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Abstract

An automatic electrolytic respirometer enabled replicated determinations of the respiration rates of
individual fungi on sterile straw, and the mixed myco¯ora of naturally contaminated wheat straw at
di�erent steady-state temperatures (10±308C) and water activities (aw, 0.75±0.98) over periods of 8±14
days. Generally, the respiratory activity of individual spoilage fungi (Alternaria alternata, Cladosporium
cladosporioides, Eurotium amstelodami, Fusarium culmorum and Penicillium aurantiogriseum ) on sterile
wheat straw increased linearly with increasing aw at 258C. The calculated maximum dry matter loss of
wheat straw due to colonisation by individual species was about 10%, regardless of aw. On naturally
contaminated wheat straw fungal activity was also related to temperature and aw, with maximum
respiration at 308C and 0.98 aw. At the lowest temperature examined, 108C, there was a slight lag prior
to respiratory activity occurring. The respiratory activity was also signi®cantly reduced (by half) when
available water was reduced to 0.95±0.90 aw. In contrast to the colonisation of sterile straw by
individual species, the maximum dry matter loss caused by fungal deterioration of naturally
contaminated wheat straw was 3.4% at 0.98 aw and 308C. The dominant fungal genera and species
varied with aw and temperature. These results are discussed in relation to the storage of cereal straw
without spoilage. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Wheat straw consists of the leaf sheaths, stems, nodes and senesced leaves after the crop has

Journal of Stored Products Research 37 (2001) 35±45

0022-474X/01/$ - see front matter 7 2000 Elsevier Science Ltd. All rights reserved.
PII: S0022-474X(00)00005-9

www.elsevier.com/locate/jspr

* Corresponding author. Tel.: +44-1234-750111 ext: 3786; fax: +44-1234-750907.
E-mail address: n.magan@cran®eld.ac.uk (N. Magan).



been harvested. The major components of the straw are cellulose and hemicellulose which

contribute 75±80% of the dry weight, with the remaining constituents being lignin (14%) and

water soluble components that make up about 10% of the straw weight (Harper and Lynch,

1981, 1985). A succession of bacteria, yeasts and ®lamentous fungi colonise the cereal crop

during growth, senescence, harvesting and storage (Lacey, 1980; Magan, 1988a). Indeed Magan

(1988a) demonstrated that the standing crop has a very low level of contamination by spoilage

fungi. However, during the harvesting process, Penicillium, Aspergillus and Eurotium spp

contaminate straw from soil, particularly in dry climatic conditions. In wet years, so-called ®eld

fungi, particularly Alternaria, Cladosporium, Fusarium and soil fungi such as Trichoderma are

more predominant.

Safe storage regimes for agricultural material post-harvest have predominantly concentrated

on cereal grain and animal feed because of its value, aiming to prevent quality deterioration

and the potential threat from the production of mycotoxins by spoilage fungi. These periods

have often been predicted from the data of Kreyger (1972) although his data are based on

extrapolations from a few studies in which the safe storage period was identi®ed by the

appearance of visible moulding. Less work has been carried out with cereal straw, although

recently, the provision of high quality straw for board making, paper pulp and energy

generation has attracted much interest. Thus, it is important to identify the ranges of

environmental conditions and time periods over which signi®cant quality loss due to fungal

deterioration may occur. Limited studies have been carried out on the e�ect of such factors on

natural rates of deterioration of temperate and tropical straw (Sain and Broadbent, 1975;

Magan, 1988a) with many more studies carried out on straw decomposition in soil (see Magan,

1988b).

Respiration has long been used to measure metabolic activity on stored produce (Bailey and

Gurjar, 1918; Milner et al., 1947a,b; Scholz, 1962; White et al., 1982a,b). Its rate is governed

by the water availability, temperature and gas composition in the stored material and by levels

of microbial and insect contamination. Most previous studies have been on living grain

material which itself respires, with much debate on the relative contributions of these

components (Pomeranz, 1974; Seitz et al., 1982). Straw is an easier material to work with as it

is senescent with all the respiratory activity being due to contaminant micro¯ora and fauna. It

is thus possible to directly quantify respiration of contaminant moulds under di�erent

environmental regimes and use such information to obtain respiratory quotients and measure

dry matter losses. Recently, Magan (1992) and Lacey et al. (1994) used an automated

electrolytic respirometer to identify detailed relationships between environmental factors and

rates of moulding and accurately quanti®ed dry matter losses in naturally contaminated stored

wheat and oil seed rape.

