarnentous fungi when

cultu¡ed on solid-substrate fermentations, natural materials such as straw, Br6s,

woodchips and gr¡in, grow at rate based primarily on the availability of nutrients and

on the geometric configuration of the matrix (Moo-Young et al., 1983). In the case of

cellulose degrading fungr growing on straw, the authors indicated that the growth rate

was dependant on the dimensions of the interstitial space which provided for no

nutrients and/or the coïnFactness of the straw strands upon which the fungr could

adhere to. Compactness of the substrate could also affect O, and CO, tensions within
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the interstitional space, and the dissipation of heat which could lead to localized

overheating. Fungal growth, eîzyÛj'e production and product formation have been

reported to be affected by substrate compactness (Silman, l-980).

One additional consideration that should be addressed when evaluating the

growth of A- ochrøce¿s is the carbon:nitrogen ratio of the substrate. This ratio,

particularly in solid substrate fermentations, where vegetative growth and nutrient

diffusion are somewhat reduced compared to conventional liquid fermentations, is

critical not only in terms of biomass production but also in terms of product utilization

and formation. Favorable C:N ratios for fungi vary (15:1 to 30:1) dependirrg on the

orgardsrns and the fermentation (Ulmer et al., 1981). The source and availability of

nitrogen have also been reported to exert a great influence over the direction ofthe

fermentation (Moo-Young et al. 1983). Therefore the inclusion of frass with a

relatively high nitrogen level, in the form of uric acid, may have had an i¡fluence on

the growbh pattern of the organism.

Ochratoxin production as influenced by frass was most apparent at tt.e ïVo level.

The highest concentration of uric acid (230.4 rlrr9/Ð equivalent to that level in g%o frass

also promoted peak toxin produetion. With the exception of trials employing uric acid,

toxin production in frass containing substrates appeared protracted and in the majority

of cases exhibited a steady increase, during the incubation period. A deflrned pattern

of toxin production with respect to frass concentration was not observed. In part this

may be due to problems previously discussed. Grinding wheat, in an effort to create

a more homogeneous substrate resulted a marked increase in ochratoxin production.

According to Diener and Davis (1969) shell and kernel damage (fragmentation)

increases the opportunities for direct and rapid invasion of fungi which ultimately
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increases the potential for toxin formation, In addition, the reduction in size of the

substrate allows for increased surface a¡ea thereby facilitating nutrient acquisition.

In agreement s¡ith previous investigators (Haggblom, 1982; Oiegler, 1971) ochratoxin

accumulation did not appear to be positively correlated with biomess production.

The presence of co-peting indigenous microflora in non sterile wheat markedly

reduced toxin production. When frass was added, toxin levels appeared to decrease

further. It is probable that elevated nitrogen levels aided in the growth and

reproduction of all organisrns includi.g those of a cor-petitive nature. This increased

sornpetition would no doubt have a negative impact on toxin production and or

stability. This interference and/ or çornpetition with respect to mycotoxin production

has also been reported by Chelack et al., (1991) and Northolt and Bullerman (1982).

bacreasing the i:loculum level from 104 to 106 CFU/g appeared to result in increased

toxin production presumably due to enhanced ssrnpetition by,A- ochrareus. br the case

of sterilized wheat, increasing the inoculum level appeared to have the opposite effect

on toxin production. In this instance it is possible that fungal germin¿¿isn and or

growth was inhibited resulting in enhanced toxin production. Spores of many species

of fungi fail to germinate when seeded at high densities in media which nor"rally

affords high germination. This self inhiþl¿istl phenomenon has been traced to the

production of inhibitors such as methyl ferulate (Allen, L972) and the insuffrcient

supply of CO, during germination (Tlinci and Whittaker, 1968). Sharma et al. (1980)

also reported that aflatoxin production by Aspergillus parasítícus was enhanced when

the initial spore inoculum was decreased. The author proposed that decreasing the

spore inoculum resulted in a prolonged lag phase which directly i'npacted on toxin

synthesis. The addition of frass to sterile wheat markedly reduced toxi:r accumulation
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but only in substrates inoculated at the lowest rate. It is possible that the presence

of frass may have had a positive influence on the growth rate with respect to

shortening the lag phase.

When incorporated into potato dextrose agar, frass was shown to have an

enhanced effect on the growth of A. ochrane¿s when compared to the control. The

enhanced nitrogen content contributed by uric acid undoubtedly contributed to this

effect.
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SECTT@N TN

EF'F'ECT OF'AER,A,T'TON OA{ NNSECT M@\TEMENT

ffi,EVTE\tr OF' T,TTER,ATURE

VENTTT,ATTON

Under well ventilated conditions, grain can be stored for prolonged time periods

without significant alterations in quality characteristics or losses in nutritional value.

Ventilation is used widely throughout the world a-s a means of cooling or drying grain

during storage and of removing metabolic CO, thereby protecting it against microbial

(Hyde and Burrell, 1973; Lacey and Magan, 1991) and insect degradation (Williams,

1973). Ventilation can also be used to remove grain storage odors and to distribute

fumigants throughout the grain mass (Brooker et al., 1974).

Tlpes of Ventilati.on

Natural and forced ventilation systems are commonly used for stored grain

products. In a naturaL ventilation system, the removal of moisture is accomplished

by diffusion from the grain either by a ventilator or through a ventilated wall. In

general, natural ventilation systerns a¡e ineffective for drying s,rnaìì sized grains

(wheat, rye, sorghum, barley, millet, rice, oats) that a¡e high in moistu¡e except when
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Ind.yrng conditions a¡e favourable (strong winds of low relative humidity air).

addition, these types of systems are capable of removing only I to 2Vo of the excess

moisture (Barre, L954). Bin capacities less t]nan25 tonnes, can be aerated by natural

ventilation where wind current enter the bin through ventilators located either on the

roof or in the eaves (Sinha and TVatters, 1-985).

In forced ventilation systems, a fan is fitted into one or more perforated ducts

of various designs (depending on the quality of the grain and the ditr'rensions of the

silo). These systems help to move air through the intergranular spaces of the $ain.

