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ABSTRACT

Hard red spring wheat, stored in five bin-duplicates at 20 and 25Vo moisture

content for L0 months, was monitored for biotic and abiotic variables in Winnipeg,

Manitoba. Major odor volatiles detected were 3-methyl-1-butanol, 3-octanone and

L-octen-3-ol. The production of these volatiles was correlated and associated with

microfloral infection. Ventilation, used for cooling and drying of grain, disrupted

microfloral growth patterns and production of volatiles. The highest levels of

3-methyl-1-butanol occurred in 25% moisture content wheat infected with bacteria,

Penicillium spp. and Fusarium spp. In non-ventilated bins with 20Vo moisture

content wheat, 3-methyl-l-butanol was correlated and associated with infection by

Aspergilhu glaucw gr. and bacteria. Infection by Penicillium spp. was correlated with

L-octen-3-ol production in control (non-ventilated) bin-stored wheat of both

moisture contents. The mite volatile component, tridecane not reported previously

in bin-stored grain occurred in 25% moisture content control bin-stored wheat

naturally infested by Acarw spp. In the following years study, this volatile

component was associated with three acarine species, Acarus siro (L.), Aeroglyphus

robtsttts Banks, Lepidoglyphw destruclor (Schrank), introduced into bins with 1.5Vo

moisture content wheat. The highest surviving mite species under these storage

conditions was Aeroglyphw robwtw. An alarm pheromone, citral was detected in

mite infested grain probably as a result of disturbing samples during handling.

In the laboratory, fungus-inoculated wheat produced 3-methyl-l-butanol

most commonly and abundantly. Ttvo other volatiles, 3-octanone and 1-octen-3-ol,

were produced less frequently. The fungal species, isolated from bin-stored wheat

in 1985-86 and tested for production of odor volatiles on wheat, included Altemaria

altemata (Fr.) Keissler, Aspergilhts repens (Corda) Saccardo, A. ftavus Link ex Fries,

A.versicolor (vuill.) Tiraboschi, Penicillium chrysogenum Thom, p.cyclopium

westling, Fusarium moniliþrme Sheldon, F. semitectum (Cooke) Sacc.. Two



bacterial species inoculated on agar are reported for the first time to produce

3-methyl-1-butanol. Two acarine species, Acanß siro and Aeroglyphus robrntts,

reared on wheat and fungus-inoculated wheat, produced tridecane. Acann siro, a

fungivorous mite with higher rates of survival and multiplication than Aeroglyphw

robusttn produced higher levels of tridecane on fungus-inoculated wheat.
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T. INTRODUCTTON

Grain stored in bulk in farm bins, silos, and elevators are complex ecosystems

in which many physical and biological agents interact, often diminishing the qualiry

and quantity of stored grain (Sinha 1973). Changes within this dynamic ecosystem

are primarily affected by initial moisture content, temperature, and previous storage

history of the grain. Stored grain is also subjected to the deteriorative effects of one

or more of biotic agents including microflora, insects, mites, and rodents (Sinha

1979). Under poor storage conditions, these can cause monetary losses to the

producers through physical or quality decreases resulting in down-grading or

rejection.

In North America, major qualitative and economical problems of losses to

stored grain involve microfloral infection (Christensen and Kaufmann 1969).

Advanced microfloral deterioration can be detected by the occurrence of grain

heating, caking, sprouting, rotting, discoloration, and off-odor production. In such

cases, the problem is often detected after the damage has already occurred; the

grain is down-graded and farmers suffer economical losses. This deteriorated grain

is often fed to livestock. Occasionally it is contaminated with harmful mycotoxins

produced by fungal infection. Feeding of such contaminated grain can induce

mycotoxicosis in animals and, perhaps, even enter the human food chain (Scott

L973). This makes prevention of deterioration strategically important to a

grain-exporting country such as Canada, if it wishes to maintain its export markets

and reputation as a producer of a high-quality grain.

Common symptoms indicating spoilage of stored-grain include: increased

temperature, visual grain deterioration (discoloration, sprouting, microfloral

growth), increased CO, and decreased O, concentrations in intergranular air,

increase free fatty acid (FAV) levels in seeds, and loss in seed germination. None of

these symptoms, however, characterize the deterioration specifically involved in



fungal infection, and insect or mite infestation. Such relatively non-specific

assessment of decaying stored grain presents difficulry to storage managers when

decisions must be made to carry out expensive measures to prevent further

deterioration.

In Poland, Kaminski et aI. (L972, 1973, 1974) and Stawicki et al. (1973),

detected major odor volatiles produced by fungal species that differed from volatiles

produced by dormant grain (Hougen et al. t97L Maga 1978). Analyses by Polish

researchers otAspergilhts spp., Penicillium spp., and other species of. Fungi Imperfecti

grown on coarse wheat meal yielded major odor volatiles such as 1-octen-3-ol,

2-octen-L-ol, 3-methyl-l-butanol, 3-octanone, and 3-octanol. Odor volatiles were

also assigned a specific characteristic odor such as fungal-resinuous for 1-octen-3-ol,

musty for 2-octen-1-ol, fusel oil for 3-methyl-1-butanol, fruity for 3-octanone, and

citric-resinuous for 3-octanol. Dravnieks et al. (L973) correlated the sensory

evaluation of musty and sour corn with odor-volatile profiles.

The aforesaid volatiles were also detected in airtight-stored corn at different

temperatures and moisture contents by Richard-Molard et. al. (1976). A significant

finding was the sequential increase in frequenry and abundance of volatiles as

storage time and microfloral infection increased. The most important odor volatile,

L-octen-3-ol, was suggested for use in early detection of microfloral spoilage. The

method for collection of odor volatiles used by Richard-Molard et. al. (1976) and

Kaminski et al. (1972, 1973, 1974) involved vacuum-steam extraction followed by

freezing of volatiles. This common procedure made their results comparable; the

major volatile in these studies was L-octen-3-ol.

Abramson et al. (1980, 1983) used a different method of odor volatile

collection for monitoring quality changes in wheat, barley, and oats stored in farm

bins. Odor volatiles were trapped onto a porous polymer and heat-desorbed on a



cryogenically-cooled pre-column. The volatiles detected \ryere 3-octanone,

L-octanol, 3-methyl-1-butanol, and 1.-octen-3-ol. These were the same volatiles

found in stored corn by Richard-Molard et. al. (1976), but in different relative

proportions.

Tridecane was detected in large quantities from the headspaces of laboratory

cultures of stored-product mites (Kuwahara et a\.1979, Curtis et al. L981, Baker and

Krantz 1984). The collection method involved the adsorption of volatiles on a

porous polymer over several days using large mite population. This tedious and

time-consuming method makes detection of tridecane in mite-infested grain

cumbersome. The alarm pheromone, citral, was mainly detected in disturbed

acarine cultures (Baker and Krant z I9}4,Kuwahara et at. L980).

Ventilation of stored cereals for prevention of spoilage through drying and

cooling has become a common practice in Canada and elsewhere (Fraser and Muir

1981, Metzger and Muir 1983). The purging effect of the airflow could disrupt

odor-volatile detection and potentially distort their association with microfloral

infection of grain.

This research consisted of several field and laboratory experiments: the field

study was a minor part of a larger study dealing with "Crop drying in near-ambient

temperature air", undertaken by Department of Agricultural Engineering,

University of Manitoba, in collaboration with Agriculture Canada Research Station,

Winnipeg. Analysis of odor volatiles in grain was introduced as another possible

indicator of spoilage in stored grain. The objectives of the field study were

1) to detect odor volatiles produced by microflora in wheat stored at

different initial moisture contents during two crop years (1984-85 and 1985-86),

2) to determine the seasonal variation of microfloral volatiles as associatcd

with changes in biotic and abiotic variables,



3) to determine the effect of ventilation on the development of odor

volatiles, and

4) to measure seasonal fluctuations of tridecane with corresponding

fluctuations of acarine populations in bin-stored wheat during one crop year

(1986-87). The laboratory study was conducted under controlled conditions to

establish cause-and-effect relationships between odor volatiles, and microflora or

mites. The objectives of the laboratory study were

1) to determine the odor volatiles produced by fungal and bacterial species,

isolated from the grain used in the 1985-86 bin study, and grown on wheat and

synthetic media and

2) to determine the volatiles produced by two species of mites reared on

wheat and fungus-inoculated wheat.



IN. LITER,^ATUR.E REVTEW

A" CereaX-odor volatiles

Odor volatiles associated with different cereals can be important in flavor

composition fo¡ baked cereal products (McWilliams and Mackey 1969) or in
chemotaxonomy of different cereal varieties (Hougen et al. IgTl). Maga (197g)

reviewed the literature on cereal volatiles and suggested the measurement of

off-odors during storage for detection of spoilage. The identified cereal volatiles

were mostly short-chained (Cr-Cr) alcohols, aldehydes, and ketones.

Hamilton-Kemp and Andersen (1984) suggested the use of plant volariles

(from whole plant tissue) to explain parasite-plant interactions (insect or pathogen).

Vacuum-steam distillation of whole macerated wheat plant revealed chemicals of

Cu-Cro carbon chains with double bonds. They suggested that these chemicals were

artifacts of enzymatic cleavage of 9-10 double bonds of Crr-fatty acid moieties,

resulting from the breaking down of plant tissue. Hamilton-Kemp and Andersen

(1986) confirmed this hypothesis by comparing volatiles from fresh, fÍozen, cut, and

uncut wheat-plant tissue. The quantity of many compounds with double bonds

increased in cut and frozen (cells cut by ice crystals) plant tissues.

Dravnieks et al. (1973) used multivariate, stepwise discriminant and

regression analyses of results from sensory panels and corn-odor profiles. They

found a good co¡relation for musty and sour corn based on objectionable odors.

Their method involved adsorption of volatiles in trap, than heat desorption, and

following pre-column concentration by N, freezing.

ts" Microfloral odor votatiles

Kaminski et al. (L972) analyzed volatiles of Asperyittus flavus Link ex Fries,

grown on sterilized wheat. Odor volatiles detected on A. flavus-inoculated wheat

were 1000 times higher than for wheat alone. Odor volatiles identified were:
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3-methyl-1-butanol, 3-octanone, 3-octanol, L-octen-3-ol, and cis 2-octen-L-ol. of
these volatiles, L-octen-3-ol and 2-octen-L-ol were thought to be responsible for the

characteristic musty-fungal odor of certain fungi. Methodology involved

homogenization of wheat at -100C, vacuum distillation under N, at 350C, and cold

trapping of volatiles at -10 to -800C. Extracts of volatiles in CHrCl, were dried and

concentrated. The same method was used for collection of volatiles fuomAspergillus

spp., Penicillium spp., and species of Fungi Imperfecti (Kaminski et al. 1974). Most

of the aforesaid odor volatiles were detected in all fungal species, but in different

¡elative proportions. Stawicki et al. (1973), using the same method, analyzed

odor-volatiles from diffe¡ent fungal and bacterial species isolated from stored

wheat. The typical odor of microfloral species grown on wheat was compared with

detected volatiles. F'usel oil odor was associated with 3-methyl-1-butanol, fruity with

3-octanone, citric-resinous with 3-octanol, fungal-resinuous with 1-octen-3-ol, and

musty oil with 2-octen-L-ol. Bacterial cultures were characterized as acid, putrid,

and musty; no odor components were identified.

Kaminski et al. (1973) heated coarse wheat meal at 900C for 30 min and froze

headspace components at -200C. They found volatiles similar to those isolated in

the vacuum-distillation method; only Iesser amounts \ryere measured and

2-octen-L-ol was mostly absent. Bacterial species, assessed for volatil e fatty acids,

yielded acetoine, acetone, acetic, isobufyric, and isovaleric acids as their major odor

components (Kaminski et al. 197 9).

Classification of fungal species through volatile analysis was suggested by

Seifert and King (1982) and Halim et al. (1975). These and orher aforementioned

authors observed that odor production was associated with the level of sporulation

in fungal cultures.