The objective of the present work was to utilise the electrolytic respirometry system to

quantify (a) the temporal colonisation patterns of sterile straw by key straw fungi, (b)

colonisation of naturally contaminated wheat straw in relation to storage water activity

(aw) and temperature, and (c) to quantify the dry matter losses caused by such fungal

deterioration.
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2. Materials and methods

2.1. Individual fungal species used in this study

The fungal species used in experiments with sterile straw were all isolated from harvested
wheat straw (cv Beaver and Ribband). They were Alternaria alternata (Fr.) Keissler,
Cladosporium cladosporioides (Fres.) de Vries, Eurotium amstelodami Mangin, Fusarium
culmorum (W.G. Smith) Sacc. and Penicillium aurantiogriseum Dierckx.

2.2. Straw water content and water activity

Dry sub-samples of wheat straw were modi®ed with known amounts of sterile water and
after equilibration at 48C for up to 48 h, measurements of both moisture content (1058C for
17 h) and aw (NovaSina ICII humidata, Sina, Switzerland) were made in triplicate to obtain
water absorption curves (Willcock, 1998). These were used to accurately modify straw aw to
0.75±0.98 for experimental purposes.
For experiments with single fungal species, straw was autoclaved ®rst, and the aw modi®ed

prior to inoculation with ®ve agar discs (4 mm) from the growing margin of a colony of the
individual fungal species grown on a 2% milled straw agar medium.

2.3. Respirometer system

A respirometer system designed by Tribe and Maynard (1989) was modi®ed by using 500 ml
Duran bottles enabling 20 g (dry weight) of chopped straw to be used. Samples of known aw,
either inoculated with an individual species, or with naturally contaminated wheat straw were
enclosed in the Duran bottles (Magan, 1992; Hamer et al., 1991). A Bijou bottle, containing
5 ml 2 M sodium hydroxide, was placed in the Duran bottle and a compensator unit, with
approximately the same internal air volume as the ¯ask, was connected to the U-tube which
contained copper sulphate electrolyte, a platinum anode and copper cathode to form the
electrolysis unit. The sodium hydroxide solutions were replaced when required. The tip of the
platinum anode was positioned slightly above the electrolyte meniscus to avoid a surge of
oxygen (O2) production at the start of the experiment. The units were all carefully sealed, and
randomly arranged on stainless steel trays in groups of 25±30 ¯asks in a constant temperature
room. The electrodes were all connected to a computer through a multiplex switching unit. The
computer recorded the O2 utilization patterns every 60 s for up to 14 days continuously. The
carbon dioxide (CO2) evolved during the experiment was determined by titrating NaOH
against 0.2 M HCl, ®rst, to pH 8.3 with 0.5% (w/v) phenophthalein (BDH) indicator in 95%
ethanol and then to pH 4, using one drop of screened methyl orange indicator. Respiratory
quotients (RQ) were calculated from the ratio of CO2 produced to O2 consumed. Assuming an
RQ of 1.0 and the loss of 0.682 g carbohydrate gÿ1 CO2 released (Rees, 1982), dry matter loss
was calculated and compared for deterioration by individual fungi, and by a mixed natural
population in relation to aw and temperature. In all experiments, 3±5 replicates were used and
the experiments repeated at least once.
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2.4. Fungal isolation from naturally mouldy straw

At the end of experiments with naturally contaminated wheat straw, the straw was removed
and cut into 10 mm lengths and 30 segments per replicate plated, 10 per plate, onto 2% malt
extract agar, and malt 10% NaC1 agar and the frequency of isolation of genera and species
determined. The mean frequency of isolation on either medium is presented.

3. Results

3.1. Respiration of individual fungal species on straw and dry matter losses

Fig. 1 shows that there was an almost linear increase in O2 consumption over the course of
the experiment for all ®ve species examined. Generally, C. cladosporioides and E. amstelodami
were more active than the other species. However, by the end of the experiment, F. culmorum
appeared to be more actively colonising the straw. Table 1 shows the increase in cumulative O2

consumption as aw was increased at 258C. These data were used to compare the e�ect of aw on
dry matter losses which would be expected due to the activity of individual fungi on sterile
straw (Table 2). This shows that on average about 10% of the dry matter of straw was
degraded by the individual species.

