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ABSTRACT
The adult emergence of six species of grain beetle, Cryptolestes ferrugineus, Oryzaephilus
surinamensis, Rhyzopertha dominica, Sitophilus granarius, S. oryzae and Tribolium cas-
taneum, was assessed after the exposure of the juvenile stages to three different modified
atmospheres (MA’s) at 15°C and 70% r.h. The use of this low temperature was important
as it is typical of the conditions prevalent in grain stores at the start of the UK storage
season.

A range of juvenile stages was exposed to three MA’s, one based on nitrogen (N,), one
on simulated burner gas and one on carbon dioxide (CO,), with 0.5% oxygen. The three
internal grain feeders, R. dominica, S. granarius and S. oryzae, were capable of emerging
even after 30 d exposure to CO,, the most effective of the MA’s. N, was the least effective
of the MA’s. S. granarius, the most tolerant species, required a 60-d exposure for complete
control of all its stages. Of the other species tested, T. castaneum was the most tolerant; its
pupae required 9 or 10 d exposure to prevent emergence in all three atmospheres.

INTRODUCTION

Modified atmospheres (MA’s) provide an alternative method, particularly with pesticide
admixture, for insect control in stored grain. The technology involves the alteration of
the ratio of atmospheric gases, nitrogen (N,), oxygen (O,) and carbon dioxide (CO,), to
produce conditions lethal to pests in stores (Banks and Fields, 1995). MA’s are now
used in both agriculture and food industries in order to disinfest and protect raw mate-
rials from the harvest through to the packaging of finished products (Bell and Armitage,
1992). Easily combined with the present strategies of drying and cooling, MA’s could
play an important role in integrated systems for the protection of grain, particularly
where residue-free in situ treatments are desired (Banks er al, 1991). Sophisticated
markets expect pesticide-free foods, and with the development of resistance by target
pests the position of insecticides as the main tool of pest control is becoming ever more
problematical (Banks and Fields, 1995). Legislative restrictions also make other alter-
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native treatments, such as fumigation, much more expensive (Banks et al., 1991).
Adoption of a Ny-based MA treatment at the main grain export terminal in Australia
was motivated by such problems (Banks, 1994).

The use of MA’s does not adversely affect the quality of the stored grain. The use of N,
for continuous storage for up to a year did not have a detrimental effect on the germina-
tion or end-use properties of wheat, rice or barley (Ouye, 1984). Germination potential, so
important for the maltsters, is much more likely to be lost because of such climatic
conditions of storage as high temperature than because of MA storage (Fleurat-Lessard er
al., 1994). MA’s may also be advantageous as they can extend the storage life of grain at
levels of moisture which are normally considered marginal for safe storage and do not
allow fungi to multiply at lower water activities (Banks ez al., 1991).

Various methods are available for generating MA’s from gas or liquid sources (Banks
et al., 1980; Annis, 1990; Bell et al., 1993a). On-site generation of gas using a separating
mechanism which removes O, from air, leaving pure N, has an obvious advantage over
bulk liquid supplies of CO, or N,. An alternative system produces an O,-deficient atmos-
phere by burning propane in air (Storey, 1973; Fleurat-Lessard and Le Torc’h, 1987; Bell
et al., 1993b). However, in order to evaluate the suitability of each system, it is important
to test the efficacy of the MA’s in the laboratory. Many such tests have been carried out
(Annis, 1987; Reichmuth, 1987; Jayas et al., 1991); however, the results do not cover all
the environmental conditions required.

The current work was carried out in order to assess the relative efficacy of different
MA’s on various stored-grain pests. There were two ways to reduce the time which would
have been needed to cover each stage separately: using the most tolerant juvenile stage
and using a mixed culture with a known age range, as described by Annis and Dowsett
(1993). The juvenile stages of Cryptolestes ferrugineus (Stephens) (rust-red grain beetle),
Oryzaephilus surinamensis (L.) (saw-toothed grain beetle), Rhyzopertha dominica (F.)
(lesser grain borer), S. granarius (granary weevil), S. oryzae (L.) (rice weevil) and
Tribolium castaneum (Herbst) (rust-red flour beetle) were treated with three MA’s: CO,,
simulated burner gas and N,, at the temperature usual at the beginning of the UK grain
storage season.

