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ABSTRACT

Several moth species of the family Pyralidae, such as Ephestia spp. and Plodia interpunc-
tella, regularly infest various stored products. Warehouse keepers and food factories
throughout the world suffer from losses ranging in the billions of DM annually. In addition
to direct losses, further financial loss is caused both by claims on the part of consumers,
retailers and importers for replacement and by the need to dispose of infested commodities.
The current strategies for overcoming this problem include intensive hygienic measures and
the treatment of all raw products entering the storage structure. The high turnover of trade
and production and, in some cases — such as herbs and spices — the high value of the com-
modity, require quick disinfestation procedures that do not damage the goods. A recent new
approach is treatment with carbon dioxide (CO,) under high pressure (about 20 bar) over
1-3 h. Nearly all developing stages of insect pests and mites fail to survive such treatment.

Official authorization according to the plant protection law exists in Germany for the use
of CO, in this type of application. The results presented here deal with the possible build-up
of resistance in the eggs of P. interpunctella. Twelve generations stemming from eggs of
adults surviving this treatment were exposed at the 50% lethal dose (LDs) level. Only a
slight, insignificant change in mortality occured during this 9-fold replicated series of
experiments.

INTRODUCTION

A very recent innovative, and feasible, approach to the control of stored-product insects by
combining chemical and physical methods was developed by Stahl et al. (1985a, b).
Supercritical carbon dioxide (CO,) had been previously used for extracting chemical
compounds from drugs, so techniques for handling this gas under pressure were already
well-developed for routine procedures. The use of combinations of fumigants, both exclud-
ing and including CO,, under pressure, for controlling insects was reviewed by Ferguson
and Hawkins (1949). The surprise was that CO, had a much more rapid effect than many
other gases under increased pressure (Anon., 1989a, b; Gerard ef al., 1988a, b and 1990;
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Mitsura, 1973; Pohlen et al., 1989; Rau, 1985). Presumably, this is due to its solubility in
. water or other liquids, which, combined with changes in pH and the lesion of cell
membranes during decompression of the treated and infested products, accounts for its
rapid lethal effect (Gerard et al., 1988a; Nakakita and Kawashima, 1994; Prozell and
Reichmuth, 1991; Reichmuth, 1991). Caliboso et al. (1994) and Ulrichs (1994) observed
ruptures of cell membranes of Lasioderma serricorne after exposure to CO, at a high
pressure (20 bar) with subsequent rapid depressurisation. Eggs of Plodia interpunctella
failed to survive treatment at 20 bar for 15 min with subsequent decompression within
1 min (Reichmuth and Wohlgemuth, 1994).

In Germany, the USA and Japan, where steel chambers of up to 30 m® are in commer-
cial use, this new technique is generating much interest. Patents for bigger chambers for
treatment of bulk products have been registered (Corinth and Reichmuth, 1991).

Some failures to completely control all insects or mites might be explained by either
too short an exposure time, especially when treated goods are held at low temperatures, or
lack of even and rapid distribution of the CO,, especially when bulk commodities (such as
several kg of palleted dried figs in cardboard cartons) are treated. Prozell addressed this
problem at this meeting of the CAF Conference (Prozell et al., 1997).

On the other hand, due to their short life cycles, insects are known to be able to develop
resistance to nearly all the toxic substances to which they are exposed. This raises the
question of whether unsuccessful treatments can be linked to the development of resis-
tance. This paper reports on work done to determine whether eggs of the Indian meal
moth P. interpunctella, which are known to be the most tolerant developmental stage to
treatment with CO, under high pressure (Reichmuth and Wohlgemuth, 1994), develop
resistance when exposed for several consecutive generations to treatments that produce
50% mortality (LDs, conditions).

MATERIALS AND METHODS

Insects were taken from the stock culture of the Institute for Stored-Product Protection of
the Federal Biological Research Centre for Agriculture and Forestry in Berlin, where they
had been reared for more than 23 years at constant conditions of 25°C and 65% r.h. under
a 16:8 light:dark photoperiod. One-day-old eggs of P. interpunctella were collected after
exposing several hundred adult moths of both sexes overnight under culture conditions in
an oviposition chamber made of 2-mm-aperture steel-wire mesh. Prior to exposure the eggs
were aged 14 £ 12 h. Previous experiments (Reichmuth and Wohlgemuth, 1994) showed
this age group to be the most tolerant, with LDy, achieved in 5 min at 20 bar and 25°C.
Table 1 shows the experimental design for one generation of eggs treated for selection.
Four petri dishes (3-cm diameter, 1-cm rim), each containing 100 eggs, were stacked in
the fumigation chamber, as described by Reichmuth and Wohlgemuth (1994) and Ulrichs
(1994), and treated with CO, for 5 min at 20 bar. An additional 100 eggs of the same age
from the same generation served as control to establish if hatch occured normally. This
experimental set of treated eggs was repeated four times for a total of 1,600 treated eggs and
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TABLE 1
Experimental design for one generation of eggs treated for selection

Number of eggs in each set of replicates

Set 1 Set 2 Set 3 Set4
Replicate 1 100 100 100 100
Replicate 2 100 100 100 100
Replicate 3 100 100 100 100
Replicate 4 100 100 100 100
Untreated 100

Experiment 1 (four sets repeated nine times) comprises the trials with eggs
of the first generation from parents of the unselected stock culture.
P. interpunctella eggs, 14 = 12-h-old were exposed for 5 min at 20 bar CO,.