Fig. 1. E�ect of water activity at 258C on cumulative oxygen consumption by individual species when colonising
sterile wheat straw. Bar line indicates least signi®cant di�erence ( p=0.05).
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3.2. The e�ect of environment on respiration of naturally contaminated wheat straw

The respiration of naturally contaminated straw was measured at 10±308C, and 0.75±0.98
aw. Fig. 2 shows that as temperature was increased, the temporal O2 consumption rate
increased at a steady-state aw (0.95). There was a signi®cantly lower consumption rate due to
fungal activity at 10±158C (less than 50%) when compared to the activity at 308C. Fig. 3
shows that at a steady-state temperature, as aw was increased from 0.75 to 0.98 aw there was
an increase in mould activity. However, the O2 consumption rate at 0.95 aw and below was
<50% of that at 0.98 aw, the highest water availability level tested. There was a slight lag for
the ®rst 24 h and activity at 0.75 aw was three times lower than at 0.98 aw.
Fig. 4 summarises the O2 consumption in relation to aw � temperature regimes examined.

Generally, the respiratory activity increased with both temperature and water availability. The
data were used to calculate the dry matter losses due to fungal activity in relation to di�erent
aw � temperature regimes. Table 3 shows the mean percentage dry matter losses based on
mould activity over a 14-day period. The maximum losses of 2.5±3.5% occurred at 0.95±0.98
aw and 308C, with lower losses at <258C, regardless of aw.

Table 1
The cumulative mean oxygen consumption (ml O2 gÿ1 straw) by individual species on sterile straw after 14 days at

258C under di�erent water activity conditions (maximum standard error of the means was 8.5%)

Water activity

Species 0.98 0.95 0.90

Alternaria alternata 145.1 144.8 100.1
Cladosporium cladosporioides 161.0 155.7 121.1
Eurotium amstelodami 138.5 133.4 121.4

Fusarium culmorum 166.5 157.7 147.3
Penicillium aurantiogriseum 155.1 145.6 113.4

Table 2
The e�ect of water activity and temperature on the mean dry matter losses of sterile wheat straw due to spoilage by

individual fungi after 14 days incubation at 258C (maximum standard error was 1.15%)

Dry matter loss (%)

Species 0.98 0.95 0.90

Alternaria alternata 9.69 9.68 6.69
Cladosporium cladosporioides 10.76 10.41 8.09
Eurotium amstelodami 9.26 8.91 8.11
Fusarium culmorum 11.93 10.54 10.85

Penicillium aurantiogriseum 10.37 9.73 7.75
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3.3. Predominant moulds colonising the deteriorating straw

At 258C, there was a change in the dominant spoilage fungi isolated from the straw at
di�erent aw levels. Generally, A. alternata (60%), F. culmorum (20%) and Epicoccum nigrum
Link (20%) were most frequent at 0.98 aw, Penicillium hordei Dierckx (67%) at 0.95 aw. At

Fig. 2. E�ect of temperature (10±308C) on the temporal cumulative oxygen consumption by mixed fungal
populations on unsterile wheat straw at a steady-state water activity (0.95). Bar line indicates least signi®cant

di�erence ( p=0.05).

Table 3
E�ect of water activity and temperature on calculated dry matter losses (%) of wheat straw due to the activity of
mixed populations of spoilage fungi on wheat straw after 14 days incubation

Temperature (8C)

Water activity 10 15 20 25 30

0.75 0.35 0.49 0.60 0.32 0.33

0.80 0.18 0.50 0.61 0.39 0.66
0.85 0.19 0.36 0.66 0.49 1.47
0.90 0.31 0.44 0.48 0.56 2.59
0.95 0.33 0.38 0.73 0.74 3.39

0.98 0.35 0.36 0.80 0.81 3.40
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<0.90 aw Eurotium spp (60±100%), P. hordei (40%), and Aspergillus ¯avus Link (83%) were
most frequently isolated.
Table 4 shows the e�ect of changing temperature on frequency of isolation at 0.98 aw. This

shows that at 308C, the Aspergillus spp (A. ¯avus, Aspergillus niger van Tiegham, Aspergillus
fumigatus Fres.) and Absidia sp. were predominant. Interestingly, F. culmorum and
Cladosporium spp were important components of the fungal community degrading straw at all
temperatures under wet conditions. These species together with Aureobasidium pullulans de
Bary Arnoud were also the only species isolated at 108C, suggesting that the spectrum of
spoilage fungi involved in straw deterioration varies markedly with storage environment.