C. Stored-grain odon volatiles

Corn stored airtight at different moisture contents and temperatures was

analyzed for development of volatiles (Richard-Molard et al. 1976). Major volatiles

showing increased peak areas over time included 3-methyl-1-butanol, l.-pentanol,

3-octanone, l-hexanol, 3-octanol, and 1-octen-3-ol. Chromatograrns became more

complex and peak areas increased as moisture content and temperature of the

stored corn increased and promoted microfloral activity. Methodology was similar

to vacuum-extraction of blended cereals by Kaminski et al. (1973); it was suggested

that L-octen-3-ol be used for early detection of spoilage.

Quality changes in bin-stored cereals were monitored using odor volatile

analysis by Abramson e/ a/. (1980). Three major volatiles, 3-octanone, L-octanol,

and to a lesser extent 3-methyl-1-butanol, were detected in damp wheat, barley, and

oats stored in farm bins in Manitoba. The highest levels of volatiles occurred at

seven weeks of storage . Volatiles were adsorbed in a trap and than heat desorbed

onto a cryogenically-cooled pre-column. Bin-stored barley at two different moisture

contents was analyzed for odor volatiles by Abramson et al. (19S3);

3-methyl-1-butanol, L-octen-3-ol, and l-octanol were detected and peaked at six

weeks of storage.

I). Mite odor volatiles

Tridecane lvas reported as an odor volatile of the headspace above cultures

of acarine species including Tyrophagts putrescentiae (Schrank) (Kuwahara et al.

7979), Rhizogtyphus robini Claparede (Baker and K¡antz 1984), and Acants siro L.

(Curtis et al. 1981). The alarm pheromone, citral, was detected in a disturbed

culture of R. robini (Baker and K¡antz 1984), Aleuroglyphus ovattu (Troupeau), and

Carpogþphus lactis (L.) (Kuwahara et al. 1980). These odor volatiles have never

been found in bin-stored grain.



IIT. MATERXAI,S AND METT{ODS

.d. Stored wheat ecosystena

L. Experimental design: Bins, wheat, ventilafion

The experimental bins consisted of internally wax-coated cardboard-cylinders

3.66 m high and 0.61 m in diameter (Fig. 1). These bins were insulated with

0.13 m thick fiberglass and located in an unheated machine shed in Winnipeg,

Manitoba. All bins were divided into 10 sampling layers, each 35 cm deep with a

sampling port in the bin wall at the middle of each layer (Fig. 2). Only rhe rop layer

of grain was sampled for my analysis. A metal sampling probe was inserted radially

through the port, closest to the surface, to collect samples used for biotic and abiotic

analyses. Ventilated bins were equipped with uniformly-perforated floors, the air-

plenum chambers were supplied with outside air by a 2.24 kW centrifugal fan

(Chicago Blowers, Winnipeg, MB).

a) Ein experiment 1984-85

Number 2 Canada western hard red spring wheat (Triticum aestivum L., cv.

Neepawa), locally harvested on 17 August 1984, was stored at 15.6% moisture

content (m.c.) in a 15.8 m3 bulk-feed tank. On 18 August, additional grain was

harvested at t6.'l.Vo m.c. During the following two days the moisture content of the

last batch was increased to lffi.SVo by spraying three times with rain water. The

moisturized grain was placed into the test bins on 20 August. The top of ventilated

bin was covered with plywood and the tops of non-ventilated control bins with

plastic sheeting. None of the coverings was made airtight.



Figure l. I-ayout (top view) of experimental bins;

bins used in 1984-85: 1 and 2-ventilated, 9, 10, 13 and 15-control;

bins used in 1985-86: 3 and 4-ventilated, 5 and 6-low ventilated,T and 8-high

ventilated, 9, 10, 13 and l5-control;

bins used in 1986-87: 14-ventilated. 16-control.

9
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Figure 2. Sampling locations in a vertical profile of the experimental bin; sampling

ports are located spirally in the middle of each layer.
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Ventilation with ambient air started on 20 August 1984 at a rare of 7 (L's-l)

m-3 in two "ventilated bins" with lSVo initial m.c. and continued until 30 October

1984; the experiment was terminated on 15 July 1985. The four "control bins" (fwo

at 1,5.6Vo and two at t8% initial m.c.) were not ventilated.

Grain samples collected during winter and summer for odor analysis from

300- and 330-cm grain heighßin each bin were taken from 2-3 cm below the surface

with a scoop. Samples for biotic and abiotic analyses were taken through the bin

port, using a metal probe. The samples taken at ?30- and 260-cm heights are

referred to as the "middle locations"; and at 300- and 330-cm heights are referred to

as "surface locations", for convenience in discussion.

b) tsin expenirnent 1985-86

Number 2 Canada western red spring wheat (Triticum aestivum L., cv.

Katepwa) was harvested in part and binned on 2 September 1985 at 20Vo moisture

content (-.c.). The remainder of the grain was harvested and binned on

3 September at?SVo m.c. The bin tops were covered with fine mesh and sealed with

silicone. Ambient ai¡ ventilation began on 4 September at the following rates:

2 (L's-t¡ m-3 in two ventilated bins (20Vo initial *...),

3.5 (L's'l¡ m-r

and

7 (I-'s-t¡ m-3 in two high-ventilated bins (25Vo inirial m.c.).

Ventilation was stopped after IL weeks due to climatic changes on

25 November 1985 and was resumed on 26 March for another L4 weeks until the

end of study on 9 July 1986. The four control bins (two at 20% and nvo at 25%

initial m.c.) were not ventilated.

Grain samples for odor analysis were taken from 5 cm below the grain

surface and were returned to the surface after analysis. Samples for biotic and

abiotic analyses were taken through the bin port, closest to the grain surface, using a

in two low-ventilated bins (25Vo initial m.c,)



metal probe. As the grain was shrinking, sampling changed to the lower port. Most

of the samples were taken bi-weekly during late summer and early fall, and than

monthly during late fall, winter and spring.

c) Ein experiment 1986-8z

Grain from the bin experiment in 1985-86 was reused as follows: all

unspoiled wheat, except wheat at 25Vo m.c. from control bins, was stored in a bulk-

feed tank from 9 July 1986 until binning on 2I July 1986. Final moisture content of

the wheat was 15.2Vo. The bin tops were covered with fine mesh and sealed with

silicone. Ventilation with ambient air started on26 August 1986 at a rate of 1 (L.s-1)

m-3 in the ventilated bin and continued for 16 weeks until 18 December 1986.

Ventilation was resumed on 12 June 1987 for another six weeks until end of

experiment on 31 July 1987. The control bin was not ventilated.

Equal volumes of food media containing three species of stored-product mite

pests, Acans siro (L.) (Acarina; Acaridae), Aerogtyphw robusttu Banks (Acarina;

Glycyphagidae), and Lepüogtyphw destrucror (schr.) (Acarina, Glycyphagidae)

(Hughes 1976) were introduced into the grain in control and ventilated bins. Mites

were reared on yeast-wheat germ media (3:1, vol:vol) at 25t1oC and 75!2Vo R.H. as

part of the stock cultures maintained by the Agriculture Canada Research Station,

Winnipeg. The estimated numbers of live mites introduced per bin location were:

443,000 f.or A. siro,30,900 for A. robtuttu, and 97,350 for L. destructor. Mites were

placed 0.15 m below the grain surface at two mid-way points between the sides and

center of the bin (Fig. 2).

Samples for all analyses were taken through the bin port closest to the grain

surface, using a metal probe. Because of grain shrinkage, the sampling port was

changed to a lower port which corresponded to the grain surface. Grain used for

odor analysis was returned to the grain surface. Samples for estimation of mite

numbers were taken weekly, the frequency of sampling decreased to biweekly in
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November and to monthly in January 1987. Samples for volatile component analysis

were taken monthly until November and bimonthly thereafter.

2.,Analysis of wheat samples

a) Determination and analysis of odor volatiles

For experiments in 1984-85, 355-9 samples of wheat were placed in 2-L

round-bottom flasks, and purged with 99.99+Vo N, (Liquid Carbonic Inc., Winnipeg,

MB) at 60 ml-min-l for 17 h at room temperature (230C) (Sinha et at. 1988). For

experiments in 1985-86 and 1986-87, 500-9 samples were used. The flask outlet was

connected to a 75 mm x 3.5 mm I.D. glass tube packed with 20G10 mg of

Johns-Manville Chromosorb L05, 60/80 mesh (Chromatographic Specialties

Limited, Mississauga, ON). The adsorbent had been previously activated by purging

with 99.99+VoNzat 1500C for 2 h. Volatiles were desorbed from the Chromosorb

with ca. 500¡rl of pesticide-grade acetone (Fisher Scientific, Winnipeg, MB) to final

volume of 100¿rL.

Samples were analyzed using a gas chromatograph (model 58904" Hewlett-

Packard, Avondale, PA) equipped with split/splitless injector, flame ionization

detector, and computing integrator (model 33924 Hewlett-Packard, Avondale,

PA). The samples were analyzed on a Carbowax 20M fused silica capillary column

(50 m x 0.31 mm I.D.). Aliquots of 1¡rL were injected in the splitless mode. The

injector and detector were maintained ar.200 and 2500C, respectively. The oven

temperature program was 370C for 0.5 min, raised to 770C at a rate of 200C min-l,

held at 770C for 5 min, raised to 1500C at a rate of ZoC min-l, and held at 1500C for

10 min. Helium was used as carrier gas at a velocity of 45 cm,s-1.

Standards of 3-methyl-L-butanol (98vo), 3-octanone (99vo), L-octen-3-ol

(98%), l-octanol (99%) (Aldrich chemical co. Inc., Milwaukee, wrs), and

2-octanol (practical, Matheson Company Inc., Norwood, oH) were prepared in
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acetone at concentrations of 40 flg mLt for each analyte. Aliquots (1pL) were

injected daily (Appendix 1). Diacetone alcohol (4-hydrory-4-merhyl-2-penranone)

was fortuitously present in the acetone used as a solvent, and served as a convenient

internal standard for relative percent calculations. This analyte was identified by

co-chromatography with a known standard (Aldrich Chemical Company Inc.,

Milwaukee, WI) and by electron-impact gas chromatography-mass spectrometry

using a 59858 quadrupole system (Flewlett-Packard, Avondale, pA).

The mean relative percent of the volatile compound was calculated from two

or three runs. The peak area of each compound was compared to the peak area of

the diacetone alcohol internal standard for relative percent calculations.

b) Seed gerrnination and rnicrofloral infection assessment

The rate of seed germination and occurrence of microfloral infection were

determined by the filter-paper method (Wallace and Sinha 1962); sets of 25 seeds

we¡e surface sterilizedby 0.6% sodium hypochlorite and rinsed three times in sterile

water. One set o125 seeds was plated on filter paper (Whatman No.3) saturated

with sterile water. Another set of 25 surface-sterilized seeds was plated on filter

paper saturated with sterile 7.5% NaCI solution. This last technique is useful for

determining the fungi of the Aspergillus glaucus, A. vercicolor, A. candi.dtu and A.

flavw groups, and Penicillium spp. (Mills et al. 1978). Plates were stacked and

incubated in a plastic bag for 7 days at 2Tl0C. To break seed dormancy, seeds

plated for germination reading were first incubated at 100C for 7 days. The

microflora that grew on the seeds weÍe examined under a zoom stereomicroscope

(Zeiss, West Germany). Final identifications of some species were made under a

compound phase-contrast microscope (Nikon, Tokyo, Japan). Calculation of

percentage of infection included seeds from which microflora were grown .
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c) Dilution count

To dilution bottles containing 99 mL of sterilized, 0.LVo peptone solution

(Difco l-aboratories, Detroit, MI) and L0 g of sterilized silica sand 11 g of grain was

aseptically transferred . The primary dilution (1:10) was shaken at moderate speed

for 30 min (Wrist Action Shaker by Burell, Pittsburgh, PA). Subsequenr dilurions

were prepared by pipetting 10 mL of primary solution to a new dilution bottle with

90 mL of sterilized, distilled water. Each new dilution was shaken by hand and used

for further dilutions. From appropriate dilutions, 1-mL aliquots were pipetted to

petri dishes and covered with an agar medium. Plates were mixed thoroughly and

allowed to coagulate.