MATERIALS AND METHODS

Insect rearing

The six beetle species were obtained from stock cultures set up by placing 100 adults
of mixed ages in a glass culturing jar (diameter: 7.5 cm, height: 14 cm) about one-third
full of food. R. dominica, S. granarius and S. oryzae were raised on whole wheat,
C. ferrugineus on a mixture of rolled oats, wholemeal flour and 5% brewer’s yeast,
O. surinamensis on rolled oats and T. castaneum on a mixture of wholemeal wheat flour
and 5% brewer’s yeast. The stock cultures, excepting C. ferrugineus which was reared at
30°C, were maintained at 25°C and 70% r.h. Two different strains of each species were
used to determine if there were any differences in their tolerance of the MA’s. Standard
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laboratory strains and malathion-resistant strains of R. dominica, S. granarius and
S. oryzae, and a phosphine-resistant strain of each of the other species, were used.

For R. dominica, S. granarius and S. oryzae, where juveniles develop within the wheat
grains, the cultures were divided among the containers used for the exposures. For the
other species, either 50 pupae or 50 late fourth instar larvae were counted into each
container. These containers were one-third full of fresh culture medium. Three containers
were used for each exposure period and another six (three kept in the same room as the
exposure apparatus and three remaining in the rearing conditions) were used as controls.
The exposures took place in glass tubes (diameter: 2.5 cm, height: 7.5 cm) sealed with
squares of nylon mesh held in place by sections of rubber pipe which were inserted in the
openings of the tubes.

All the insects, including the controls, were lowered to the exposure temperature of
15°C in daily 5°C stages (so that they could acclimatise) while humidity was held
constant at 70% r.h. At the completion of the longest exposure period, they were again
raised to their rearing temperatures, the duration and temperature stages being parallel.
Then they were checked regularly for adult emergence. The results were used to calculate
the mean emergence for each exposure time as a percentage of the emergence from the
control samples for S. granarius, S. oryzae and R. dominica. For the other species
correction for other sources of mortality was made from the controls. The percentage
emergence of each treated sample was calculated as a proportion of the emergence of the
controls.

MA’s

The three gas mixtures (0.5% O, and 99.5% N,; 0.5% O,, 10% CO, and 89.5% N, —
burner gas; and 0.5% O, and 99.5% CO,) were produced using a three-channel gas
blender (Signal Instrument Co. Ltd., Camberley, Surrey) supplied with high purity gases
from cylinders. After the gases were mixed to the required proportions, the gas stream
was split into eight, each gas flow being limited to 100 ml/min by means of flow control
valves. The eight streams were then humidified to 70% by passing the gas over solutions
of potassium chloride (Winston and Bates, 1960). The humidified gas stream then passed
via a tube into the bottom of the exposure chamber, a 5-L desiccator. The exposure
containers were then placed on a layer of wire mesh supported above the bottom of the
desiccator.

A vent in the top effected a flow-through system. This set-up ensured a constant gas
mixture, with no change through leakage or respiration, within the exposure chamber. The
apparatus was kept in a controlled-environment room at 15°C and 70% r.h. O,, CO, and
humidity levels were monitored every day, using a Model 570A paramagnetic O, analyser
(Servomex Ltd., Crowborough, Sussex), a Model PA 404 infra-red CO, analyser (Ser-
vomex Ltd.) and a Protimeter DP680 (Protimeter Ltd., Marlow, Bucks.), respectively, and
were adjusted if required.

At the end of the longest exposure period for each species the exposure containers and
the controls were moved back to their culturing temperatures by reversing the steps used
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to acclimatise the insects before exposure. The containers were then checked once a week
for any adult emergence. This procedure was continued until ail possible emergence had
taken place. A comparison was then made with the mean exposure results for each time
period for the experimental insects and for the controls. Thus, the level of mortality
produced by the MA’s was determined.