4. Discussion

The method used in this study enabled continuous computer monitoring of O2 consumption
of the fungi on sterile and naturally contaminated wheat straw avoiding the errors of earlier
systems which depend on changes in liquid levels in manometer arms (Petersen et al., 1956),
adsorption of CO2 in alkali only (Steele et al., 1969) or Haldane gas analysers (Milner and
Geddes, 1945) which only allowed a few samples to be simultaneously monitored. A big

Fig. 3. E�ect of water activity (0.75±0.98) on temporal cumulative oxygen consumption by mixed fungal

populations colonising unsterile straw at 258C.
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Fig. 4. The e�ect of water activity � temperature interactions on the total respiratory activity of mixed fungal
populations colonising wheat straw after 14 days incubation. Bars represent standard errors of means.

Table 4

The mean percentage (%) isolation of dominant fungal species from naturally contaminated unsterile straw
segments stored at 0.98 water activity and at 10±308C for 14 days in the respirometer units

Temperature

Species 10 15 20 25 30

Absidia spp 0 0 0 0 22.6
Alternaria alternata 0 0 33.3 60 3.3
Aspergillus fumigatus 0 0 0 0 0.9

Aspergillus ¯avus 0 0 0 0 6.6
Aspergillus niger 0 0 0 0 0.3
Aureobasidium pullulans 12.6 15.0 0.6 0 0

Cladosporium cladosporioides 56.3 36 21 20 32.3
Fusarium culmorum 31.3 20 12.6 20 32.3
Epicoccum nigrum 0 15 21 20 0.3
Penicillium hordei 0 13 0.9 0 0

Other Penicillium spp 89 93 93 93 79
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advantage of the electrolytic system was that it allowed both O2 consumption and CO2

production by the fungi to be measured, although the latter was only monitored at the end of
the experiment. The instant response of the electrolysis cell to pressure changes in the unit was
important because it prevented the accumulation of inhibitory concentrations of CO2, and
allowed greater CO2 production (Pomeranz, 1974). This system was successfully used by
Hamer et al. (1991) and Lacey et al. (1994) to quantify losses associated with grain and
oilseeds.
In the present study there was an almost linear increase in respiratory activity of mixed

populations colonising naturally contaminated wheat straw over time, especially at >208C.
However, at 108C there was a lag period prior to the activity of spoilage fungi. The e�ect of aw
was more dramatic with the O2 consumption at 0.95 aw almost 50% greater than that at 0.75
aw where very slow fungal activity occurred. In the wettest treatment (0.98 aw) this was again
double that at 0.95 aw, especially at 25 and 308C. Most straw fungi are mesophilic and this
probably re¯ects their colonisation characteristics. Previous studies by Hamer et al. (1991)
showed that cereal grain respiration was non-linear at <0.90 aw, and linear above this water
availability. However, the nutritional status of wheat grain and cereal straw are very di�erent.
Previous studies by Harper and Lynch (1985) examined the activity of predominantly soil
fungi, but only using moist sand without examination of the e�ect of the environmental factors
or calculations of dry matter losses. However, this may also re¯ect the change in the succession
of fungi present in relation to modi®cations of the steady-state temperature and aw. For
example, Magan (1988a) found that there was a signi®cant change in the dominant fungal
species during the storage of wheat straw but used a limited range of aw levels and temperature
(0.95±0.995 aw, 15, 20, 258C only).
This study has shown some interesting di�erences between dry matter loss caused by the