Forced ventilation is more effective and is used more widely than natural systems

(Sinha, a¡d Watters, 1985). Tbuo types of forced ventilation are commonly employed:

air is either blown through the grain from a fa¡ via ducting or air is drawn or sucked

through grain to a duct and then exhausted. The ventilation system of a bin is ideal

when the air flows through a perforated false floor (Burrell, L974). Blowing is

preferable for damp grain, where the air can be warmed slightly to reduce the relative

hrrmidity so that it can carry more moisture. The air must be removed from the top

of the bin to prevent condensation on the roof, particularly of metal bins (Williarns,

l-991), but should be rejected if hot dnmp air from industrial processes would be drawn

ùrto the grain. Blowing should also be rejected if there is a possibility that dust laden

air might increase insect or microbiological contamination (Burrell,,lg74).

The success of ventilation using ambient afu in a given climatic condition

depends on sufficient airflow through the grain. Humidistats are used to shut offthe

fan when the relative humidity of the dryrng air exceeds a set point relative þrrrnifify.

Time clocks also operate to switch off the fan durilg night hours, when the relative

humidity of the ambient air is usually high. The airflow rates used are variable and
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depend upon several important factors including the moisture content and

temperature of the grain during harvest and storage. For drying corn, continuous

ventilation with an airflow of 18.3 (L/sec) under an autumn shut off and spring start

up procedure has been shown to be the most effective. The best airflow for drying

wheat to near ambient drying varied from 37.3 to 57 .7 (Llsec) \¡¡ith a moisture content

of 20Vo and a bed depth of 2.5 m. (Bruce and Ryniecki, 1991-). Metzger and Muir

(1983) determined the effective airflow rates and fan control methods for

intermittently operated aeration system, used for on-farm storage in Canadian Frairie

regions based on historical weather data for L5 or more harvest years. For continuous

aeration, the authors suggested that an airflow rate of f.0 (L/sec)/mt) was preferable

with respect to minimizing overdrying, grain temperature and enerry use.

Venûilation of, Grain as a Method of Ðrying.

Prolonged periods of aeration can result in slow dryrng of grain particularly if the

moisture content is greater than LTVo (Hyde and Burrell, 1973). This action

decreases the ability of storage fungi to grow during grain storage (Lacey and Magan,

1991). Methods ofventilation drying include the use of ambient temperature air or air

which has been heated (40 to 100" C). In the latter method, the drying time is greatly

reduced. After dÐnog, the grain is cooled usingambient airwhich can serve to remove

additional. moisture (Bruce and Ryniecki, 1991).
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Co¡editïons NecessarSr fon Safe Sûorage.

The ability of insects and fungi to cause damage in stored glain is dependent on

two major factors: fsmperature and moisture content (affected by relative humidity).

In general, dry conditions favor long term storage of grain. Burges and BurreI (1964)

demonstrated the combined effects sf fsmperature and moisture content on the

keeping quality of stored grain (Fig. 12). Aeration helps to reduce a:rd or mainiain

a uniform temperature throughout the grain bulk. TVith uniform temperatures,

moisture transfer throughout the grain also becomes uniform. This prevents the

development of local and often hidden or unexpected hot spots which directly affect

fungal and inseet activity. Except for the granary weevil, Sitophilus granarius

(Linnaeus) which can complete its development at 15'C, grain held at 20"C will stop

the development of most stored-product insects (Fields, Lggz). In the case of f*gt,

the lowest temperature of growth is normally influenced by the moisture activity of

the substrate. For example, Penicíllíum species can ofLen grow at temperatures of -

5"C but only if the moisture content is greater t}r.an LTVo (Hyde and Burrell, 1-973).

Cliv¡r atie Effects Ðuring ^A,eration.

Changes in temperature and moisture content of stored grain depend mainly s¡1

the relative humidity of the air used during aeration. Since the relative humidity can

differ from day to night and month to month, it is important to recognize these

differences and act accordingly (Burrell, L974). Warm, humid air when used for

ventilation will enhance mold growth; cool, dry air is ideal for successful aeration

(Bruce and Ryniecki, 1991).



Figure 12. Relationship of storage temperature and grain moisture content to insect
heating, reduction in germination and de-p $ain heating (from Burges and
Burrell,1964).
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NNSECT MOVEMENT WTT'HTN GR,AXN

Insect movement within grain is influenced by several factors. Among stored

product insects, moths such as the Angoumois grain moth, Sitotrogø cerea.lella (Oliv.)

are very fragile and weak and therefore confine their activities such as egg deposition

to ex¡losed grain surfaces. In contrast the distribution of invasive insects includi.g

beetles sueh as the confused flour beetle, Tribolium confusum (Duv.) is influenced by

the temperature, moisture and chaff accumulation (dockage) within the grain. The

.najority of beetle species move freely in the grain (Cotton and Wilbur, L974).

Effect of Temperature and Moisture

The temperature of stored grain, which varies with season and geographical

location is known to affect the distribution of insects. The type or nature of the

storage bin or silo can also influence the temperature and moisture content of the

grain. For example, the temperature differences between small and large bins,

wooden, steel or concrete bins and temperature differences in spring, autumn, suurmer

and winter are known to affeci, the distribution of insects and their locomotory

activity in bulk grain (Barre, L954; Cotton and Wilbu¡,1974; Muir, 1973). Since

insects are mostly of subtropical origin they do not develop resistance to low

f,srnperatures (Cotton, 1954).

As v¡ith temperature, the moisture content of grain can also influence insect

distribution (Howe, 1951; Lochiavo, 1983). Moisture content within grain is rarely

uniform and is changeable from season to season and from one climatic zote to

another (Sinha, 1973a). Damp or higher moisture content glain (greater t]nan L37o)
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attracts insects particularly fungus feeders (fungivors) or scavengers like the foreign

grain beetle (TVallace and Sinha,1962; Cotton and Wilbur, Lg74; Lochiavo, 1983). For

example, the adult saw toothed grain beetle, Oryzaephilus surinamesis avoids regions

of high humidity (700Vo) yet responds hygropositivly to alterations in relative

humidity (20-60Vo) (A¡bogast and Carthon, L972).