Yeast malt extract agar, consisting of 4 g yeast extract, 6 g Bacto-dextrose,

L0 g malt extract, 15 g Bacto-agar in I I- sterile water (Difco) was used for the fungal

propagule count (Bothast et al. L974). This medium was autoclaved at L2L}C for 20

min; 30 ppm of tetracyclin HCI (onycin 1000, p.v.u. Inc., vicroriaville, cA) was

blended into the medium prior to pouring to retard bacterial growth. plates were

incubated at 25oC for five days and colonies counted. For further identification,

plates were incubated for fwo more days after which percentages of fungal species

developed were recorded.

Tryptone glucose yeast agar, consisting of plate count agar with 1 g of glucose

added per litre of solution (Difco) was used for bacterial colony counts. After

autoclavin!, 4 mL of Fungizone Squibb (FIow l¿boratories, Mclean, vA) was

blended into L L of medium prior to pouring to retard fungal growth. plates were

incubated at 300C for 3 days and colonies \vere counted. Each sample was plated in

triplicate using one to two different dilutions; dilution count is expressed as the

number of colonies per I g of grain.
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d) Mite count

Mobile stages of adult and nymphal mites from grain samples were collected

in the 1986-87 bin study using Burlese funnels filled with 350 mL of grain and placed

under 30-W lamps (Sinha t964). Heat from the lamps drove mobile mites from the

grain into jars filled with 70% ethanol in 17 h. For the experiment in 1985-86, the

extraction was done on 200 mL of grain. The numbers of mites per sample were

counted using a stereomicroscope.

e) Grain moisture content and temperature rneasurement

Moisture content was determined on a wet-mass basis by the oven-drying at 1300C

for 19 h duplicate samples (15t1 g) from each bin (ASAE, 1983). Temperature was

monitored using a Hewlett-Packard 3497A data acquisitiorVcontrol unit (Hewlett-

Packard, Avondale, PA) and copper-constantan thermocouples located along the

centerline of the bin.

3. Statistical analysis of data from bin experimenû L985-86

To examine the relationships between observed variables, simple correlation,

principal component and multiple regression analyses were carried out for a set of

data collected from each storage condition. Most biotic variables monitored in

natural stored-grain ecosystems usually have a J-shaped frequency distributions

(Sinha 1979). The succession of populations of different species varies seasonally

and annually depending on the type of interacting bio-variables involved.

Monitored variables should have normal distributions so that the basic assumption

for applying principal component analysis (PCA) and multiple regression analysis

(MRA) to acquired data can be fulfilled (Sinha 1977). Based on the results from

test of normality, variables not corresponding to requirements are transformed to

achieve normality. Hypotheses on patterns of interrelationships can be generated

from PCA on exploratory data in multivariable systems. The cause-and-effect

aô
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relationship can be tested in stepwise MRA by explaining the largest fraction of

variation of a dependent variable with the smallest number of explaining

(independent) variables (SAS Institure Inc. 1985).

Because the basic assumption for performing multivariate analysis requires

measurement of all variables (p) for each sample (n) on a particular date of

sampling, the number of analyzable samples had to be small; the total number of

samples for all variables had to be reduced because of the low number of

measurements of the odor component variable. Thus, in the 1985-86 experiment

only 9-12 samples per bin were used for statistical analysis; this was achieved by

matching odor analysis dates with the closest sampling date for other variables.

Observations from duplicate bins were pooled to increase the sample size. This

pooling of the data also helped to fulfill another basic assumption for multivariate

analysis, i.e. to obtain a number of observations larger than the number of variables,

which was 8-12.

a) Univariate statistics and transformations

The multivariate methods used in this study require a multivariate normal

distribution and a linear relationship among the variables. To determine whether

the variables had to be transformed so that normality or lineariry assumption can be

fulfilled, frequency distribution of all variables were examined by using simple

univariate procedures on original data. Based on results from tests of normality

(Shapiro-Wilk), frequency distribution plots, kurtosis, and skewness, appropriate

transformations were chosen to normalize each variable (Appendix 2). Variables

with more than 75Vo zero-observations were excluded as irrelevant for further

analyses; inclusion of such variables could generate statistical errors obscuring the

results (Pearce, 1965). Simple correlation matrices for all variables in all bins are

given in Appendtx3-7. Interpretation of bivariate relationships are summarized in

Table 3.
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b) Multivariate analyses

Principal component analysis was performed on the correlation matrix of the

transformed data (Appendix 2) using the SAS Princomp procedure (SAS Institute

Inc. 1985); variance-covariance matrices could not be used because of different

scales of variable measurements (Seal 1964). The output statistics, used in

interpretation are eigenvalues, proportions of variance explained and eigenvectors

(Appendices 3-7). The principal components (PC) with proportions of eigenvalues

explaining >I}Vo of variance \ryere chosen for interpretation. In these components,

a PC eigenvector cut-off point of 0.30 was applied for all variables, only components

with which odor variables could be meaningfully associated (i.e. with PC loading

'0.30) are included in Table 3.

Stepwise multiple regression analyses (SMRA) were done using each odor

volatile as dependent variable and other biotic and abiotic variables as independent

variables using SAS Stepwise procedure (SAS Institute Inc. 1985). The SMRA

method explores cause-and-effect relationships based on Iinearity. The strength and

quality of relationship between dependent and independent variables were

measured by multiple correlation and tested for significance (Table 3).

B. n-aboratory experiments

TWo separate experiments were set up, using wheat and synthetic media

artificially inoculated with single microfloral species, for analysis of odor volatiles

after sevenday incubation. In another experiment, all of the treatments from the

previous fungus-inoculated wheat experiment were artificially infested with a single

species of mite, for analysis of mite volatiles after four week incubation.

First, an experiment was designed to determine the abilify of individual

fungal species grown on wheat to produce odor volatiles after seven days of

incubation. Then all the wheat-fungus treatments were reused in another

experiment with introduced mite species and analyzed after 4 wk for mite volatiles.
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These treatments are designated as "odor analyzed" (OA) in the system description

in Tables 4 and 5.

tr. Media and inocula preparation

a) Wheat mediurn

Number 1 Canada hard red spring wheat (Triticum aestivum L., s. Katepwa,

1986 crop, l5Vo m.c.) was moisturized to 20Vo by adding sterile water in a mixer for

30 min and equilibrated for 24 h at 100C. Round-bottom l-L flasks were filled with

500 g of moisturized wheat, plugged with non-adsorbent cotton, and covered with

aluminum foil. AII flasks with moisturized wheat were autoclaved immediately at

L2l0Cfor 20 min, then stored at -150C until required.

b) Synthetic media

Synthetic fungal media recommended by Onions et al. (1982) were; potato

dextrose agar for Fusarium spp., Czapek agar for Aspergilhts spp. and Penicillium

spp., and yeast malt extract agar (Difco) for Altemaria altemata and Arthrobotrys

spp. Bacterial medium was prepared by adding 1 g glucose per liter of plate count

agal. For tests with each fungal species two l-L round-bottom flasks were filled

with 200 mL of medium, plugged with non-adsorbent cotton and covered with

aluminum foil. The flasks were autoclaved immediately at 12L0C for 20 min.

c) Microfloral inocula

Fungal species Altemaria altemata (Fr.) Keissler, Arthrobohys spp., Eurotium

herbariorun (wiggers)Link:Fr. (the perfect state of Aspergillus repens), A. flavus

Link ex Fries, A. vercicolor (Vuill.) Tiraboschi, Penicillium qclopium Westling, P.

chrysogenum Thom, Fusarium moniliþrme Sheldon, and Fwarium semitectum

(Cook) Sacc. were isolated on synthetic media from plated grain stored in the

1985-86 experimental study. TWo bacterial species, designated as Bacterium 1 and



2,expected to be white and yellow bacteria reported by James (1955) and James ef

al. (1946), were isolated from dilution plates from 1985-86 study on plate count agar.

The yellow culture obtained from an unheated grain resembled Bacterium herbicola

aureum Duggeli (James 1955) and the white culture resembled an unnamed species

of Pseudomonas referred as fype B by James et al. (1946). All fungal species,

excluding freshly isolated Ftuarium spp., were stored at -150C in slant tubes for up to

a year. All cultures were rejuvenated on petri dishes containing agar media for 1 wk

at2soc prior to the experiment.

Spores were scraped from the culture mat that developed over 1 wk at 250C

and were transferred aseptically to a tube with 5 mL of sterilized, distilled water.

This suspension was mixed using a Vortex mixer (Scientific Products, McGaw park,

IL) and spore concentration determined using a hemocytometer (Bright Line,

Ame¡ican Optical Corporation, Buffalo, NY). The final concentration was ca. 106

spores (cells) in I mL of suspension, inoculum concentration was checked by the

dilution count method (Bothast et al.1974).

Aliquots of 1 mL were pipetted into L-L flasks containing media.

Grain-filled flasks were swirled to mix the inocula thoroughly within the media.

Flasks filled with synthetic media were inoculated with 1-mL aliquots spread over as

much of the media surface as possible. Flasks were gently swirled as to not disturb

the media.

A duplicate of each treatment was run and triplicates of each microfloral

inoculum were plated for dilution counts. Aluminum foil from flasks was removed

prior to incubation at 250C and 90Vo R.H. for 1 wk.

d) Mite rearing

I-arge populations of nro acarine species, Acartn siro (L.) (Acarina,

Acaridae) andAerogþphw robwtus Banks (Acarina, Glycyphagidae) were reared on

a yeast-wheat germ media (3:1, vol:vol) at 200C and 7V2Vo R.H. for 6 wk. A lot of

22



1000 adult mites was counted under the stereomicroscope and placed into each flask

containing wheat using a sable-hair brush. Flasks were incubated at Z5oC and 90Vo

R.H. for 4 wk.

2. Ðetermination of odon volatiles

The determination and analyses of odor components were made by the

method described earlier (A.z.a) with the following exception. Flasks with synthetic

agar media were flushed over the agar surface with collection gas, rather than

flushing through the media as with grain-filled flasks.

3. One-way analysis of varÍance

The data from tables 4 and 5 were statistically analyzed with one-way

Analysis of va¡iance (ANOVA) and Scheffe's and Student-Newman-Keuls, (SNK)

multiple comparison method (SAS Institute Inc. 19g5).
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rY. RESUI,T'S

,4. Ein-stored wheat ecosystern

L. Freliminary study on 15.6 and trB.xvo rnoisture content wheat - l9g4-gs

In wheat of 15.6% initial m.c. stored in control bins, two odor volatiles were

detected during week 26-48. These volatiles and their relative percentage of
occurrence were 3-methyl-1-butanol at 0.0-106.6% and L-octen-3-ol at 0.0-14.7%

(Table 1). The second odor component occurred only in the middle of bins during

summer 1985. This niche had the highest fungal infection with 32 and 6BVo of the

seeds being infected by Aspergillw glaucw gr.

In wheat of lSVo initial m.c. stored in control bins, three odor volatiles were

detected during week 13-48 (Table 1). These volatiles and their relative

percentages were: 3-methyl-1-butanol at 9.2-32.5Vo,3-octanone at 0.0-30.3Vo, and

l-octen-3-ol at 0.0-43.6Vo. All three volatiles occurred in the middle of bins during

week 13 and 14 (in the fall), when infection levels by A. gtaucus gr. and penicillium

spp. were 64 and 42Vo, respectively. During week 48, occurrence of all three

volatiles coincided with the highest levels of infection by A. vercicolor (94Vo) and

Penicillium spp. (58Vo) in the middle of control bins. At the same time, seed

germination decreased to 26Vo, and infection level by Altemaria altemata and

Aspergilhts glaucus gr. decreased to 22vo and,26vo, rcspectively.