activity of single species on sterile straw, and that of mixed populations on naturally
contaminated straw. The dry matter losses caused by single species reached a maximum of
about 10% under the wettest conditions tested, perhaps re¯ecting rapid utilization of the
water-soluble components. Previously Magan and Lynch (1986) found that cellulase enzyme
activity in a range of straw fungi varied with environmental factors. They found that F.
culmorum and Trichoderma harzianum Rifai, colonised sterile straw internode sections most
rapidly at both 0.995 and 0.98 aw. Interestingly, there was a di�erent pattern of dry matter
losses in naturally contaminated straw with very low losses at reduced aw levels, with a
maximum of about 3.5% at 0.95 aw and 308C. This signi®cant di�erence suggests that where
natural mixed populations are colonising such a substrate there may be some antagonistic
interactions between species, a�ecting the utilisation patterns of the water soluble components
of the straw. This correlated with the increase in respiratory activity as both aw and
temperature of incubation were increased.
This study also highlights the signi®cant di�erence from the results obtained with living

grain substrates where Hamer et al. (1991) found very rapid visible moulding within 7 days,
with dry matter losses of between 0.13 and 1.24% of stored wheat occurring at 0.95 aw and
25±358C. Previously, Kreyger (1972) suggested a general acceptability value of 1% for safe
storage of cereals, while Seitz et al. (1982) suggested that 0.5% dry matter loss of maize was
unacceptable as a¯atoxin production would have occurred in such grain. This suggests that
grain, which is still alive, has more natural defences against infection and colonisation than
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senescent material such as cereal straw. To protect the ®bre quality of straw for processing,
storage needs to be carried out with care to avoid the losses in quality due to fungal spoilage
which have been demonstrated to occur.
Up to the present time, apart from incorporation into soil, a small proportion (200,000

tonnes) of wheat straw has been used for the production of compost substrate for the edible
mushroom industry. Other alternative uses for this waste substrate have in recent years been
examined. It is now also used for the production of particle board (Anonymous, 1996) for the
production of paper pulp and as a raw material for energy production (Jenkins et al., 1996).
For most of these uses straw quality needs to be maintained to prevent any deterioration in
®bre structure due to fungal activity. Recent studies of stored straw have demonstrated that
signi®cant changes in ®bre and straw cell wall composition can occur due to fungal
colonisation during storage over a range of aw levels (Stewart et al., 1997). The present study
suggests that dry matter losses can occur rapidly when stored, particularly at >0.90 aw,
regardless of temperature. To maintain the quality of straw for these industrial purposes,
storage would have to be under cover for medium and long term periods to avoid water
ingress, rapid initiation of fungal activity and concomitant losses in straw quality.

Acknowledgements

This study was supported by a DTI-Link project under the ``Crops for industrial uses''
scheme and the HGCA. Dedicated in memory of the work of Dr. John Lacey D.Sc. (1937±
1998).

References

Anonymous, 1996. Techno News: First wheat straw particle board plant. Forest Products Journal 46, 13.
Bailey, C.H., Gurjar, A.M., 1918. Respiration of stored wheat. Journal of Agricultural Science 12, 685±713.
Hamer, A., Lacey, J., Magan, N., 1991. Use of an automatic electrolytic respirometer to study respiration of stored

grain. In: Fleurat-Lessard, F., Ducom, P. (Eds.), Proceedings of the 5th International Working Conference on

Stored Product Protection, Bordeaux France, pp. 321±330.
Harper, S.H.T., Lynch, J.M., 1981. The chemical components and decomposition of wheat straw leaves, internodes,

and nodes. Journal of Science, Food and Agriculture 32, 1057±1062.

Harper, S.H.T., Lynch, J.M., 1985. Colonisation and decomposition of straw by fungi. Transactions of the British
Mycological Society 85, 655±661.

Jenkins, B.M., Bakker, R.R., Wei, J.B., 1996. On the properties of washed straw. Biomass and Bioenergy 8, 177±

200.
Kreyger, J., 1972. Drying and storing grains, seeds and pulses in temperate climates. IBVL Publication 205,

Wageningen, Holland.
Lacey, J., 1980. [t]Colonisation of damp organic substrates and spontaneous heating. In: Gould, G.H., Corry, J.E.L.

(Eds.), Microbial Growth in Extreme Environments. Academic Press, pp. 107±135.
Lacey, J., Hamer, A., Magan, N., 1994. Respiration and losses in stored wheat under di�erent environmental

conditions. In: Highley, E., Wright, E.J., Banks, H.J., Champ, B.R. (Eds.), Proceedings on the 6th International

Working Conference on Stored Product Protection. CAB International, pp. 1007±1013.
Magan, N., 1988a. Fungal colonisation and decomposition of cereal straw. International Biodeterioration 24, 435±

443.