Ef'fect of traclc.i¡rg aled Ðockage.

During storage, grain has the tendency to settle or pack. This packing action

differs according to the nature of the gÞin. For example, light and heavy weight grain

lilre oats or wheat pack differently. Grain also tends to separate into heavier and

lighter components when poured or drawn from a bin. Smaller or broken kernels

generally remain between larger kernels, while chaff and dust accumulate towards the

bin walls (Bailey, 1974). Pressure changes or packing of grain can influenee the

distribution or free movement of insects (Howe, 1951). Naturally occurring dockage

which includes broken or fractured grain, dust, weed seeds and other foreign materials

has also been shown to influence insect movement (Lustig et al., L977). Broken

kernels end excessive amounts of foreign material can attract insects, especially as

they provide favourable conditions for the development of the non boring types which

do not develop on elean grain but rather on grain dust and broken kernels (Barre,

1954; CottonandWilbur, L974;LiLiandArbogast, 1991). Asaresulttheirmovement

will depend upon the amount of dockage present in the $ain. Dockage is not only

attractive, but essential for these type of insects. For example, McGregor (1964) and

Li Li and Arbogast (1991) observed that the fecundity of the red flour beetle,

Tribolium castaneum Herbst, increased rapidly with an increase in dockage; the
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movement or distribution of the insecL was also shown to be dependent on the arnount

of dockage present in the gmin.

Fositi.ve GeoûaNÍsx¡1.

Howe (1951) reported that the gra:rary weevil, Sitophilus granarius (L)

exhibited a tendency to move downward (positive geotaxism) in a grain column. The

authors also reported that some of the weevils tend to move toward the column edges

and remsin there. Positive geotaxism was also observed in red flour beetle, T.

castaneum (Herbst) by Sharangapani and Pingale (1956). Watters (1969) also

demonstrated that the rusty grain beetle, C. ferrugineus (Stephens) was positively

geotactic in sound wheat, but not in previously infested wheat and was often found

in large numbers near the floor. This insect species is generally present in large

numbers in grain infested wiih fungi

(ïVallace and Sinha, L962).
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VTAT'ER AI,S ANT} MET'ffiOÐS

[¡nsects a¡ad Reari¡ag

Red flour beetles (Tríbolium castaneum Herbst) obtained from Agriculture

Canada (Winnipeg, nllb) were raised on a diet consisting of: whole wheat, 907o;broken

wheat, íVo, and, wheat germ íVo. T)he insects were reared in wide-mouthed glass jars

(insectary) maintained in a controlled relative ht,midity chamber (54-60Vo) at B0 *

l'C in the da¡k.

Effeat of,^A,eration @n [¡¡seaû Move¡ment

Ten sections of polyvinylchloride (PVC) pipe (5.0 cm high; 15.0 cm i.d.) were

stacked vertically to form a single column or tower 50 cm in height. Adhesive tape was

used to seal and join the section joints and provide column stability. The bottom

section of the column was fastened to a wooden base in which a circular opening was

made; the opening v/as of the same diameter as the column and was covered by a

nylon mesh. A fan housed below the opening, located in the wooden base, was used

to provide aeration (1.7 L/sec). The eolumn was filled with red spring whe at (Tritícum

aestiaum) which was previously sieved (8-mesh sieve, aperature 2.36 mm); each section

contained 1.0 to 1.1 g of loosely packed wheat. A simila¡' column without a fan was

constructed and served as the control. Red flour beetles (100) of mixed age and sex

were released in the center of the uppermosü section (section one). The density of
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insects used in this investigation ensured recovery of suffrcient numbers from each

section to permit analysis, while keeping intragroup disturbance low.

Frior to their release, the insects were sifted using a 2O-mesh sieve (aperature

ca. 1 -m) and starved.for 24 h. The moisture content of the wheat was l-3-1-57o, ae

determined by a moistu¡e meter (Moister Master L01-A). The instrumental moisture

values were slightly lower (0.9 to wo) t]nan those obtained by oven-drying (10-g

samples of wheat dried for 19 h at 130"C;American Society ofAgricultural Engineers,

1975.) hn order to prevent insects from climbing and escaping the colum:r, an

additional section was placed on the top of the column. The interior of this section

was pninfsfl with fluon and contained no grain (Navarro et al., 1981). All

experirnentation was conducted in the dark using an environmental chamber at 30"

C with 54-60Vo relative þrrmifify.

At 1, 3, 5, 7, and l-2 days, the columns were dismantled by removing the

adhesive tape from the section joints. Each section, startingwith the top was carefully

moved onto a semicircular metal receptacle. The receptacle was constructed to fit

closely against the wall of the colurnn, and as a result, facilitated sample collection

from individual sections. The grain was collected in plastic bags, sifted and the

number of beetles in each section was counted and recorded. The experiment was

repeated six times.

In order to determine the influence of sex with respect to insect dispersion, the

following study was performed. Males and fer''ales were differentiated at the pupal

stage (Halstead, 1986) and unisex populations were -ai''ttained on whole wheat flour

(95Vo) and wheat germ. (57o). Either adult rnale (100) or female insects (100) were

released on top of the either aerated or non aerated columns (section one) after an
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initial 24 h starvation period. The insect distribution was evaluated at 7 days. The

experiment was performed in triplicate. Column construction, operating conditions,

and collection of samples was as described previously.

A similar. protocol was repeated by releasing either adult rnatss (100) or femsles

(100) or a mixture of adult rnales (100) and fernales (100) in the middle section of the

columns (between sections 5 and 6). The insect distribution was evaluated at ? days.

The experiment was repeated in duplicate.