In ventilated bins at lSVo initial m.c., 3-methyl-1-butanol was detected only

once at a7.5% Ievel in the middle of the bin during week 13 (Table l). In this niche

32Vo of seeds were infected with the field fungus, Altemaría alternata. The low level

of fungal activiry and absence of storage fungi could have resulted from drying the

grain to 72.3% m.c., thereby making it unfavorable for the growth of fungi. Thus a

reduced level of production of odor volatiles and purging of volatiles by ventilation

seem to account for low level of 3-methyl-1-butanol in this niche. Bacterial
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infection did not seem to coincide with odor production in the control or in the

ventilated bins.

a) Abiotic variables

Grain moisture content in paired control bins with 15.6Vo initial m.c. wheat

decreased to 13.4-l4.4Vo in surface locations in the summer 1985 after week 39

(Table 1). In the middle of these bins, during the summer, grain moisture content

was 15.2-15.7Vo. Grain moisture content in control bins with 78Vo initial m.c. wheat

dec¡eased to I5.7-L6.5Vz in surface locations in the summer. In the middle of these

bins, grain retained its initial moisture content of 17.9-18.2%. Grain in ventilated

bins with lSVo initial m.c. was dried to l2.3Vo m.c. Drying occurred in the middle of

bins in the fall 1984 and in surface layer in the summer 1985. Temperature of grain

in control bins and in aerated bin followed climatic changes (Table 1).

b) Biotic variables

In control bins with 1,5.6Vo initial m.c. wheat only 3-methyl-1-butanol, ranging

from7.7 to 27.6Vo, was detected in surface samples (grain height-330 cm) (Table 1).

The highest level of this volatile component,65.2-106.6Vo, occurred in the middle of

control bins (grain height-260 cm) in July 1985 . This niche also recorded 12.L-

14.7Vo of another volatile component, l-octen-3-ol.

In control bins with ISVI initial m.c. wheat, 3-methyl-1-butanol ranging from

9.2 to 29.9Vo, and l-octen-3-ol ranging from 7.4 to l3.5Vo, were detected in surface

samples (grain height-33O cm). All three odor volatiles were more common

(measure of frequency) and abundant (measure of amount) in the middle of bins

(grain height-175-230 cm) in November 1984 and July L985, than anywhere else. In

ventilated bins 3-methyl-1-butanol was detected only once at 75% level in the

middle of bin (grain height-190 cm) in November 1984.



In control bins with 15.6Vo initial m.c. seed germination ranged from 76 to

90Vo dutins week 26-48. Active microflora consisted of the field fungu s Altemaria

altemata, storage fungi of ,4spergitltu glaucus gr., and bacteria (Table 1). In control

bins with 18Vo initial m.c. seed germination ranged from 16 to 92Vo during week 13-

48. The lowest germination,l,6-36Vo, was found in the middle of bins (grain height-

230 cm) in July 1985. Active microflora consisted of Altemaria altemata, and,

storage fungi of Aspergilhn glaucus gr., A. vercicolor, A. flavus, Penicillíum spp., and

bacteria (Table 1). The highest infection level of A. verctcolor was found in the

middle of bins in summer 1985. In ventilated bins, seed germination ranged from 76

to 92Vo during week 73-46. Active microflora consisted of Altemaria alternata, and

bacteria.

2. Study on 20 andZSVo moisture content wheat - 1995-g6

The three odor volatiles, i.e. 3-methyl-l-butanol, 3-octanone, and

1-octen-3-ol, were detected during the 1985-86 experiment. These volatiles are the

same as those ones detected during 1984-85 experiment. The unexpected volatile

tridecane, which is known to be produced by mites, was detected only in control bins

with25vo initial m.c.; grain was unintentionally infested with mites.

The most common volatile 3-methyl-1-butanol was detected in all bins

regardless of initial moisture content and levels of ventilation (Fig. 3). The lowest

overall levels of 3-methyl-l-butanol, 10-20Vo, occurred in bins with 20% initial m.c.

wheat. The highest overall levels were recorded in bins with 25Vo initial m.c. wheat.

In the control bins, 3-methyl-1-butanol occurred at its highest average (av.) level of

720Vo in October 1985. In all ventilated bins with 25% initial m.c. wheat, the levels

of 3-methyl-1-butanol were always higher (1,50Vo av.) than in any of those of the four

bins with 20Vo initial m.c. wheat (20Vo av.) (Fig. 3). No odor volatiles were detected

in high-ventilated bins during April-June 1986. Absence of volatiles in post-winter

¿ó



Figure 3. The effect of initial moisture content and ventilation on

butanol levels in bin-stored wheat in i985-86; (ventilation

designated with broken line).
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samples is possible because low levels of volatiles generated by slow-growing

microflora could be easily carried away with the resumption of ventilation in late

March 1986.

TWo other volatiles, 3-octanone and 1-octen-3-ol, occurred sporadically in

bins with 20Vo initial m.c. and in control bins with 25Vo initial m.c. wheat. In control

bins with 25Vo m.c.3-octanone level was considerably higher than that recorded in

bins with 20Vo m.c. during September 1985 to June 1986 (Fig. a). The third volarile,

1-octen-3-ol, was most common and abundant in bins with 20% m.c.; the level of

this component increased at the end of study in June 1986 (Fig. 5).

a) 20Vo initial moisfure content wheat

In bins with 20Vo initial m.c. wheat, 3-methyl-1-butanol was the most

common and stable volatile compared with the other fwo volatiles which occurred

less frequently, although they increased at the end of the experiment in June L9g6

(Figs. 6c, 8c, l}c, 12c). This increase coincided with high levels of infection by

Aspergillw glauats gr. and Penicillium spp. in control bins only (Figs.6b and 8b).

Ventilation seems to have contributed to lower levels of infection by post-harvest

fungi in ventilated bins as compared to those levels in control bins. The fungal

dilution count was at lower level of 103 per 1 g of grain in ventilated bins as

compared with 104 per 1 g of grain in control bins.

(X) Abiotic variables

Grain moisture content in control bins (bin 13 and 15) did not change

appreciably until the last few months of the experiment. During May-June 1986

moisture content dropped to 16% in bin 15 and to lgvo in bin 13 (Figs. 7a and ga).

In ventilated bins (bin 3 and 4) moisture content dropped to IgVo in the first week

and remained unchanged for the following 8 mo., until May 1986. During May-June

1986 moisture contenr further dropped to LTvo (Figs. 1la and 13a).
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Figure 4. The effect of initial moisture content and ventilation on 3-octanone level

in bin-stored wheat in 1985-86; (ventilation periods are designated with

broken line).
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Figure 5. The effect of initial moisture content and ventilation on l,-octen-3-ol level

in bin-stored wheat in 1985-86; (ventilation periods are designated with

broken line).
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Figure 6. Microfloral infection, germination and odor volatiles of wheat stored at

20Vo moisture content in control bin 13 in 1985-86.
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Figure 7. Moisture content, temperature and dilution plating of wheat stored at

20Vo moisture content in control bin 13 in L985-86.
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Figure 8. Microfloral infection, germination and odor volatiles of wheat stored at

20Vo moisture content in control bin 15 in L985-86.
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Figure 9. Moisture content, temperature and dilution plating of wheat stored at

20Vo moisture content in control bin 15 in 19g5-g6.
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Figure L0. Microfloral infection, germination and odor volatiles of wheat stored at

20Vo moisture content in ventilated bin 3 in 1985-86; (ventilation periods are

designated with b¡oken line).
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Figure L1-. Moisture content, temperature and dilution plating of wheat stored at

20Vo moisture content in ventilated bin 3 in 1985-86.
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Figure 12. Microfloral infection, germination and odor volatiles of wheat stored at

20Vo moisture content in ventilated bin 4 in 1985-86; (ventilation periods are

designated with broken line).
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Figure 13. Moisture content, temperature and dilution plating of wheat stored at

20Vo moisture content in ventilated bin 4 in 1985-86.
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Grain temperature in control bins stayed 5-100C higher than the inside shed

temperature during the first 10 wk until November 1985 (Figs. 7b and 9b). During

December, the grain temperature followed the inside shed temperature, dropping to

its lowest of -150C. In the spring and summer months grain temperature

approximated the inside shed temperature (15-300C) but without fluctuations.

Grain temperature in ventilated bins closely corresponded to the outside

temperature during the first 10 wk until November 1985 (Figs. 1lb and 13b).

During December grain temperature followed the inside shed temperature dropping

to its lowest of -150C. In the spring and summer months grain temperature

remained a few degrees below, and having less fluctuations than the outside

[emperature.

(2) Biotic variables

Seed germination in control bins fluctuated between 40 and,90Vo (Figs. 6a

and 8a). Microfloral infection consisted of the field fungi, Altemaria altemata

ranging from 5 to 90Vo, and Fusaríum spp. ranging from 0 to l5%. Bacterial

infection fluctuated reciprocally to Attemaria altemata infection, ranging from 0 to

90Vo, as a possible result of species competition. The infection by storage fungi of

the Aspergillus glaucw gr. ranged from 0 to 35Vo and, Penicittium spp. ranged from 0

to30% (Figs.6b and 8b). Fungal dilution counts ranged from 2x10a to 38x10a per I
g of grain during the first 4 mo., and later leveled off around 7x10a per 1 g of grain

during March-June 1986 (Figs. 7c and 9c). Bacterial dilution counts fluctuated

befween 5x106 and 30Ox106 per 1 g of grain; the highest counts occurred during

April-June 1986 in bin 13 and during February-April in bin 15.

In ventilated bins seed germination fluctuated between 60 and 95% (Figs.

l-0a and 12a). Microfloral infection consisted of.Altemaria altemata ranging from 20

to 90Vo and hæarium spp. ranging from 0 to L\Vo. Bacterial infection fluctuated

reciprocally to Altemaria altemata infection, ranging from 0 to 70Vo. The infection

52



byAspergilhts glaucw gr. ranged from 0 to 10% and by Penicillium spp. ranged from

0 to L5Vo (Figs. 10b and 12b). Fungal dilution counts remained unchanged at ca.

9x103 per L g of grain, while bacterial dilution counts fluctuated between 4x106 and

320x106 per 1 g ofgrain (Figs. 1lc and 13c).

In control bins three odor volatiles were detected at different levels (Figs. 6c

and 8c). The most common volatile 3-methyl-1-butanol ranged from 9 to 24Vo. The

most abundant volatile, 1-octen-3-ol, occurred only twice, once in February at a I3Vo

Ievel in both bins, and again in June at a 40Vo level in bin 15 and at a70Vo level in

bin 13. The third component 3-octanone was detected only once in bin 13 at a I¡Vo

level.

In ventilated bins these three volatiles were also detected (Figs. 10c and 12c).

The most common and abundant volatile 3-methyl-1-butanol ranged from 10 to

29Vo. The other two volatiles, 3-octanone and 1-octen-3-ol, occurred at low levels

(12-30%) once in October 1985 and on the last day of the experimenr in June 1985.

b) 25Vo initial moisture content wheat

In control bins with 25Vo initial m.c. wheat, 3-methyl-1-butanol was the most

common and abundant volatile. The highest levels o1920Vo in bin 9 and 530% in

bin 10 vvere recorded in Octobe¡ 1985 (Figs. l4c and 16c). Ar this time grain

temperature reached 400C which was 200C above the outside temperature.