RESULTS

Nitrogen

From previous experience it was expected that S. granarius would be the species most
tolerant to this mixture. A 55-d exposure period killed most of the juveniles, indicating
that there was no difference in strain tolerance. A 60-d exposure period was required to
kill all stages (Table 1).

There was little difference in mortality between the strains of S. oryzae. An exposure
period much longer than any tested would be required for complete control; this was also
true for R. dominica, the cultures of which were at a younger developmental stage. It
appears that a complete kill of the more tolerant pupal stage of this beetle would require a
longer exposure than that required for S. oryzae.

In this test the resistant strain (Res) of R. dominica appeared more tolerant of the
atmosphere than the laboratory strain (Lab). This may be notable only because the longest
exposure times used gave survivals of approximately 50%.

The remaining three species, and particularly T. castaneum Lab, had poor emergence
due to the low temperature in some of the control replicates. These results call into

TABLE 1
A comparison of the mean percentage emergence of resistant (Res) and .
laboratory (Lab) strains of six species of grain beetle after varying lengths
of juvenile exposure to 0.5% O, and 99.5% N, at 15°C and 70% r.h.

C. ferru- O. surina-
Species S. granarius S. oryzae R. dominica T. castaneum gineus mensis
Strain Lab Res Lab Res Lab Res Lab Res Lab Res Lab Res
Age (wks) 0-5 0-5 0-3 0-3 0-3 02 5-6 5-6 34 34 4-5 4-5
Time (d)
3 92 52 6 9
5 52 42 3 0
6 56 28
8 17 28
9 0 0
38 ‘ 39 32 63 70
44 34 34 49 66
55 0 2
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question the accuracy of the emergence results from the exposed juveniles. There was
little difference between the strains of T. castaneum, which was more tolerant than the
remaining two species. O. surinamensis was the least tolerant of the three species; only a
short extension of the 5-d exposure period would be required for complete control,
whereas a period closer to the longest exposure of 9 d used for 7, castaneum would be
needed for C. ferrugineus. ‘

Burner gas

There was little difference between the strains of S. granarius in the tolerance to burner
gas (Table 2). Complete control was achieved in 65 d, which was not significantly longer
than the period required using the N,-based atmosphere. For S. oryzae and R. dominica the
results were better than those achieved with N,, and a far higher level of control was
achieved in a shorter time period. This occurred even though the R. dominica cultures
were much older than those used for the N, test cultures and contained pupae, which are
more tolerant of these atmospheres than are larvae. There was some evidence that the Res
strain of S. oryzae was more tolerant than the Lab strain.

Results of the burner gas and Nj-based atmospheres were generally similar for
T. castaneum and O. surinamensis.

TABLE 2 .
A comparison of the mean percentage emergence of six species
of grain beetle after varying lengths of juvenile exposure
t0 0.5% 0,, 10% CO, and 89.5% N, at 15°C and 70% r.h.

; . . C. ferru- 0. surina-

Species  S. granarius S. oryzae R. dominica  T. castaneum gineus mensis
Strain Lab Res Lab Res Lab Res Lab Res Lab Res Lab Res
Age(wks) 34 34 0-3 0-3 7-9 - 0-9 5-6 5-6 34 34 4-5 4-5
Time (d)

4 ) . 11

5 ) 0 0

9 _ 0 0 0 0

28 3 19 6 3 '

36 3 11 4 1

55 2 0 =

65 0 0

Carbon dioxide

For S. granarius 38 d was required for complete mortality (Table 3). This is a much
shorter time than that required for both N, and burner gas. A similar pattern was seen with
S. oryzae and R. dominica although the difference was much less in comparison with the
results obtained from burner gas. However, the R. dominica stages used for the burner gas
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TABLE 3
A comparison of the mean percentage emergence of six species of grain beetle after varying
lengths of juvenile exposure to 0.5% O, and 99.5% CO, at 15°C and 70% r.h.