StatÍ.sti.eal .ånalysis

Data were analyzed using the Statisticat Analysis System (SAS Institute [rc.,

Cary, w.C). Anatysis of variance and Duncun's muttiple range test (1955) was used to

determins two way interaction between: aeration and storage time; column section and

aeration; column section and storage time; male and female-top release; male and

fern ale-middle release.
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RESU},T'g

The effects of aeration on beetle movement within a simulated granary column

are shown in Figures 13 to 17. The i¡sect population in the top section (section one)

of both the aerated and non aerated columns (controls) was signifrcantly higher (P <

0.05) than in the remaining column sections (Appendix Tables 9 and 10). The release

of beetles in to section one was accompanied by a gradual dispersion to all sections.

At the termination of the study, on day L2 , t]ne insect population in section one

decreased ftorraL}}Voto 46Vo andSSVo in the aerated and control columns respectively.

Throughout the study it was observed that the insect density was ca. l\-l\Vo higher

in the uppermost section under aeration as compared to the control. During storage

a downward movement of insects was observed by virtue of their appearance in the

lower column sections. By the frfth day, (Fig. 15) insects could be recovered from all

column sections; the bottom section ( section ten) contained ca. LTVo of the original

insect population in boih the aerated and control columns. At seven days of storage

the insect population in section one decreased to approximately 60Vo and 40Vo in the

aerated and control columns respectively (Fig. 16). Insect levels throughout the

¡srnainl¡g sections also increased, most noticeably in the bottom section of the aerated

column. The pattern of migration at 12 days (Fig. l-7) of storage was almosf sirniìal'

to that at 7 days. The upper 5-10 cm of the column contained ca.40-50Vo of the initial

insect population; the bottom 40-50 cm contained ca.20- 30Vo of tlne insect population.



Figure 13. Dispersion behaviour of a mixed population of male and fer''ale, ?.
cøstaneunt (Ilbst.) in a grain column after one day with and without aeration
(100 insects released at the top of the column).



80

Ø
dEJ

Ç
qÞ
efí
A-

qø@

Õ

@
æ

100

9o

80

70

60

50

40

30

20

10

o
12

Top

3 4 5 6 V I
Co[umm sectiom

s I0

Aerated

Control



Figure 14. Dispersion behaviour of a mixed population of male and female, ?.
castaneum (Flbst) in a grain column after three dayswith andwithout aeration (L00
insects released at the top of the column).
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Figure 15. Dispersion behaviour of a mixed population of male and female, ?.
castøneum (tlbst) in a grain column after five days with and without aeration (l-00
insects released at the top of the column).
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Figure 16. Dispersion behaviour of a mixed population of male and female, ?.
cøstaneum (Flbst) in a grai''' column after seven days with and without aeration (100
insects released at the top of the column).
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Figure 1-7. Dispersion behaviour of a mixed population of male ¿¡1d fsrneìs, ?.
castaneum (Flbst) in a grain column aJTer t'welve days with and without aeration
(100 insects released at the top of the column).
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Insect populations in sections one and ten were signiflrcantly different from the

remairdng sections (P < 0.05) but only in aerated columns. Column sections l,'l , B, g

and 10 were signifrcantly different from the remaining sections in aerated eolumns

at the 1, 10, 5, 10, l7o level; in the control column, sections l, 4, 6, B, g were

signifrcantly different from the remaining secùions at the 5, 5, 5, l- and 107o level

respectively. (Appendix Table 11 a¡d 12).

In aerated columns at 7 days, ca. 60Vo of the males released into section one

remained within the top section of the column; 20Vohad penetrated the column to a

depth of 45-50 cm, while ca.207o were distributed throughout the remaining sections

(Fig. 18). In the control columrs, ca. 40-507o of the insects were retrieved in the top

section while the residual population was distributed throughout the ¡smaining

sections; no clear distribution pattern was observed.

The downward movement of female beetles released into section one (Fig. 19)

appeared greater than their counter parts. In the aerated columns, 50Vo of tlne female

population was isolated in section one at 7 days, whereas 207o was isolated in section

ten. In the control columns, ea, 30Vo of the fe-ale population was retrieved from

section one at 7 days (Fig. 19) while en. L5-20Vo was retrieved from section ten

(Appendix Table 13).

When 100 male beetles were released in the middte of the aerated column

(between section five and six), ca. 30-357o of the population became concentrated in

section six at 7 days. Section ten contained the next highest populati on (25-307o). In

the control column, the beetle distribution at seven days was largely confined to

section frve (30-35Vo) and sw (L5-20Vo). The bottom section contained the third



Figure 18. Dispersion behaviour of male T. castaneum (Ilbst) in a grain column after
seven days with and without aeration (100 insects released at the top of the
column).
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Figure 19. Dispersion behaviour of female T. castøneutn (Ilbst) in a grain column after
seven days with and without aeration (100 insects released aü the top of the
colutr.).
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Figure 20. Dispersion behaviour of male T. castaneum (Ilbst) in a grain column after
seven days with and without aeration (100 insects released in the middle of the
column).
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highest population (ca. L5-20Vo). When this protocol was repeated with females, the

highest population at 7 days was found in section stx (40-507o) under non aerated

conditions (Fig 21). Under aerated conditions the highest i¡sect population was found

in section ten (25-30Vo). No signifrcant difference in distribution was observed between

male and fernaìe populations (P=0.05)

When a mixed population consisting of L00 n'tale and 100 fernale beetles was

released in the middle of either control or aerated columns (between section frve and

six) over 90Vo of th.e insects dispersed to lower (6-10) sections (Fí5.22). At seven days,

mqjor insect populations appeared in section six and ten in control and aerated

columns, respectively. No signifrcant difference was observed between either the

dispersion behaviour of females and males or the column type (Appendix Table 14).



Figure 21. Dispersion behaviour of female T. cøstøneum (I{bst) in a grcin column after
seven days with and without aeration (100 insects released in the middle of the
column).
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Figure 22. Dispersion behaviour of mixed (100 males and 100 females) T. cøstaneutn
(Ilbst) in a grain colurnn afLer seven days with and without aeration (insects
released in the middle of the column).
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The dispersion of grain infesting insects and or species is often randombut can

be influenced by avariety of factors including locomotory activity, boundary response

and intragroup stimulation (Surtees, l-964).