100 control eggs. After treatment, the four lots of treated eggs and the control eggs from the
fifth petri dish which did not undergo pressure and CO, treatment were all transferred into
small gauze cages with substrate. Subsequently, all were checked for larval hatch. Trials
were repeated with a set of 1,700 eggs from each of nine generations. The surviving larvae
from untreated eggs were discarded. The surviving larvae from the 5-min treatment were
reared to maturity and delivered the eggs for the next set of 1,700 eggs for the experiment on
the second generation. After treatment of 11 sequential generations had been carried out in
this manner, an additional series of experiments comprising threefold repeated investiga-
tions with 100 eggs was carried out for each sample, exposure time and replicate at five
different exposure periods (2, 4, 5, 8 and 16 min) to determine precisely if a pronounced
tendency to increased tolerance could be observed. A set of eggs from the 12th generation
of the unselected stock culture was similarly tested.

RESULTS AND DISCUSSION

In all experiments, the 100 untreated eggs, laid by parents that had been selected, developed
normally. There was an average hatch rate of 97%.

The mortality rates of the 9-fold repeated experiments on the eggs after 5-min exposure
to 20 bar CO, at 25°C are summarised in Table 2, the last column of which shows the
averages of the nine replications. Figure 1 shows the average results, including standard
deviations, for the 12 subsequently selected generations. The deviations ranged from 5.1
to 9.4%. The average mortality of 30.19%, after 12 successive selections, with an upper
limit of +7.39% lies within the lower part of the range of average mortality of the stock
culture (40.47 - 7.91%). ' _

An examination of the standard deviations reveals that for the most part the average
mortality results can not be distinguished significantly from each other. Over the whole
range of 12 generations, after an initial increase there was a slight tendency to decrease in
the sensitivity of the eggs to successively repeated CO, high-pressure treatment. This
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TABLE 2
Mortality results (£SD) of investigations with 11 sequential generations of 1,600 x 9 eggs each
of Plodia interpuncteila, all treated at 25°C with 20-bar CO, for 5 min corresponding to LDs,

Percentage mortality of eggs of P. interpunctella

Replicate Averages
Generation of eggs 1 2 3 4 5 6 7 8 9 1-9
Experiment 1 (F,) 349 354 394 344 421 421 412 428 519 40.47
(eggs of stock culture) 459 7.9 +10.3 169 8.0 483 6.0 £109 7.0 +791
Experiment 2 (F,) 496 69.6 38.7 543 457 374 420 494 448 47.94
(LDsg survivors of F;)  +10.6 +8.2 +6,1 484 +85 6.1 +10.1 +13.5 +133 942
Experiment 3 (F;) 426 404 479 516 390 459 458 355 519 4451
(LDspsurvivorsof F)) 477 +7.1 198 476 9.5 9.5 69 6.6 +7.7 18.04
Experiment 4 (F,) 568 43.8 46.6 388 486 57.1 496 604 489 50.07
(ILDg sorvivorsof Fy) - +10.8 7.6 £7.6 89 +77 #113 #82 +79 158 +8.42
Experiment 5 (Fs) 41.1 380 502 401 394 467 404 496 524 4421
(LD survivors of F,) 465 464 +7.5 £70 180 68 7.3 +£7.9 +10.0 +7.49
Experiment 6 (Fg) 288 373 354 426 382 449 385 436 429 39.13
(LDs; survivors of Fs) 466 +7.1 497 70 +9.6 +99 95 82 53 +8.10
Experiment 7 (F,) 353 403 348 194 249 213 259 308 203 28.11
(LDsg survivors of Fg) 154 5.0 £10.1 #43 45 48 3.0 47 44 +5.13
Experiment 8 (Fy) 365 274 254 300 290 236 308 296 206 28.10
(LDsg survivors of Fy)  +72 459 455 60 +42 352 +44 +40 152 +5.29
Experiment 9 (Fo) 344 299 475 312 315 31.0 272 327 368 33.58
(LDsy survivors of Fg) 443 +6.5 439 146 54 6.6 67 +85 3.8 +5.59
Experiment 10 (F,q) 32.1 421 349 398 387 365 313 317 336 35.63
(LDsg survivors of Fy) +48 +6.1 +62 72 56 6.7 +50 +41 +73 15.89
Experiment 11(F,,) 254 394 274 313 481 413 294 444 487 37.27
(LDsy survivors of Fig) 32 +4.3 493 +51 170 481 163 +6.8 49 +6.11
Experiment 12 (F,,) 276 252 262 364 399 310 266 264 324 30.19

(LDsg survivors of Fy;) 482 +64 52 98 £94 114 57 456 3.7 +7.27

' After 5-min éxposure to 20 bar CO, at 25°C.

tendency fluctuated during the process of selection and is therefore not enough to reach
the conclusion that there was a quick build-up of resistance. It would be of interest to
check further selection pressure and investigate the stability of the increased tolerance
without further selection. From the results of the first three selected generations it can be
concluded that the chosen sublethal conditions of 5 min at 20 bar of CO, were slightly
below the real LDs,, Figure 2 supports this statement. After 12 selections the eggs respond
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Fig. 1. Repeated selection using 14,400 eggs per generation of Plodia interpunctella with CO; at 20 bar at
25°C for 5 min treatment (vertical bars are SD values).
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Fig. 2. Dose mortality response to CO; at 20 bar at 25°C of 13,500 eggs of the 12th generation of selections
of Plodia interpunctella. n=9.
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to treatment with CO, at 20 bar in a similar manner as does the stock culture. The LTs,
(probit 5) at about 6 min is slightly longer than, but still very close to, the 5 min of the
stock culture. Standard deviations are not included in this graph.

These findings lead to the conclusion that the use of high pressure CO, treatment to
control stored-product pests is not endangered by the threat of quick insect-resistance
build-up. Where eggs of stored-product pests are exposed for several generations to
sublethal conditions, subsequent treatment at normally lethal conditions still causes com-
plete mortality.
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