Increased levels of volatiles coincided with increased infection levels by F,sarium

spp. and Penicillium spp. at 52 and l00Vo, respectively, in bin 9, and at 68 and 75Vo,

respectively, in bin 10 (Figs. l4a,b and 16a,b). During September-october, seed

germination and Altemaria alternata infection decreased sharply from 65 to ¡Vo and

88% to 'l.Svo, rcspecrively, in bin 9 (Fig. 14a); from 4g ro gvo and gyvo to yvo,

respectively, in bin 10 (Figs. 16a).
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Figure 14. Microfloral infection, germination and odor volatiles of wheat stored at

25Vo moisture content in control bin 9 in 1985-86.
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Figure L5. Moisture content, temperature and dilution plating of wheat stored at

25Vo moisture content in control bin 9 in 1985-86.
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Figure 16. Microfloral infection, germination and odor volatiles of wheat stored at

25Vo moisture content in control bin 10 in L985-86.
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Bacterial infection in both control bins increased sharply from an initial

'10Vo level to 70Vo level as the fungal infection declined during the first 2 mo. The

high bacterial infection levels declined only in June 1986, coinciding with an

increase in Fusarium spp. infection to 30Vo in bin 10 and to 50Vo in bin 9, possibly

resulting from moisture decrease. In control bin 10, Aspergitlus glaucus gr. infection

was higher than that of Penicitlium spp. and A. flawts during the winte¡ and summer

(Fig. 16b). Fungal and bacterial dilution counts were 10s and 106 per 1 g of grain,

respectively. Moisture content decreased gradually to L3Vo in bin 10 and to L4vo in
bin 9, possibly as a result of rise in grain temperature facilitating moisture transfer

to outside air.

In low-ventilated bins, 3-methyl-1-butanol increased from a 52 to 91,Vo level
in September L985, coinciding with increasing infection by Fusarium spp.to g¡Vo in
bin 5 (Fig. 18a,c). A gradual increase in the level of Penicillium spp. infection seems

to have kept 3-methyl-L-butanol at around the 50Vo level during November-June

1986, despite fall and spring ventilation and low winter temperatures of -100C.

During spring the low-airflow ventilation kept grain temperatures a few degrees

cooler than daily ambient temperatures (Figs. 19b and 21b). Seed germination

gradually decreased to 45Vo coinciding with an increase of peniciltium spp. infection

to ca' 40Voin June 1986 (Figs. 18a,b and20a,b). Bacterial dilution counts were 106

per 1 g of grain, while fungal dilution counts Ieveled off in December 19g5 at ca.

4txI04perlgofgrain.
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Figure L7. Moisture content, temperature and dilution plating of wheat stored at

25Vo moisture content in control bin i.0 in 1985-g6.
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Figure 18. Microfloral infection, germination and odor volatiles of wheat stored at

25Vo moisture content in low-ventilated bin 5 in 1985-86; (ventilation periods

are designated with broken line).
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Figure L9. Moisture content, temperature and dilution plating of wheat stored at

25Vo moisture content in low-ventilated bin 5 in 1985-86.

65



27

qA

È ,e'
¡¡¡
Z, aa
(,

H r@

=Þ-
217
o

f5

ffi MO I STURE CONTENT,

ÞtN-@

50
4()

3()

20
10

o

-10
-20
-30

(,
@

l¡¡
É,
=
É,
¡¡¡
CL

1¡.1
t-

@F.-...æWHEÂT TEMPERATURE
H OUTS I DE TEMPERATURE

- 
I NS I DE SHED TEMPERATURE

a-

ffi

, r20r

bl
I

=

bso

:

AEPAð

66

z
80

DEC6g

ffiFUNcAL C0UNT ( 104)
øI_--__øBACTTRIAL COUNT (106)

t-
z
:l
o
o

30
J

CI
z
l
tL

BIN-s

.ruN@@

l-
z
l
o
o
J

I
É,
td
l-
o
(n



Figure 20. Microflo¡al infection, germination and odor volatiles of wheat stored at

25Vo moisture content in low-ventilated bin 6 in 1985-86; (ventilation periods

are designated with broken line).
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Figure 21. Moisture content, temperature and dilution plating of wheat stored at

25Vo moisture content in low-ventilated bin 6 in 1985-86.
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In high-ventilated bins only 3-methyl-1-butanol was detected (Figs. 22c and,

24c); its level increased from 58 to 98Vo in Ocrober 1985 in bin 7. This increase

coincided with a high infection level of Altemaria altemata at 80Vo, and with a sharp

increase in Penicillium spp. infection level to 25% (Fig.22a,b). A gradual increase

of Penicillium spp. infection seems to have kept 3-methyl-1-butanol at 50Vo level

(av.) despite fall and spring ventilation and low winter temperatures of -100C.

Resumed ventilation from 26 March 1986 increased the grain temperature and

resulted in a sharp decrease in moisture content, fuom 22Vo to l6Vo (Figs. 23a and,

25a), and coinciding with the same sharp loss of odor volatiles (Figs. 22c and 24c).

Seed germination decreased to a 1.0Vo level(av.) during the winter and increased

again in the spring to a 50Vo (au.). This fluctuation could result from shrinkage of

grain and the subsequent change in grain levels at sampling ports from which seeds

were taken for germination analysis. Fungal dilution counts were ca. 10a and

bacterial dilution counts were ca. 106 per 1 g of grain (Figs. 23c and 25c).

(1) Abiotic variables

Grain moisture content in control bins stayed at the initial 25Vo level during

the first month of storage, then dropped to 22-23Vo in November 1985. Moisture

content leveled off during winter and declined to I4Vo in May 1986 in control bin 9

(Fig. 15a)' In control bin 10, moisture content further declined to 20Vo in December

and to I3Vo in May (Fig. 17a). In low-ventilated bins the moisture content dropped

from 25Vo to 22-23Vo during the first month of storage and stayed at the same level

until May L986, when it further declined to 17Vo (Figs. L9a and 2Ia). In high-

ventilated bins, moisture content decreased slightly to 23-24Vo in the first month of

storage and stayed at the same level until April 1986. At this time it dropped

sharply to L6% m.c. remaining at this level until June 1986 (Figs .23a and 25a).
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Figure 22. Microfloral infection, germination and odor volatiles of wheat stored at

25Vo moisture content in high-ventilated bin 7 in 1985-86; (ventilation

periods are designated with broken line).
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Figure 23. Moisture content, temperature and dilution plating of wheat stored at

25Vo moisture content in high-ventilated bin 7 in 1985-86.
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Figure 24. Microfloral infection, germination and odor volatiles of wheat stored at

25Vo moisture content in high-ventilated bin 8 in 1985-86; (ventilation

periods are designated with broken line).
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Figure 25. Moisture content, temperature and dilution plating of wheat stored at

25Vo moisture content in high-ventilated bin 8 in 1985-86.
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Grain temperature in control bins reached a maximum of 450C in the fall,

this level being 300C above the inside shed temperature (Figs. 15b and 17b). In

November and December 1985 grain temperature slowly decreased to slightly above

the inside shed temperature of -100C. In May-June 1986 grain temperature

increased again to 30-400C while the inside shed temperature fluctuated be¡teen 10

and 300C.

Grain temperature in low- and high-ventilated bins followed closely the

outside temperature during the first 3 mo. (Figs. l9b, zrb, z3b, z5b). In
December 1985 grain temperature further decreased equal to the lowest inside shed

temperature of -150C. During April-June L986 grain temperature remained lower (5

to 150c) and fluctuated less than rhe ourside remperarure (15 to 350c).

(2) Biotic variables

Seed germination in control bins decreased sharply during the first month of

storage and remained within 0-35% for the rest of experiment (Figs. 74a and l6a).

Microfloral infection in the fall consisted of the field fungi, Altemaria altemata and

Fusarium spp. An initial A. altemata infection of 80-90Vo decreased sharply during

the first month of storage to 0-5Vo for the rest of experiment. Pronounced Fwarium

spp. infection occurred only once in September 1985 when it reached an infection

level of 52% in bin 9 and 68Vo in bin 10. This field fungus was replaced by bacteria,

but it reoccurred in June when m.c. further decreased, thus making conditions

unfavorable for bacteria. Bacterial infection increased sharply from an initial

.'l'jVo during September 1985 to 70Vo, and remaining between 55-85Vo during

October-April 1986 (Figs. 14a and 16a). trn June bacterial infection decreased to

25Vo and I6Vo in bins 9 and 10, respectively.

Storage fungi of Aspergillus and Penicillium genera occurred in both bins

(Figs. 14b and 16b). Infection by Penicillium spp. increased during the first month to

infection levels of 75Vo and l00Vo in bins 9 and 10, respectively, a result of high m.c.
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and temperature. Bacterial succession keptPenicíttium spp. infection to 0-20Vo until
the completion of the experiment. Infection by Aspergillus glaucus gr. was between

15-20Vo during November-June 1986 in bin 9 only (Fig. lab). In November 19g5

infection by Aspergillus flavus was associated with high temperature and moisture

and increased to 95Vo in bin 9. This fungi remained at level s .lTvo for the

remainder of the experiment in both control bins.

In both control bins fungal dilution counts fluctuated between 2tx10s-ß0x10s

per L g of grain throughout the experiment; bacterial dilution counts fluctuated

between 5x106-180x106 per 1 g of grain (Figs. 15c and 17c).

In low-ventilated bins, seed germination fluctuated between 25-90Vo during

the first 5 mo. and between 30-60Vo during the next 6 mo. (Figs. 18a and 20a).

Microfloral infection consisted of Altemaría altemata spp. ranging from L0-100Vo,

and Fusarium spP., which increased to 80Vo during September 1985 in bin 5. The

Fttsarium spp. infection remained at <30Vo in both bins for the remainder of the

experiment (Figs. 18a and 20a). Bacterial infection ranged from 0 to BTVo and,

fluctuated reciprocally to Attemaria alternata infection, probably the result of species

competition. Infection by Penicillium spp. increased steadily to 40Vo by the end of
the study (Figs. 18b and 20b).

Fungal dilution counts in low-ventilated bins fluctuated between

10x104-90xl0a per L g of wheat during the firsr 2 mo. (Figs. 1.9c and 2lc). During

December-June 1986, fungal dilution counts remained between 30x104-50x10a per

1 g of grain; bacterial dilution counts remained between 4x106-40x106 per 1 g of

grain throughout the experiment.

In high-ventilated bins, seed germination decreased from an initial 78-85%

range to 2-10Vo during the first 4 mo. (Figs. 22a and 24a), then remained between

30-70Vo. Microfloral infection consisted of Altemaria altemata nnging from 30 to

90Vo, and Fusarium spp. which increased during September 1985 to 35 and to 60Vo
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in bins 7 and S,respectively; it remained .l\Vo in both bins (Figs. 22a and 24a).

Bacterial infection was between 0-75Vo, fluctuated reciprocally to A. altemata

infection. Infection by Penicillium spp. increased gradually to 30-60Vo during

May-June 1986 (Figs.22b and24b).

In high-ventilated bins fungal dilution counts fluctuated between

15x104-100x10a, while bacterial dilution counts fluctuated between 2x\06-20tx106 per

1g of grain throughout the experimenr (Figs. 23candZ1c).

In control bins three volatiles were detected at different levels (Figs. 14c and

16c). The most common and abundant volatile, 3-methyl-1-butanol, increased in

October 1985 from an initial 50Vo to 930% in bin 9 and from an initial 70Vo to 550%

in bin 10. This volatile remained between 50-250Vo during November-May 1986.

The absence of 3-methyl-l-butanol was noted on the last day of the experiment in

June, when m.c. decreased to 13-14%. The second most abundant volatile,

3-octanone, increased in October 1985 to 70% and remained betwe en 20-150%

during October-June 1986. A third volatile, L-octen-3-ol, occurred sporadically at

20-30Vo levels in October 1985, January and May 1986.

In low-ventilated bins two volatiles, 3-methyl-1-butanol and L-octen-3-ol,

were detected (Figs. 18c and 20c). The most common and abundant volatile,

3-methyl-1-butanol, ranged from 35 to 90% during September-May L986 and was

most abundant in September and March 1986 in bin 5 only (Fig. 18c). The second

volatile, 1-octen-3-ol, occurred only once at L5Vo in September 1985 in bin 6

(Fig.20c).

In high-ventilated bins the only detected volatile was 3-methyl-1-butanol

which occurred abundantly from September 1985 until April 1986 (Figs. 22c and,

24c). This volatile increased to l00Vo in October in bin 7 and, remained at 45-55Vo

levels during December-March 1986 in both bins. No odor volatiles vvere detected
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during April-June 1986 presumably because efficient ventilation carried volatiles

away.