In the present study the release of T. cøstøneurn (Herbst) in the uppermost layer

of grain resulted in a nonuniformvertical distribution. The highest insect densitywas

observed 5 to 10 cm from the point of release. Dispersion occured to all sections of the

column, often in one day. This distribution proflrle was observed in both aerated and

non aerated columns and rernained unchanged throughout the period of

ex¡rerirnentation. \ilhite and Lochiavo (1986) and Surtees (1963) also reported highest

retrieval of T. cøstøneutn from the uppermost sections (5-10 cm) of non aerated grain

columns. Ilowever, these authors reported that recoveries decreased from top to

bottom and in this respect differ from the present results. Recoveries from the

uppermost (5-10 cm) and lowermost sections (45-50 cm) were invariably higher in

aerated columns.

The higher number of insects obtained from the top portion of the grain rnass

may be attributed to several factors of which grain packing is probably the most

important. As suggested by Howe (1951) and Jones (1943) packing increases with

depth. Tight Packing of grsin may therefs¡s lirnif insect movement. In the case of

weevils, for example, Howe (1951) suggested that size difference amorg species
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greatly influenced their freedom of movement in bulk grain.

The uppermost sections in both aerated and control columns contained grain

with the highest moisture content. The difference in the moisture content between

the top and bottom sections (section one and ten) was ea. L.ÙVo. This may also explain

the increased density of insects at the top since higher moisture gÞin is known to

attract insects (Lochiavo, 1983) and stimulate oviposition (Smith, 1962). Increasing

the moisture content of grain increases the intergranular space which also increases

the ease of insect movement.

Despite packing effects and lower moisture glain ca. 10 to20Vo of the population

was able to penetrate the grain bulk to reach the lowest section of the column. The

results of this downwa¡d movement are somewhat contradictory and may indicate an

overrirling attraction of the insects to reach the bottom of the column. Such positive

geotaxism has also been observed by Sharangapa'''i and Pingale (1956) with ?.

castaneum (Herbst). Surtees (1964) reported that insects also tend to aggregate in

regions where locomotory activity becomes minimal. It is possible therefore that

attraction to the column ends was geotactic in nature and that accumulation was

enhanced by their slow redispersion into the grain buìk. Such an effeet could result

from reduced kinesis mitigated by a reduction in the moisture content of the grain in

this section.

Temperature and moisture gradients in the grain, created by aeration may also

account for the differences in insect dispersion between column types. For example,

Surtees (1963) reported that both temperature and moisture had a profound effect on

Tribolíum movement. Although temperatures v¡ithin the grain bulk were not

monitored, it is not u¡reasonable to consider that aeration could create both
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f,smperature and moisture gradients different from those in non-aerated colum¡s

despite common incubation in a temperature controlled environ"nent. Aeration would

also have the effect of decreasing grain packing, particularly at the upper levels of the

column thereby creati:rg a more conducive environment for movement and feedirg.

The accumulation of intergranular CO, resulting from biological respiration would

also be expected to decrease as a result of aeration. This dirninution in CO,

concentration may also affect insect movement. For example, Navarro et al. (1969)

reported that insect aggregation was observed to increase in areas of high O, tension.

Further studies by Navarro et al. (1981) with the sawtoothed gtaio beetle,

Oryzøephilus surínamensís (Linnasus¡ indicated that dispersion was markedly

curtailed by the presence of low O, concentration within a grain column.

The presence and distribution of volatile compounds in stored grain produced as

end products of fungal or bacterial metabolism is inJluenced by aeration (Sinha eü al.,

1988; Tuma et al., 1989). Insects are known to respond to various volatile chemicals

some of which, called pheromones, act as sexual attractants. Volatiles produced

during grain storage may influence insect movement or aggregation by acting as either

attractant or repellants. Aeration could therefore influence insect movement by its

ability to remove, disperse or redistribute volatiles. For example, Kamiúski and

Wasowicz (1991) reported that the volatile alcohol concentration in aerated grain

columns decreased from top to bottom and that the opposite pattern was observed in

non-aerated columns. The authors reported that differences in volatile carbonyl

concentration were also observed between aerated and non-aerated columns.

The separate release of fe'nales and males in the uppermost portion of either

aerated or control columns resulted in distribution profiles somewhat similar to those
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obtained using mixed populations. Highest insect densities were obtained in aerated

columns, 5.0 cm from their point of release. Based on the migration profiles, it would

appear that the fen"ales were more active than the males since fewer were retrieved

in the uppermost section and more were retrieved from the bottom sections.

According to Howe (1951) neither age nor sex appeared to influence the

locomotory activity of granaryweevils. flowever, differences in the dispersion pattern

were observed by Surtees (1964) between r'"ated and unmated adults. br addition,

Surtees (1964) observed that r"ales of T. castaneunx (Ilbst) \Mere more active sompared

to femaìes. Since the respiratory activity of femeles is ea.40Vo higher than the m¡lss,,

Surtees (1964) concluded that reduced kinesis in femeles would act to conserye

moistu¡e and weight. In this study, however, females appeared more active than males

regardless of column type. Enhanced female activity was further demonstrated by

their upward movement when released from the middle column sections. The release

of T. castaneum (Flbst) from the middle sections resulted in some upward movement;

this movement appeared more pronounced with females particularly in control

columns. Downward movement was more pronounced in aerated columns; insect

densities between sexes appeared mirrimal when the population was doubled.

Movement was prirn¡rily downward and resulted in a more uniform distribution. The

dispersion can be attributed to overcrowding and intragroup stimulation (Surtees

1963). The retrieval of insects in the bottom of the coluar. reinforces the observation

that T. castøneum (Flbst) is positively geotactic.
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Insects in their own right are important agents with regard to contamination

and deterioration of stored cereal grains. However, insects also interact with fungr.