J. Willcock, N. Magan / Journal of Stored Products Research 37 (2001) 35±4544



Magan, N., 1988b. Patterns of fungal colonisation of cereal straw in soil. Proceedings of the Royal Society of
Edinburgh 94B, 119±126.

Magan, N., 1992. Relationship between rapeseed and contaminant fungi: e�ects on respiration and enzyme
deterioration. In: Jayas, D.S., White, N.D.G., Muir, W.E., Sinha, R.N. (Eds.), Extended Abstracts, International
Symposium on Stored Grain Ecosystems, University of Manitoba, Canada, pp. 16±17.

Magan, N., Lynch, J.M., 1986. Water potential, growth and celluloysis of fungi involved in decomposition of cereal
residues. Journal of General Microbiology 132, 1181±1187.

Milner, M., Christensen, C.M., Geddes, W.F., 1947a. Grain storage studies VI. Wheat respiration in relation to

moisture content, mould growth, chemical deterioration and heating. Cereal Chemistry 24, 182±199.
Milner, M., Christensen, C.H., Geddes, W.F., 1947b. Grain storage studies VII. In¯uence of certain mould

inhibitors on respiration of moist wheat. Cereal Chemistry 24, 504±517.

Milner, M., Geddes, W.F., 1945. Grain storage studies II. The e�ect of aeration, temperature, and time on the
respiration of soybeans containing excessive moisture. Cereal Chemistry 22, 484±501.

Petersen, A., Schlegel, V., Hummel, B., Cuendet, L.S., Geddes, W.F., Christensen, C.H., 1956. Grain storage studies
XXII. In¯uence of oxygen and carbon dioxide concentrations on mould growth and grain deterioration. Cereal

Chemistry 33, 53±66.
Pomeranz, Y., 1974. Biochemical, functional and nutritive changes during storage. In: Christensen, C.H. (Ed.),

Storage of Cereal Grains and their Products, 2nd ed. American Association for Cereal Chemists, St Paul,

Minnesota, pp. 56±114.
Rees, D.V.H., 1982. A discussion of the sources of dry matter loss during the process of haymaking. Journal of

Agricultural Engineering Research 27, 469±479.

Sain, P., Broadbent, F.E., 1975. Moisture absorption, mould growth and decomposition of rice straw at di�erent
relative humidities. Agronomy Journal 67, 759±762.

Scholz, B., 1962. Atmungsverluste bei Weizen in Abhangigkeit von Temperatur, Lagerzeit und Wassergehalt.

Landtechnische Forschung 12, 48±52.
Seitz, L.M., Sauer, D.B., Mohr, H.E., 1982. Storage of high moisture corn: fungal growth and dry matter losses.

Cereal Chemistry 59, 100±105.
Steele, J.L., Saul, R.A., Hukill, W.V., 1969. Deterioration of shelled corn as measured by carbon dioxide

production. Transactions of the American Society of Agricultural Engineering 12, 685±689.
Stewart, D., Hall, A.T., Morrison, I.M., Magan, N., Willcock, J., 1997. Changes in wheat straw cell wall

composition and structure during storage. Aspects of Applied Biology 49, 411±416.

Tribe, H.T., Maynard, P., 1989. A new automatic electrolytic respirometer. The Mycologist 3, 24±27.
White, N.D., Sinha, R.N., Muir, W.E., 1982a. Intergranular carbon dioxide as an indicator of biological activity

associated with the spoilage of stored wheat. Canadian Agricultural Engineering 24, 35±42.

White, N.D., Sinha, R.N., Muir, W.E., 1982b. Intergranular carbon dioxide as an indicator of deterioration in
stored rapeseed. Canadian Agricultural Engineering 24, 43±49.

Willcock, J., 1998. Myco¯ora of wheat straw: e�ects of environmental factors on spoilage and straw quality. PhD
Thesis, Institute of BioScience and Technology, Cran®eld University.

J. Willcock, N. Magan / Journal of Stored Products Research 37 (2001) 35±45 45