C. ferru- O. surina-
Species . granarius S. oryzae R. dominica T. castaneum gineus mensis

Strain Lab Res Lab Res Lab Res Lab Res Lab Res Lab Res
Age(wks) 0-5 0-5 03 03 0-3 02 56 5-6 34 34 45 4-5
Time (d)

3 25 31
3 33 82 3 0
6 22 28
8 0 3
10 0 0
28
32 2 1 0
34
38

—
—
=]
—

[eJe]
O -

MA test were much older than those used for the CO, test and the time required to control
the tolerant pupal stage with CO, was sometimes much longer than the 32 d needed to kill
the younger stages (Table 3).

With the other three species there was little variance from the previous results. A strain
difference was evident for C. ferrugineus where Res was the more tolerant. An extension
of the range of exposure times tested to achieve complete control of this species is
required. Such additional tests are needed for both the CO, and the N,-based atmospheres.

DISCUSSION

For MA treatments to become established, it is essential that they effect complete control
of any insects present, whatever their stage. In general, results have indicated that CO,
atmospheres are more toxic than O,-deficient ones (Navarro and Donahaye, 1990). This is
because CO, relies not on anoxia only to be lethal but also on acidification of body fluids
and inhibition of glycolysis (Adler, 1994). For S. granarius, one of the most tolerant
insects, 60 d were required to kill the most tolerant pupal stage with N, but only 38 d were
required with CO,. Reichmuth (1990) achieved an LTys with 99% N, in 45 d and a similar
result with 90% CO, in only 35 d. Adler (1994) gave 50 d for 97-100% N, and these
differences demonstrate the importance of monitoring tolerances of pest populations in
order to determine the correct time period needed for control. Differences in tolerance to
MA’s were demonstrated by Adler (1991), working with many strains of the same species.

The juvenile stages of beetles showed a marked difference between the internal grain
feeders, R. dominica, S. granarius and S. oryzae, and the other three, the external feeders,
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in their tolerance of all MA'’s, the latter being much more susceptible. Ten days was the
maximum exposure required for the external feeders for all three MA’s, whereas R.
dominica and S. oryzae required 32 d exposure with CO,, at least 36 d with burner gas,
and more than 44 d with N,. The tolerance of MA’s occurs when consumption of O, is
lowest, often during the egg and pupal stages (Reichmuth, 1987). Clearly, these insects
must be controlled before their development has reached the most tolerant stage. How-
ever, there are differences in response among other strains of these species (Jay, 1984);
Jay used a slightly higher temperature of 16°C and a lower 55-60% r.h. that produced
100% mortality with 60% CO,, and 91% and 86% mortality with 99% N,, with R. domi-
nica and S. oryzae, respectively, after exposures of only 2 weeks.

Similar differences were seen among the external feeders. White and Jayas (1993),
using mixed populations of C. ferrugineus and T. castaneum, achieved control in 14 d
with 34% CO, and the temperature decreasing from 18 to 10°C. A 100% CO, atmosphere
controlled T. castaneum pupae in 14 d at 15.6°C and 38% r.h. (Aliniazee, 1971), and
100% N, controlled the same stage under the same conditions in only 5 d (Aliniazee,
1972). This species was also studied in one of the few published investigations using
burner gas. Storey (1977) used a mixture of <1% O, and 9-9.5% CO, in N, at 18°C,
effecting an LT, of 4.5 d for pupae. The last species, O. surinamensis, was the least
tolerant of all; it succumbed within 5 d to all MA’s. Jay (1984) used 98% CO, at 16°C and
50% r.h., effecting 100% mortality in 3 d for all stages. Any differences in the environ-
mental conditions would have significantly influenced the results in all these compari-
sons.

In conclusion, in this brief survey CO, has proven to be the most effective MA,
followed by burner gas and N,. Pupae of Sitophilus spp. showed the highest tolerance to
these atmospheres, followed by the other internal grain feeder R. dominica. The other
three species, the external grain feeders, were much less tolerant.
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