Through feedi.g, insects can act as vectors for the dissemination of fungal spores. In

addition, they may provide ideal environments for spore germination and development.

Their detection and estimation in stored grain is of paramo¡¡¡f, ivnportance. In this

investigation, two studies related to the presence of insects in stored grain were

examined. The frrst study (Section I) focused on an insect-fungus interaction which

hitherto has not been fully investigated, viz. the impact of insect frass on fungal

growbh and toxin production. The second study (Section tr) focused on the distribution

of insect in bulk grain as affected by ventilation. If ventilation affects the locomotory

activity of insects then it may also have a dramatic effect on the distribution of fungi

within a grain bulk. When sampling to detect or estimate insects the distribution

cornponent must be considered. Accurate assessment of infestation must take into

account the uneven distribution of insects with a grain þulk. Therefore, factors which

contribute to the population d¡mamiss of insects must be examined carefully.

In summary, the following points are presented:

1. The growth (glucosamine content) pattern of ,4- ochraceus in wheat (control)

appeared curvilinear. Maximum growth occurred at L4 d thereafter it decreased

rapidly. With the addition of frass, the growbh pattern appeared to become linear.
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Within the 2L d incubation period, maximum growth occurred in the controls.

2. The pattern of OA production on wheat (control) appeared curvilinear.

Maximum levels occurred at 14 d thereafter decreasing. In substrates containing frass,

A ochracezs exhibited enhanced OA production particularly at 2L d,. The pattern of

OA production in substrates with frass appeared linear. The effect was also observed

when barley was used as substrate.

3. The increased nitrogen content, supplied by the uric acid component of the

frass is likely responsible for the altered patterns of growth and OA production byA

ochraceus.

4. The effect of frass concentration on growth a¡d or OA production was not clear.

Uneven distribution of frass within the substrate matrix may have contributed to this

problem.

5. The inclusion of frass in non steril.e grain contributed to lower production of OA

An increase in the overall growth of the microflora may have contributed to increased

competition resulting in decreased OA production.

6. The locomotory activity of the red flour beetle, T. castaneurn was observed in a

grain column after 1, 3, 5,7, and 12 days with and without aeration. After l-2 d insects

aggregated mostly at the top and bottom of the aerated column, whereas, in the

control column no definite pattern was observed. The dispersion behaviour of the

insects in the aerated column was believed to be due to the changing pattern of

moisture, temperaturê, Oz , and volatile compounds. Probably positive geotaxism is

another factor. High levels of frass will be found in the gain bulk where insect

aggregation is high. Higher insect aggregation m.ay lead to increased fungal growbh

and or toxin production.
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Appendix Table 1

Effect of frass on OA productionby A. ochraceus in barley with24% moisture.

Frass (%) Ochratoxin (pglg)

Incubation Period (d)

1.4

0

J

6

9

5.9" t 0.4

5.3" t 0.7

3.2b t 0.8

1.4' x 0.2

2T.9 + 4.6

14.9b + 3.5

20.0^ x 3.4

LZ.4b t 1.6

Means + SD followed by the same superscript within a column are not significantly different
(P:0.0s)
n:6
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Appendix Table 2

Effect of frass on OA production by A. ochraceus i¡ whole wheat with 24% moisfire.

Frass (%) Ochratoxin (pglg)

0

J

6

9

Incubation period (d)

14 21

5.9'x2.6 L7.2 x 4.5 4.1b t 0.4

2.9b t 0.0 3.2. x 0.5 7.0b + 0.4

2.ob t 0.8 3.4' a 0.9 s.3h x r.z
3.2b x 0.3 ß3b x 2.0 26.L" t s.s

Means t SD followed by the sâme superscript within a column are not significantly different
(P : 0.05)
n:6
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Appendix Table 3

Effect of frass on the growth (glucosamine content) of A. ochrace¡¿s in whole wheat with 24% moísture.

Frass (%) Glucosamine (mglg)

Incubation period (d)

2lT4

0

J

6

9

3.55" t 0.07

1.99 + 0.07

1.35 t 0.06

0.71 t 0.04

30.29 t L.1r

26.06 t 0.r3

10.37 t 0.36

5.29 t 0.0

23.73 + L.oI

23.94 + 3.17

15.65 r 0.10

22.04 + 1.95

": values represent the average of duplicate determi¡ation f SD.
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Appendix Table 4

Effect of frass on OA productionby A. ochraceus in ground whe¿t with 24% moisãne.

Frass (%) Ochratoxin (/¿glg)

Incubation period (d)

L4 21

0 72.6' x 13.7 164.2v t 58.3 t62.4' t 18.1

3 26.6 t 4.3 122.2 t 32.9 287.9" t 58.9

6 37.0 ! 3.1 190.5"b t 30.5 227.2 x 53.2

9 250.7" t 19.5 222.0't27.0 253.8. x 54.1

Means + SD flllowed by the same superscript within a column are not significantly different
(P:0.05)
n:6
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Appendix Tabie 5

Effect of frass on the growth (glucosamine content) of A. ochracear in ground wheat with 24% moiso¿re.

Frass (%) Glucosamine (mg/g)

Incubation period (d)

2tl4

0 2.96" t 0.04

3 1.57 t 0.04

6 2.47 + 0.05

9 3.59 * 0.0

10.90 t 0.48

2.75 x 0.0

2.55 t 0.08

5.00 t 0.04

6.04 + 0.il
6.21 + 0.16

2.41 + 0.28

7.82 + 0.r3

": values represent the average of duplicate determination I SD
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Appendix Table 6

Effect of Uric acid on OA production by A. ochracens in ground wheat with 24% moisture.