An unidentified peak occurred unexpectedly in both control bins during the

first week and between 5-34 weeks of storage (Table 2); this peak was later

identified as tridecane. As stored-product mites a¡e known producers of tridecane,

it seemed logical to sample the grain for mites. The tridecane peak was not

identified until late February and grain was analyzed for mites in March 1986. At

this time the presence of tridecane coincided with the collection of 143 mobile

mites. At the end of experiment no tridecane was detected, although grain samples

taken a few days before that were infested withr canls spp. mites .

3. statistical analyses on data frorn bin experimenú 19gs-g6 (Table 3)

The most common and abundant volatile, 3-methyl-L-butanol, was correlated

and associated in control bins with 20Vo m.c.wheat havingAspergitttn glaucus gr. and

bacterial infections. In control bins with 25Vo m.c. this volatile was correlated and

associated with moistu¡e content and with bacterial infection. The second most

abundant volatile, 1-octen-3-ol, was correlated and associated in all control bins

with temperature and with Penicillium spp. infection.

Ventilation interrupted natural microflora development and subsequent

volatile production. Therefore, it was expected that most of the volatiles would be

purged from ventilated stored-grain (bins were not airtight), and biotic

interrelationships among variables would be less pronounced than those found in

non-ventilated control bins. Three statistical methods, sample linear correlation

coefficient, principal component, and stepwise multiple regression analyses, were

applied on transformed data and presented in Table 3. Correlation matrices and

graphical representations of relevant principal components along with associated

variables are presented in Appendice s 3-7.
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Table 2. Acarine volatiles and mite count in 25Vo initial moisture content lyheat

stored in two control bins in 1985-86

Storage week-
month-year

1-Sept 1985

3-Sept 1985

5-Oct 1985

8-Oct L985

10-Nov 1985

12-Nov 1985

14-Dec 1985

20-Jan 1986

26-March 1986

3O-March i986

32-April 1986

34-May 7986

39-June 1986

Odor volatiles
tridecane (7o)

77.9
s0.9

0.0
0.0

0.0
34.4

186.8
382.0

47.2
275.2

42.6
214.3

733.4
331.8

95.7
319.0

77.0
146.0

29.0
94.0

2r.7
65.1

0.0
44.2

0.0
0.0

Mite count (in 500 g)
Acarw spp.

ö¿+

nla
nla

nla
nla

nla
nla

nla
nla

nla
nla

nla
nla

nla
nla

nla
nla

0
1434

nla
nla

nla
nla

nla
nla

19b
1.6tc

n/a - not available
I A c ants hyp optu, A. imm obllr ( Griffith), A. farrß (Ond.)
u^A. farrß,A. immobilß
ç A.fanß,A. siro,A. hypoptts



Table 3. Statistical analyses of interrelations of odor volatiles with biotic and abiotic

according to simple correlation coeflicient, principal component analyses and stepwise

analyses of multivariate data in control and ventilated stored-wheat ecosystems in 1985-86

Odor
volatile

3-Methyl-
1-butanol

Simple
correlation

(r)

Interrelation with, acclrding to:

Control ecosystema - 20Vo initial moisture content

Asp. glaucus(p.0.01)
bacteriaþ<0.05)

85

variables

regression

Principal
component
analysesb

1-Octen-
3-ol

(PC7,var.32Vo)
1-octen-3-ol
Pentcillium
-Altemaria
baiteria

(PC3,var.76%)
Asp. glaucus
Altemaria
-bacteria

(PC4,var.72Vo)
germination
-Penicillium

(PC1.,var.32%)
Penicillium
-Altemaria
bacteria

3-methyl-1-butanol
(PC2,var.24%)
Temperafure

-bacteria
-Moist. content

Penicillium(p<0.01)
-Moist. content(p<0.0L)
Temperalure(p.0.05)

Stepwise
regression
analyses

3-Methyl-
1-butanol

(R2=0.57, p<0.01)
Asp. glaucus

bacteria

Ventilatetl ecosystema - 20Vo initial moisture content

(PC2,var.24%)
-Temperature(p.0.05) Penicillium

-Asp. glaucus
-Temperature

-Fusarium
(PC3,var.18Vo)
Moisture content

Fusarium

(R2=0.71, p.0.01)
Penicilliunt
Temperature



Table 3. (continued)

Odor
volatile

Control ecosystema - 257o initial moisture content

(PC2,,var.20%) (R2=0.71, p.0.01)
3-Methyl- Moist. content(p<0.01) bacteria Moist. content
l-butanol Penicillium(çt<0.01) -Fusarium bacteria

1-octen-3-olþ<0.05) Moisture content
bacteria(p<0.05)

(R2=0.34, p<0.01)
3-Octanone -Altemaria(p<0.01) Altemaria

-germination(p.0.05)
-Fusarium(p<0.05)

(PC3,var.1,6%) (R2=0.23, p.0.05)
1-octen- Penicilliunt(p<0.05) -germination penicilliunt
3-ol Temperature(p.0.05) Temperature

3-methyl-1-butanol(p<0.05) -Altemaria
-Asp. glaucus(p.0.05) Fusarium

Simple
correlation

(r)

Interrelation with, according to:

Principal
component
analysesb

86

3-Methyl-
1-butanol

Steprvise
regression
analyses

High ventilated ecosystem^ -2sqo initial moisture content

(PCl,var.36Vo)
3-Methyl- Moist. content(p<0.01) -germination

[,ory ventilated ecosystem^ - 25V0 initial moisture content

(PC3,var.I7%)
Fusarium

-Altemaria

1-butanol -Temperature
Moisture content

bacteria
(PCZ,var.30%)

Fusarium
-bacteria

-Penicillium
Moisfure content

(R2=0.80, p.0.01)
Moist.content(p.0.0 I )



'Airflow conditions:

ventilated ecosystem - 2 (L's-1¡ ¡¡-3

low ventilated ecosystem - 3.5 (L's 1) r-3 ltZ-tt switch off)

high ventilated ecosystem - 7 (L's-l¡ ¡n-3

control ecosystems - no airflow

bpç= principal component, only vector toading higher than 0.30 were considered; var.= variabilily

accounted for eigenvalues.
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In the control ecosystem, 3-methyl-1-butanol is associated and correlated

with bacteria and Aspergillus glaucus gr. in all three statistical analyses. A relatively

high R2 value (R2=0.57) and high significance level (p.0.01) indicate rhar rhe

presence of bacteria and A. glaucus gr. could account for production of

3-methyl-1-butanol. Both species did produce 3-methyl-1-buranol (Table 4), thereby

confirming the multivariate interrelationship observed in the bins.

The second detected volatile, 1-octen-3-ol, is correlated significantly and

associated with Penicillium spp. and temperature in all three statistical analyses.

The R2 value for SMRA is highly significant (R2=0.71, p.0.01) thus indicaring a

possible temperature effect on Penicillium spp. enabling them to produce

1-octen-3-ol; both P. qclopium and P. chrysogenum produced l-octen-3-ol (Table a).

Thus, direct cause-and-effect relationship experiments and objective analyses of

field data from undisturbed stored-grain ecosystems have demonstrated that

a) ZWo Ínitial rnoisfure content wheat

Penicillium spp. were the main

In the ventilated ecosystem, 3-methyl-1-butanol is associated in the second

principal component (PC2) with Penicillium spp., and inversely associated with

Aspergilhu glaucus, temperature, and Fusaríum spp. The same volatile is associated

in PC3 with moisture content and Fusaríum spp. Production of 3-methyl-1-butanol

appeared to have resulted when grain with high moisture content was infected with

Penicillium spp. This phenomenon was confirmed by laboratory findings which

showed that two Penicillium species could produce 3-methyl-l-butanol. Stepwise

multiple regression analysis, however, does not reveal any meaningful explanation of

thc cause-and-effect relationship.

()(f

sources of production of 1-octen-3-ol.



In the control ecosystem 3-methyl-1-butanol is correlated and associated with

moisture content and bacteria in all three statistical analyses. The R2 is highly

significant (R2=0.7L, p.0.01), indicating that presence of bacteria in a high-

moisture ecosystem could account for 3-methyl-L-butanol production. The volatile

3-octanone lvas significantly correlated with Altemaria altemata in SMRÂ and with

A. altemata andFusaium spp. in simple correlation analysis (CA). No association is

revealed in any of the first three principal components. The volatile L-octen-3-ol is

positively correlated with Penicillium in CA and in SMRA, and with temperature in

CA and PCA. I-aboratory study also confirmed the production of L-octen-3-ol by

two Penicillium species tested (Table a). The interrelation of L-octen-3-ol with

temperature and Penicillium spp. is similar to that in the control ecosystem with

20Vo initial m.c. wheat.

In the low-ventilated ecosystem, 3-methyl-1-butanol is not significantly

correlated with any variables in CA and SMRA, but in PC3 this volatile is directly

associated with Fusarium spp. and inversely associated with A. altemata. Odor

volatiles produced by microflora were purged away and natural microfloral

associations were disrupted under ventilated conditions.

In the high-ventilated ecosystem, 3-methyl-l-butanol is highly correlated

(p'0.01) and associated with moisture content in all three statistical analyses. This

interrelationship explains the absence of volatiles in spring after ventilation was

started and grain moisture content decreased sharply. Again, ventilation seemed to

purge volatiles produced by microflora.

4. Study on n5.2Vo rnoisture conten$ wheaf - 19g6-97

The mite-produced volatile, tridecane, was detected in both non-ventilated

control and ventilated bins during August 1986-July 1987. populations of three

acarine species Acarw siro, Aerogþphtu robustus and Lepidogþphw destructor weÍe

b) 25Vo initial rnoisture content wheat
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present in grain samples taken at this time for counting. Although Acants s¿7o was

introduced in the highest number andAerogþphus robustus in the lowest number (14

times less), the ratio between the two species reversed dramaticatly as storage

proceeded. During winter months when grain temperature reached -100C,

Aerogþphus robustus had the highest survival of the three introduced acarine

species. Citral, a mite alarm pheromone, increased in the fall and winter months

and disappeared in Iate spring.

a) Abiotic variables

Grain moisture content in control and ventilated bins fluctuated between 14.1 and

1'5.5% during July 1"986-July 1987. The initial grain temperature of 260C decreased

to 180C by the end of August. Grain temperatures in the ventilated bin were usually

a few degrees lower than those in the non-ventilated control bin, because of air

movement. Temperatures in both bins generally followed the reduction in ambient

temperature to 12-140C in September, 6-80C in October, and to -100C in November,

where it remained during the winter months. Grain temperature increased to 30C

by March L987, and reached 110C in April. Grain temperatures followed the rise in

ambient temperature to 160C in May, 22-250C in June, and finally to 260C at the

experiment end on 30 July 1987.

b) tsiotic variables

Acarus s¿io was the most abundant mite species in the control bin during

August-October 1986 (Fig. 26a). This mite disappeared during the winter months

and stayed relatively low during the rest of the experiment. Tlvo other introduced

acarine species, Lepidogþphtæ destructor and Aerogtyphus robustw fluctuated within

their original population levels during August-October. In November 1986 the

number of Aerogþphus robustus far exceeded the other two mite species with 560

individuals in 500 g of grain; remaining as the only active species during winter. In
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Figure 26. Mite volatiles and acarine populations in wheat stored at LSVo moisture

content in control bin in 1986-87.
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Figure 27. Mlte volatiles and acarine populations in wheat stored at l5Vo moisture

content in ventilated bin in 1986-87; (ventilation periods are designated with

b¡oken line).
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the spring and summer, A. robustus was the most common and abundant

acarine species, increasing once in March and then again in April 1987; it had the

highest survival rate.

Tridecane, initially recorded at 2I0Vo in August L986, occurred within a

50-Ll0% range during September 1986-July 1987 in the control bin (Fig.26b). The

neral and geranial components of the citral alarm pheromone were detected during

September 1986-January 1987. The-levels of neral ranged from 17 to 35Vo, and

geranial from 4 to l7Vo. Only neral was detected twice at the líVo during March-

July 1987.