Uric Acid (g) Ochratoxin (¡rglg)

Incubation period (d)

I4

6.1" t 0.2 9-4" t Z.B

4.4 I 0.6 6.10 t 0.4

6.4 t 2.3 6.go t 1.2

5.6' x 2.8 23.r' + Lo.s

2l

0.0

0.0768

0.1535

0.2304

10.8" + 2.0

8.9" + 1.2

9.1' t 1.0

11.1" + 2.3

Means + SD followed by the same superscript withi" a column are not significantly different
(P:0.0s)
n:6
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Appendix Table 7

Effect of uric acid on the growth (glucosamine content) of A. ochraceru in ground wheat with 24%
moisture.

Uric acid (g) 6¡¡sqsamine (mglg)

Incubation period (d)

2lI4

0.0 2.36 t 0.t4

0.0768 2.74 * 0.01

0.1535 2.84 X 0.14

0.2304 3.55 + 0.25

3.16 t 0.13

2.57 t 0.02

4.88 t 0.04

10.18 r 0.19

4.13 t 0.13

4.81 + 0.i9

4.70 + 0.07

14.65 + 0.0

u: values represent the average of duplicate determination t SD.



Appendix Table I

Effect of inoculum size on OA productionby A. ochraceus in sterile and nonsterile ground wheat with and without frass.

Frass(%)

Sterile

0 38.1" + 24.0 l2Z.2 t 35.5 33.9't6.2 34.6!14.9 30.1"f6.6

5 30.4b f 5.4 31.2b t 6.0 14.2bt3.9 38.8t2.7 18.6bt2.3

Non sterile

0 ND ND 0.5"t0.3 i.6"*0.7 1.5"+0.3

5 N D' N D 0.4"f 0.1 0.3"t0.0 0.6b+0.1

7d

104

Means * SD followed by the same superscript within a column are not significantly different (P:0.05)
N D Not detected

t4d

Ochratoxin (¡rglg)

Inoculum size(CFU/ml)

7d

ld
t4d 7d

10ó

14d

ß.4bx3.2

25.0'x4.2

3.8" * 3.2

0.6"t0.3

P
u)
\o



Appendix Table 9

Dispersion behaviour of T. castaneum ina grain column with aeration.

Column
sectionl

1

z

3

4

5

6

7

8

9

10

Column
height(cm)

5

l0

15

20

25

30

35

40

45

50

Day I

88.8" t 6.7

4.3b f 5.4

2.8o x 2.4

1.5't t.7

1.oo t 1.2

o.5o f 1.0

o'oo * o.o

o.ob t o.o

0.3b + 0.5

0.3b + 0.5

Means f SD followed by the same superscript within a column are not significantly different (P:0.05).| 100 insects released in section l.
n:6

Day 3

75.8' t22.4

3.Ob 13.2

2.8o +. t.l
7.3o * 2.9

1.ob I 2.0

o.8o t 1.0

0.3b t 0.5

o.ob t o.o

1.50 + 3.0

3.oo + 3.5

Day 5

67.0^ t 20.3

6.40 f 5.0

7.2' t 5.2

4.oo t 3.7

2.2o t. 1.8

3.oo t 2.3

l.4b t 1.1

2.6' ! r.3

2,0' * 2.2

5.6o t 5.2

No of insects"

Day 7

60.2" t 18.9

8.2bt 3.8

3.2b1 0.8

1.8" t 1.2

1.7't 1.0

2.8*r. 2.1

1.7' x 1.0

2.7*t 2.o

1.5' I 2.O

11.0b + 5.8

Day 12

46.0" x t.4
3.Cfrs + 0.0

J.5" t 2.r

4.oer I o.o

0.58 t 0.7

1.0f8 t 0.0

4'5* +.0.1

4.0er I 0.4

7.0"d + 1.4

ll.5b t 2.1

H
Þ
O



Appendix Table l0

Dispersion behaviour of Z

Column
sectionl

I

2

J

4

5

6

7

I
9

l0

Column
height(cm)

castaneurn in a grain column without aeration.

5

l0

l5

20

25

30

35

40

45

50

Day I

79.0" t 16.8

to.1b I tz.1

3.7' t 1.5

o.3t f o.e

l.3o t 1.5

1.7" * 1.5

o.3t t o.e

l.ob t l.o

o.3t t 0.6

l.ob f 1.7

100 insects released in section l.
Means * SD followed by the same superscript within a column are not significantly different (p:0.05)
n:6

Day 3

55.8" t 19.6

12.3h * 4.7

3.obf 4.0

2'3*t 2.6

1.5bf 0.6

1.3*f 1.:

2.8út 4.9

1.0" + 1.4

2-5*t 2.o

2.5k+ l-3

No of insectsn

Day 5

49.3'it6.5

ll.ob t 8.2

l0.ob t 7.1

5'oo t 1.8

4'8' t z'5

4.8t f l.¡
2.0' +.2.2

2.ot + o.g

3.30 t 1.9

5.80 + ¿.1

Day 7

41.8" t 12.0

10.6b t 6.6

5.6o x 2.9

5.80 * 2.9

5.0b f 3.5

5.6t t 3.1

5.2b t 4.t

6.6t t 1.9

5.6b t 2.2

7.6b * 5.1

Day 12

38.5" * 0.7

9.ob t 1.4

5.0"d t 1.4

4.d t o.o

3.5d t 2.L

1.od t 2.8

6.0"d t 2.8

11.0b f 1.4

7.0* t 2.8

3.5d t 0.7

H
,Þ
H



Appenclix Table 1l

Dispersion behaviour of T. castaneum in a grain column with aeration.