In the ventilated bin, Acarus s¡'ro was the most abundant acarine species

during August-October 1986 (Fig. 27b). This acarine species almost disappeared

during winter and spring, but maintained low levels in the summer. Aeroglyphus

robtut¿u and L. destructor, fluctuated within the original population levels during

August-September. In November 1986 the number of A. robustus far exceeded

those of the other two species with 1100 individuals in 500 g of grain; it remained

the only active species during winter. In spring this species increased in March and

again in May 1987 while L. destructor was most abundant during April-May 1987.

Of the three introduced acarine species, A. robustus had again the highest survival

rate.

In the ventilated bin, tridecane occurred at 20-200Vo levels during September

1986-July 1987 with its highest level recorded in November 1986; after this the level

declined steadily to 20Vo during winter, spring, and summer (Fig.27b). Neral and

geranial were detected during September 1986-April 198J but both components

disappeared in July. Neral increased from lTVo in September to 65Vo in Novcmbcr

1986 and remained high until March 1987.
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ts. ï,aboratory experÍrnents on rnÍcrofloratr and mite odor volatiles

tr. Volatiles from non-inoculated and f,rom iungus-inocuiated wheat

Non-inoculated wheat that was moisturized to 20Vo m.c. and sterilized for

initial assessment, 3-methyl-L-butanol was detected at a I2lVo av. level (Table a).

Incidence of wheat-borne microfloral infection (plated seeds were not surface-

sterilized) consisted of bacteria at 60% and Penicillium spp. at 8Vo. Non-inoculated

wheat had 3-methyl-1-butanol detected at a 89% av. after seven days incubation;

plated seeds revealed an increased Penicillium spp. infection of 88% and bacterial

infection at 44Vo incidence.

After L wk the most common and abundant volatile, 3-methyl-1-butanol, was

produced at 39-79L% levels in wheat inoculated with every fungal species tested

(Table 4). The highest level of this volatile was at a 185% av., and occurred in

wheat inoculated with Fwarium semitectum (AI{OVA, p.0.05). The lowest level

was at a 31,Vo av. occurring in wheat inoculated by Aspergillus flavus. The second

volatile detected was l-octen-3-ol ranging from 12 to 3'l,Vo (in all but the Fusarium

spp.-inoculated wheat) after 1 wk. Atl of the fungal species grown on wheat showed

total coverage of grain by mycelia, except Alternaria altemata and both Fusarium

spp. Such low mycelial production on wheat inoculated with A. altemata and both

Fusarium spp. probably affected the levels of volatiles produced by these species.

Non-inoculated wheat at the end of the wheat assessment had Aspergillus

repens infection growing through the cotton plug after 5-wk incubation. In such

contaminated wheat, 3-methyl-1-butanol occurred at a 24Vo av. Ievel, the same level

found in wheat inoculated by A. repens (Table 4). There \ilas no significant

difference in the 3-methyl-1-butanol levels in these two treatments (ANOVA,

p.0.05). The levels of 3-methyl-1-butanol in wheat inoculated with A. repens and.

with Penicillium cyclopium after 5 wk, were not significantly different (ANOVA,

p.0.05) from those after l-wk incubation (Table 4).

96



Table 4. Odor volatiles frorn non-inocuXated wheat and wheat infected with fungal

species after 1 and 5 weeks

lVheat
inoculated
with

non-inoculated
(initial wheat

assessment)

non-inoculated
(7-day wheat

assessment)

Aspergillus
repens

Penicillium
cyclopium

Penicillium
chrysogenum

Aspergillus
versicolor

Aspergillus
flavw

Fusarium
monoliþrme

Fusarium
semítectum

Arthrobotrys

Altemaria
altemata

ïncubation
period
(weeks)

Odor volatilesa (7o)

3-methyl-
l-butanol

138.8
102.3

3-octa
none

79.9
97.1

41.3
39.0

118.1
726.5

120.9
9B.B

6r.4
59.8

36.3
26.3

93.8
91.1

190.6
119.6

82.0
97.6

59.4
67.7

97

L-octen-
3-ol

Tridecane

13.0
24.0

30.5
20.8

19.4
77.6

)a)
20.6

13.0

ablanks arezeÍovalues

L2.2
73.4

18.1



Table 4. (continued)

Wheat
inoculated
wittr

non-inoculated
(end-wheat

assessment)

Aspergillus
repens

Penicillium
qclopium

P.qclppium
(OA)" (disturbed)

trncubation
period
(weeks)

Odor volatilesa (7o)

3-methyl-
L-butanol

5

5

ablanks are zeÍo values

21.0
21.4

28.5
24.2

t32.5
133.8

688.0
662.1

3-octa
none

bOA' previously analyzed,for odor volatiles

L-octen-
3-oI

9B

t46.2

70.7
12.7

133.8
130.3

27.4
22.7

t7.5
134.8

Tridecane

78.4



One of the two flasks containing A. repens-inoculated wheat was turned

upside down to ease the introduction of teflon tubing for the collection gas. The

content of this flask showed previously undetected 3-octanone and l-octen-3-ol at

146 and at 135Vo levels, respectively. This simple flask manipulation resulted in an

unexpected l0-fold increase of l-octen-3-ol and detection of 3-octanone, compared

to that produced by the undisturbed replicate. Handling possibly facilitated the

¡elease of trapped volatiles in intergranular spaces of the caked grain allowing

purging of these volatiles with the collection gas. Handling could also increase the

surface area for active transfer of volatiles, resulting in the higher levels of volatiles

detected. The occurrence of tridecane in one flask with A. repens-inoculated wheat

is also mentioned in part IV.B.Z.

In Penicillium qclopium-inoculated wheat 3-methyl-L-butanol occurred at a

I34Vo av. level and 3-octanone at a 12% av. level after 5 wk (Table 4). These

previously analyzed flasks (after 2 days storage at 2.50C) were shaken to ease

volatile transfer and analyzed again, yielding a 675Vo av. Ievel of 3-methyl-l-butanol

and a L32Vo av. level of 3-octanone; this was a 5- and l0-fold increase in volatiles,

respectively. In this treatment 3-methyl-l-butanol level was significantly different

(ANOVA p.0.05) from those from all other treatments .

2. volatiles f,rorn acarine species reared on non-inoculated and on fungus-

inocutrated wheat

Tridecane was detected at a 78.4Vo Ievel in one flask containing A. repens-

inoculated wheat (Table 4); this flask was found to be contaminated with a

stored-product mite, Tyrophagw putrescentiae (Schrank). When Acarus siro was

introduced into flasks with non-inoculated wheat and with previously-analyzed non-

inoculated 7-day wheat (AO), the mites contaminated the wheat with Aspergillus

repens and sporadically with Penicillium spp. Tridecane was detected on "wheat" at

388Vo av. and on "7-daywheat" at457Vo av. levels after 4-wk incubation (Table 5).
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Table 5. Ûdor volatiles from acarine species reared on non-inoculated wheat and

wheat inoculated with fungal species after 4 weeks

trVheat witlr

mitea
species

Asíro
(non-inoculated)

Asiro
7-day wheat(OA)o

Asiro Arcpens

fungalb
species

Odor votatilesc (7o)

Asiro

3-methyl-
L-butanoN

Aer.rob. A.repens

44.2
54.5

67.t
51.9

47.9
40.0

4L.9
38.6

29.8
21..9

80.8
61.8

136.0
I32.6

94.1,
84.4

203.9
188.1

24.7
23.3

r59.4
1,52.7

Asiro

Asiro

Aer.rob.

Asiro

A.siro

A.siro

A.repeps
(oA)"

3-octa
none

P.cycl.

P.cvcl.-
(oÁ)d

P.cycl.

P.chnts.
(oAjd

A.verci.
(oA)d

A.flav4s
(oA)"

100

L-octen-
3-ol

30.4
29.6

25.3
28.6

26.1
25.9

25.6
23.1

Tridecane

20.7
18.3

15.4

448.t
321.0

323.7
590.1

4t6.7
380.5

464.4
368.8

66.5
41.3

11.7
11.5

2.3
10.8

14.8
11.6

26.4
24.1

12.0
t2.9

28.1
30.2

18.3
18.0

8.4



Table 5. (continued)

Wheatwith

mitea
species

A.siro

A.siro

A.siro

firngatb
species

Fusmonil.
(oA)d

Odor volatilesc (7o)

Fussemi.
(oA)tl

3-rnethytr-
tr-butanol

Arthrob.
(oA)tl

Aker.alt.
(oA)d

252.5
272.7

181.9
227.0

81.6
71.9

42.0
44.0

aA 
s ir o -A c arus s ir o ; A e r.r o b rs trs -A e r o gly p h us r o b us t u s

bA.repens-Aspergilhs repens; A.veni.-Aspergilhts vetsicolor; A.flavus-Aspergilhs flaws;

P.qcl.-Penicillium cyclopium; P.chrys.-Penicillium chrysogenttm; Alter.alt.-

Altern arÌa a It em at a ; F rc .m oni I.- F ts atium m o ni Iiþ rm e ; F us s e m i.- F u s añum

s e mit e c tum ; Arthro b .-Arthro b o try s

cblanks aÍe zeÍo values

dOAt previously analyzedfor odor volatiles

3-octa
none

tr -octen-
3-oI

l-0 1

Tridecane

326.8
336.7

1031,.4
1029.6

2r0.9
240.4

642.3
337.4

t3.l
15.6



In wheat with A. repens and Acarw siro, tridecane occurred at a 4L7Vo av.

level. In wheat with,4. repens andAeroglyphus robusttu, tridecane was detected at

much lower levels of. 57Vo av. These flasks had lower A. robustus survival as

compared to Acarus siro. In wheat with Penicillium spp. and Acarus siro, and. those

withAerogþphus robustus, no tridecane occurred except in one flask at a 8.4% Ievel;

the acarine populations in all these flasks were declining and in a poor condition .

Excessive condensation in flasks with both Penicillium spp. could negatively affect

the survival of both acarine species.

In wheat with Fwaium semitectum and Acans siro, tridecane occurred at a

1031Vo av.; this level was significantly different (ANOV,A,, p.0.05) from those in all

other treatments . In all wheat flasks inoculated with fungal species and infested

with Acarus siro, mite survival and tridecane production was higher than in those

infested with Aerogtyphus robwtus. firngal spores were eaten by mites in all flasks in

which high levels of tridecane were recorded. Based on tridecane levels, fungal

media which provide best for Acarus siro includ e: Fwarium semitectum, Altemaria

alt e m ata, Asp ergillus repens, Fus arium moniliþrm e and Arthrob o hy s spp.

3. volatiles frorn microflonat species grown on synthetic media

Only one volatile, 1-octen-3-ol, was detected from three inoculation media

(potato dextrose agar, yeast malt agar, plate count agar) having 72-25Vo levels

(Table 6). Fusarium semitectum grown on the PDA produced 3-methyl-1-butanol at

a 397Vo av. level. This culture contained heavy mycelial growth and good

sporulation on the PDA substrate, possibly producing the higher levels of volatiles

detected as compared to the same species grown on wheat (Table 4). Penicillium

qtclopium grown on YMA produced 3-methyl-1-butanol at a 37Vo av. level

(Table 6). The formation of a compact mycelium mat characteristic for Penicillium

growth as compared to "airy" Fusarium growth, could result in a smaller surface area

thus limiting transfer of volatiles during collection. This phenomenon was further
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Table 6. Odor volatiles from fungal and bacterial species grown on synthetic media

after l week

Agar Microbial

media species 3-methyl-l-butanol l-octen-3-ol

Poraro defirose agar(PDA) 24.9

PDA Fwarium 391.9
semitectum 405.3

Yeast malt agar(YMA) ZZ.g

YMA Penícillíum 33.i.qclopium 40.0

Plate count agar(PCA) tZ.Z
14.9

PCA Bacterium 1 
å3:3

PCA Bacterium 2 25.I
16.0

Odor volatilesa (7o)

ablanks aÍezerovalues



comPlicated because collection gas was purged over the Penicillium mat as

compared to purging gas through the Penicillium-infected wheat mass (Table 4).