Day

CI** C2NS

88.8"Í 6.7 4.3'*5.4 2.8 x2.4 1.5"11.7 1.0"t 1.2 0.5"* 1.0

75.8"b122A 3.o+3.2 Z.g^11.7 2.3'l2.g 1.0"12.0 0.8"t 1.0 0.3"*0.5 0.0b10.0

67.Ob"!2O.3 6.4"*5.0 7.2x5.3 4.O't3.7

t2

60.2b"t lg.g 9.2"t3.g 3.2"t0.g 1.g"t 1.2

C 3NS C 4NS

C Column section
* significant at lO% level
** significant at 5% level
**+ signiñcant at I % level
NS Non signif,rcant
Means t SD followed by the same superscript within a column are not significantly diferent (p:0.05)
n:6

46.0"t 1.4 3.0"t0.0 7.5,i.2.1

No of insects

C 5NS C 6NS

2.2'11.8 3.0,x23

1.7"f 1.0 2.9!2.1

4.0"t0.0 0.5"t0.7 1.0"+0.0 4.5"Í0.7 4.0"bt0.4 7.oll.4

c 7*.{.*

0.0't0.0 0.0bf 0.0

c 8+*

1.4b+ t.l 2.6^LL.3

l.7bt 1.0 2.7,x2.0

cg*

0.3bt0.5

1.5b13.0

2.ootz.z

1.5bt2.0

c I 0++*

0.3"t0.5

3.0" t 3.5

5.6**5'z

11.0ó15.8

1,7.5^t2.t

H
Þ
¡.J



Appendix Table 12

Dispersion behaviour of r. castaneunt in a grain column without aeration.

Dry

c l**

79.0"* 16.8 1o.7" 112.7 3.7^t3.5

55.g"bt 19.6 12.3 t4.7

493bt16.5 11.0.+8.2

4l.8bf 12.0 10.6"f 6.6

38.5bt0.7 g.0"+ 1.4

C2NS C3NS

T2

C Column section
* significant at l0% level
** signifìcant at 5% level
**+ signifìcantat l% level
NS Non signifìcant
Means t SD folowed by the same superscript within a column are not significantly clifferent (p:0.05).
n:6

3.0"t4.0

10.0"t7.1

5.6't2.9

5.0"t 1.4

c 4+*

0.3"f0.6 1.3"11.5 l.7b* 1.5 0.3"t0.6 1.0"t1.0

z3^b*2.6 1.5"t0.6

5.0"* 1.8 4.8^t2.5

5.8"12.9 5.0"t3.5

4.0"bt0.0 3.5'+z.l

No of insects

C5NS C6**

r.3o]rL.3 z.Bi4.9 l.o"t 1.4

C 7NS

4.8"b:|1.3 2.Ox2.2 2.0"t0.9

c 8,k,k+

5.6"*3.1 5.2^x4.1

7.O"!2.8 6.0.f 2.9

c g**

0.3tt0.6 1.0"f 1.7

2.5',bxz.O 2.5"l'|.3

3.3"bt 1.9 5.g"14.3

5.6t3.2 7.6^*5.1

ClONS

6.60t t.9

11.0"+ 1.4 7.0"f 2.8 3.5"f 0.7

H
,Þ
GJ



Appendix Table 13

Dispersion behaviour of male and female T. castaneum in a grain colurnn after seven days (sexes released separately at the top of the column)

Column

Aerated

M 63.6^+ 1.5

F 51.0"t 14.5

Control

M 46.O^x23.0

F 33.6"+ 8.5

S1 S2

F female
S column section
Means + sd followed by the same superscript within a column are not significantly different (P:0.05)
n:3

5.0"t3.6

7.3'+4.6

13.0"+9.6

6.3"f 1.1

S3

1.6"+ 1.5

2.3'xt.1

4.6'13.O

6.3 x2.5

S4

2.0 +Z.O

6.Ox5.2

2.6+1.5

5.0"t3.6

S5

No of ilsects

1.4"f 1.1

3.0'x1..7

5.3"+6.1

3.6^x3.7

S6

2.3 XI.s

3.3'+2.0

5.0"t4.5

3.0"+ 1.5

S7

1.6^t2.8

4.0t2.0

5.6"+5.5

7.O tl.7

S8

3.0"f 1.0 4.6"+0.5

2.0'!2.0 5.0"t4.0

S9

4.3^t4.7

7.0"t5.1

s10

L3.4^X3.5

15.6"114.0

7.0^t7.2

16.3"18.1

6.6'17.6

9.3^+3.5

H
À
À



Appendix Table 14

Dispersion behaviour of male and female T. castaneum in a grain column after seven days (sexes released separately between column 5 and 6)

Column

Aerated

M 0.0"+0.0

F 0.5"+0.7

Control

M 1.0"11.4

F 5.0"14.2

S1 S2

F female
S column section
Means t sd followed by the same superscript within a colummn are not significantly different (P : 0.05)
n:3

0.0"t0.0

0.0"+0.0

2.O"+2.8

2.0^+2.8

S3

0.0"t0.0

1.0"+ 1.4

1.5"t0.7

2.5tO.7

S4

0.5"+0.7

3.5"+4.9

3.0"t0.0

5.5"+4.9

S5

No of insects

6.0"+8.4

12.0 x12.7

39.5^t36.O

14.5^t0.7

S6

38.0"t32.5

2I.5t 4.9

24.5+12.0

51.0"+ 14.1

S7

17.0"+9.8

14.0"+ 8.4

3.0"+ 1.4

lt.o x4.2

s8

4.5+2.1

6.5"14.9

5.512.I

2.0"t0.0

S9

3.5"+2.1

9.5"L4.9

3.0"11.4

2.5^x2.1

sl0

30.5"+26.8

31.0"1 7.0

17.0^xL9.7

3.0"t 2.8

H
È
ut
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Appendix Table 15

Dispersion behaviour of 200 (100 males and 100 females) T. castaneum in a grain column
after seven days (insects rele¿sed between column 5 and 6)

Colu-n section Column height (cm) Aeration Control

1

2

J

4

5

6

7

8

9

10

5

10

15

20

25

30

35

40

45

50

2.3^

1.5

0.5

0.5

4.2

6.8

5.8

to.2

5.6

20.0

1.3 f
1.3 t
0.3 t
2.6 t
37.0 f
49.6 t
12.6 f
14.6 t
19.3 t
60.6 t

1.0 + 0.0

0.6 + 0.5

0.6 r 0.5

I.6 + 1.1

13.3 + 9.0

64.6 t 36.6

26.3 t 21.7

22.3 + 1.5

29.6 + 18.8

34.6 + 25.8

" Meanlsd
n:2