Two bacterial isolates grown on PCA produced 3-methyl-1-butanol within a L6-50Vo

level (Table 6).
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This study has demonstrated that two odor volatiles, 3-methyl-1-butanol and

L-octen-3-ol, are characteristically produced in non-ventilated bin-stored wheat at

15.6 to 25Vo initial moisture content. A third volatile, 3-octanone, occurred only in

wheat of 18 to 25% initial m.c. AII three volatiles were detected year-round i.e.

during fall, winter, spring and summer seasons, provided that moisture content and

the nature of microfloral infection of wheat were suitable. The highest levels of

3-methyl-1-butanol were recorded in fall and then diminished in late spring, when

grain moisture content decreased. In contrast, L-octen-3-ol, had a tendency to

increase over time.

The most relevant microfloral species significantly associated with odor

volatiles production were: Asperytilus graucw gr. and bacteria with

3-methyl-1-butanol, Penicillium qtclopium and p. chrysogenun with L-octen-3-ol, and

Altemaria altemata with 3-octanone. A cause-and-effect study based on laboratory

experiments confirmed these associations, except for Altemaría altemata with

3-octanone.

Ventilation of bin-stored wheat at airflow rates of 3.5 and 7 (I-.s-t¡ m-3 purged

3-octanone and 1-octen-3-ol, but not 3-methyl-l-butanol. Ventilation at 2 (L.s-t¡ ¡¡-l

did not purge any of aforementioned volatiles or tridecane at 1 (L's-t¡ ¡¡-s. There

was no significant association between microfloral species and 3-methyl-1-butanol

produced in these ventilated bins. The only meaningful relationship with moisture

content (in high-ventilated bins) suggests that the disappearance of volatiles in

spring was affected by a decrease in grain moisture content through resumed

ventilation.

In winter, when temperature dropped below -50C, all volatile levels

plateaued. At this time microbial activity was negligible, however accumulated

v. DISC{ISSIOF{
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levels of volatiles produced earlier were still detected in freshly removed samples.

The Iow gas diffusion of the grain prevented existing volatiles from dissipating.

Tridecane was exclusively detected in bin-stored wheat infested with the

stored-product mites , Acants siro, Aerogþphus robusttn, and Lepidogþphw destructor.

The laboratory study demonstrated that tridecane could be produc ed by Acarus síro

and Aero gþphus robwtus.

.4,. tsin-stored wheat ecosystern

This 2-year bin study has shown that 3-methyl-1-butanol is the most common

and abundant odor volatile in bin-stored hard red spring wheat. Tlvo other volatiles,

3-octanone and L-octen-3-ol, occurred more sporadically and in less abundance.

Fungal and bacterial species isolated from bin-stored wheat produced 3-methyl-l-

butanol as a major odor volatile. The microfloral origins of this component, initially

detected on non-inoculated wheat, were identified by growing isolated microbial

species on synthetic media to eliminate the interference of "natural" multiple

infections on grain.

These odor volatiles in stored grain are the same as those recorded by

Richard-Molard et. al. (1976) and by Abramson et at. (1.980, 1983). The difference

between the latter studies and the results reported here lies in the relative

proportions of volatiles, which could be affected by differences in collection

methods and in cereal cultivars. Vacuum-steam extraction of homogenized grain

used by Richard-Molard et. al. (I976) and Kaminski et at. (1973) was discussed by

the latter authors for the origin of 1-octen-3-ol, which was detected as a major

volatile in both studies. Kaminski ef. al. (1973) suggested possible arrifact

production of l-octen-3-ol from enzymatic cleavage of unsaturated fatty acids.

Hamilton-Kemp and Andersen (1984, 1986) demonstrated an increase of such

cleavage products in disrupted plant tissues.
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Seasonal variations in profiles of the odor volatiles closely followed climatic

changes, especially in high moisture content non-ventilated bin-stored wheat. This

correspondence can be associated with increased microfloral activity during the first

stages of storage in fall, and again in spring as temperature increased. The highest

levels of 3-methyl-1-butanol in the 1985-86 bin study occurred after 4 and 5 wk of

storage. This finding generally agrees with those of Abramson et at. (1980,1983),

who observed the highest detected levels of volatiles at 6-7 wk of storage.

Ventilation of bin-stored wheat in the 1985-86 study interrupted the natural

progression of microflora and subsequent production of odor volatiles. Only few

measured variables were correlated or associated with volatilesrtherefore. making it

difficult to estimate cause-and-effect relationships with the microflora present. The

only significant association of 3-methyl-l-butanol with moisture content was found

in the high-ventilated bins (airflow rate of 7 (t-'s-t¡ m-3¡. Resumed ventilation in the

spring decreased grain moisture content f.rom 22 to l6Vo, thus reducing microfloral

activity and possibly purging 3-methyl-1-butanol to undetectable levels.

In the 1985-86 bin study, tridecane was detected and identified for the first

time in bin-stored grain. Iater, its presence was confirmed by finding a natural mite

infestation in control bins with wheat at 25Vo initial m.c. In the follow-up 1986-87

study, t¡idecane was monitored bimonthly in acarine-infested bin-stored wheat for

one year. The highest levels of tridecane occurred during the first 4 mo. of storage

when the mite counts from grain samples were also high. The initially

most-numerous Acarus siro population was replaced by the initially least-numerous

Aerogtyphw robustus population at that time. Aeroglyphus robusttu had the highest

survival under these storage conditions and possibly accounted for most of the

tridecane detected during winter. Because both Acarus siro and L. destructor

overwinter as immobile, cold-tolerant hypopus stage, the numerical dominance of

Aeroglyphus robusttts could be an erroneous observation if all stages of the mite



populations were considered (Sinha 1965). Citral, detected in acarine-infested

grain, probably resulted from disturbing mites during handling in the laboratory

(Baker and Krantz 1984, Kuwahara et al.1980).

ts. X-aboratory experiments

All isolated fungal species grown on wheat and synthetic media in the

laboratory produced 3-methyl-1-butanol as the major odor volatile. The two other

volatiles, L-octen-3-ol and 3-octanone, were produced less frequently. These

laboratory findings support field results by confirming that the same volatiles were

produced by individual fungal species and bacteria; these detected odor volatiles are

qualitatively similar to those detected by Kaminski et al. (L972, 1973, 1974). The

quantitative difference in the most common and abundant volatile could be caused

by isolation and concentration techniques.

TWo unidentified bacterial species, isolated on agar from control bins with

25Vo initial m.c. wheat, produced 3-methyl-1-butanol; however, they did not produce

l-octen-3-ol as found by Kaminski et al. (L974, r97g). The production of

3-methyl-1-butanol by bacterial species is reported for the first time in this study.

This finding complicates the interpretation of 3-methyl-1-butanol quantities

detected on fungus-inoculated wheat. In the laboratory experiment fungal inocula

were found to be contaminated with bacteria using dilution plating. This

contamination, however, seemed not to affect the spreading of mycelia and

sporulation of most fungal species.

Three field-fungal species, Altemaria altemata and ñto Fusarium spp.,

showed minimal spreading and sporulation on wheat. Heavy mycelial growth and

good sporulation by F. semitectum occurred on agar, possibly resulting in higher

production of 3-methyl-1-butanol on agar than that on wheat.

I"aboratory-incubated acarine species, ,Acarw siro and Aerogþphus robustru,

reared on wheat and wheat inoculated with fungal species both produced tridecane.

l_08



This finding is in agreement with Curtis et al. (1981) for Acarus siro, but the

production of tridecane by Aerogþphus robtntus has not been previously reported.

Aerogþphw robustus is a species native to Canada; it has not been tested by other

researche¡s. The abundance of tridecane produced by mites differed substantially

on wheat infected with fungi. Acann siro, as a fungivorous mite, had better survival

on fungus-inoculated wheat than Aerogþphtn robwtus. The preferred fungal diet

according to tridecane level are Fwarium semitectum, F. moniliþrme, Aspergiutu

glauats, andArthrobotrys spp. No citral component was detected from mites in these

laboratory experiments; this could result from not disturbing flask contents and

mites prior to analysis (Baker and Krantz 1984, Kuwahara et at.l9g0).

Stored grain is meant to be preserved for human consumption, and as such it

must be monitored to detect spoilage. Microbial decomposers can reduce the

available nutrients and energy in grain, thus reducing its value. A stored-grain

ecosystem is unstable especially at elevated moisture contents and temperature

when relatively harmless field fungi are succeeded by storage fungi. The species of

Aspergillus and Penicillium genera degrade the grain by enrymatic activity and

further may produce mycotoxins hazardous to human and animal consumption. At

higher grain moisture contents, storage fungi can be replaced by bacteria during

ecological succession.

This dynamic ecosystem must be monitored if methods to prevent

deterioration are to be applied. Detection of odor volatiles can serve as a new

monitoring variable specific to microfloral spoilage and mite infestation. possibility

now exists for detecting the succession of storage fungi, or predicting potential grain

spoilage. Further, the use of volatiles as a bioindicator could prove important in

prevention of "hot spots" in stored grain. Ventilation is used for cooling and drying

grain. Although it does not carry away all volatiles, ventilation does disrupt the

development of microfl ora.
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Appendix 1. Gas chromatographs of volatiles from wheat stored in control bins in

1984-85: (a) bin location 260 cm from 48th week at L5.2Vo moisture content

(Table 1); (b) bin location?3O cm from 48th week at 18.'l,Vo moisture content

(Table 1); (c) odor volatile standards (1), 3-merhyl-l-butanol; (Z),

3-octanone; (3), 4-hydroxy-4-methyl-2-pentanone (diacetone alcohol); (a),

Z-octanol; (5), l-octen-3-ol; (6), 1-octanol.
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Appenrlix 2. Data distributions and transformations used for biotic anrl abiotic variablcs measrrrcrl

in control and ventilated stored wheat ecosystems in 1985-86 experiment.

Variable

(n 'p)'

Transf.
applied

3-Methyl-
1.-butanol

3-Octanone

1-Octen-3-ol

Germination

Altemaria

Asp. glaucus

Asp.flavus

Bacteria

Fusarium

Penicillium

Moisture

Temperature

20Vo moisture content

Control

log(x+1)

Ventilated

18-9

normalb

(r/a)d

oKe

normal

normal

normal

nla

normal

nla

transf.

OK

normal

arcsin(x)-2

arcsin(x)-2

arcsin(x)-2

arcsin(x)-2

arcsin(x)-2

arcsin(x)-2

arcsin(x)-2

18-9

257o moisttre content

1lB

Control

normal

nJa

nla

normal

normal

transf.

nla

transf.

OK

OK

OK

normal

24-t2

High

translc

normal

OK

transf.

transf.

OK

transf.

OK

transf.

transf.

normal

OK

18-9

t(n-p), number of observations - number of variables

bnormal: normal clistribution

"transf.: transformation applied

dln/u¡r varíable not available , n<ZSVo

cOK: not normal, but no transformafion applicable

[¡w

normal

nla

nla

normal

normal

nla

nla

normal

transf.

normal

OK

normal

20-8

normal

nla

nla

normal

normal

nla

nla

normal

transf.

normal

normal

normal



Appendix 3. Correlation matrix and principle components of data from control bins

withÀjVo moisture content wheat in 1985-86.
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Appendix 4. Correlation matrix and principle components of data from ventilated

bins with 20Vo moisture content wheat in 1985-86.
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Appendix 5. Correlation matrix and principle components of data from control bins

withZíVo moisture content wheat in 1985-86.
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Appendix 6. Correlation matrix and principle components of data from low-

ventilated bins with 25Vo moisture content wheat in 1985-86.
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Appendix 7. Correlation matrix and principle components of data from high-

ventilated bins with zívo moisture content wheat in 19g5-g6.
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