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Abstract: To develop a quick and safety alternative quarantine treatment for postal
item or hand baggage to methyl bromide fumigation, the mortality effects of low
temperature exposure to —18°C were investigated on all developmental stages of six
stored-product insects, Granary weevil, Sitophilus granarius (LINNE), Rhodesian bean
seed beetle, Callosobruchus rhodesianus (PIC), Mexican bean seed beetle, Zabrotes
subfasciatus (BOHEMAN), khapra beetle, Trogoderma granarium EVERTS, Indian meal
moth, Plodia interpunctella (HUBNER) and Mediterranean flour moth, Ephestia kuehniella
ZELLER. The most cold tolerant stage was egg stage in all insects tested except T.
granarium. The estimated time for each species to produce 99% Kkill of the egg stage
were 143.8, 124.1, 151.7, 71.5 and 290.7 min for S. granarius, C. rhodesianus, Z.
subfasciatus, P. interpunctella and E. kuehniella, respectively. In T. granarium, the cold
treatment at —18°C did not provide rapid kill, especially the larval stage. Thus, the
low temperature around at ~18°C was considered as an available quarantine treatment
for stored products imported by postal matter.
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Introduction

Imported agricultural commodities infested with stored-product insects are mostly
subjected to methyl bromide fumigation under the plant quarantine law in Japan even
they are postal matters or hand baggages. Few owners go through the receipt
procedures and the others resign since it usually takes about 3 - 7days to post or
return the fumigated products to their owners.

Since methyl bromide was regarded as an ozone depleting substance in the 4th
Meeting of Montreal Protcol in November 1992, it is urgently required to develop the
alternatives to methyl bromide for disinfestation of quarantine pests (CHAME 1998).
Japan should make an effort to reduce the quantity of methyl bromide for plant
quarantine treatment.

Numerous studies have been made on the influence of low temperature on stored-
product insects and found that sub-freezing temperatures provided rapid kill (ADLER,
1960; SWAIN, 1975; JOHNSON and WOFFORD, 1991; FIELDS, 1992; DONAHAYE, et al.,
1995). FIELDS (1992) reported that supercooling point was useful because it caused
rapid death on insects in a matter of minutes.

Therefore, in the present study, the efficacy of cold temperature at -18C was
investigated on six important stored-product insects, Granary weevil, Sitophilus
granarius (LINNE), khapra beetle, Trogoderma granarium EVERTS, Indian meal moth,
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Plodia interpunclella (HUBNER) and Mediterranean flour moth, Ephestia kuehniella
ZELLER, which were regarded as most cold-tolerant species (FIELDS, 1992) and
Rhodesian bean seed beetle, Callosobruchus rhodesianus (PIC) and Mexican bean seed
beetle, Zabrotes subfasciatus (BOHEMAN), which susceptibilities were not reported, in
order to develop an alternative quarantine treatment with swift and safety for postal
item or hand baggage to methyl bromide fumigation.

Materials and Methods

Test insects
Sttophilus granarius

Eggs, larvae, pupae and adults of S. gramarius were obtained from a laboratory
culture maintained on wheat and yeast under the rearing conditions, 25°C, 70% r.h.
and a photoperiod of 16:8h (L:D). Culture obtained from Australia in 1993 (Import
permit No.5Y2258) was used.

Callosobruchus rhodesianus and Zabrotes subfasciatus

All stages of both species were obtained from laboratory cultures maintained on
small red bean under the rearing conditions as described above. Cultures were
obtained from South Africa in 1978 (Import permit No.52Y599) and the Argentine
Republic in 1976 (Import permit No.51Y1897) for C. rhodesianus and Z. subfasciatus,
respectively.

Trogoderma granarium
This species was reared on wheat-flour under the rearing conditions as described
above. Culture was obtained from the Sudan in 1976 (Import permit No.51Y1897).

Plodia interpunctella and Ephestia kuehniella
These species were reared on a medium of wheatbran, yeast and glycerine under
the rearing conditions as described above.

Preparation of stages for exposure to treatment
S. granarius

Egg stage (0-4 days after oviposition), 3 larval stages (early-, mid- and late-aged; 8-
12 days, 16-21 days and 24-28 days after oviposition), pupal stage (30-34 days after
oviposition) and adult stage were exposed to treatment.

About 1,500 adults were allowed to oviposit on the wheat (70g) in a plastic cage
(90 X180 X45mm) for 4 days. A mixtured medium of 15g wheat infested with eggs
and 35g uninfested wheat was placed into a plastic Petri dish (15mm in height, 90
mm in diameter) and then either treated immediately for egg stage, or held under the
rearing conditions described above until treatment for larval and pupal stages.

For adult stage, 100 individuals with uninfested wheat (50g) in a Petri dish were
exposed to treatment.
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C. rhodesianus and Z. subfasciatus

Egg stage (0-4 days after oviposition in C. rhodesianus and 0-6 days after
oviposition in Z. subfasciatus), 3 larval stages (early-, mid- and late-aged: 6-10 days,
12-16 days and 19-23 days after oviposition in C. rhodesianus; 6-10 days, 11-15 days
and 17-21 days after oviposition in Z. subfasciatus), pupal stage (27-31 days after
oviposition in C. rhodesianus and 22-26 days after oviposition in Z. subfasciatus) and
adult stage were exposed to treatment.

About 400 adults were allowed to oviposit on the beans (70 g) in a plastic cage for
4-6 days. A determined quantity of beans (7g beans infested with eggs and 48¢g
uninfested beans) was placed into a Petri dish and then either treated immediately for
egg stage, or held under the rearing conditions until treatment for larval and pupal
stages.

For adult stage, 100 individuals with uninfested beans (55g) in a Petri dish were
treated.

T. granarium

Two egg stages (young and mature egg; 0-7 days and 8-14 days after oviposition),
3 larval stages (early-, mid- and late-aged; 21-28 days, 35-42 days and 49-56 days
after oviposition), pupal stage and adult stage were exposed to treatment.

About 500 adults were allowed to oviposit on the wheat-flour (70g) in a plastic
cage for 7 days. A determined quantity of medium (14g wheat-flour infested with
eggs and 6g uninfested wheat-flour) was placed into a Petri dish and then either
treated immediately for egg stage, or held under the rearing conditions until treatment
for early-aged of larval stage.

For the other stages, 100 individuals with uninfested medium (20g) in a Petri dish
were treated.

Plodia interpunctella and Ephestia kuehniella

Egg stage (0-3 days after oviposition), 2 larval stages (early- and late-aged: 11-13
days and 18-20 days after oviposition in P. interpunctella; 12-14 days and 23-25 days
after oviposition in E. kuehniellz), pupal stage and adult stage were exposed to
treatment.

About 150 moths were placed inside oviposition jars (280 mm in height, 130 mm in
diameter) with mesh (49 squares per cm?) and allowed to oviposit for 3 days. Eggs
laid within the jar fell through the mesh into a Petri dish. In a Petri dish, 150 eggs
were placed with wheatbran (20g) and then either treated immediately for egg stages,
or held under the rearing conditions until treatment for early-aged of larval stage.

For late-aged of larval stage and pupal stage, 100 individuals with uninfested
medium (20g) in a Petri dish were treated.

Twenty adults in a polyethylene cup (40mm in height, 100 mm in diameter) were
treated.

Low temperature treatment
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Experiments were conducted with cold chamber (Sanyo MDF-U441) set at -18°C
and the exposure time was 30, 60, 90, 120, 150, 180 and 210 minutes depending on
the test insects. Starting time of the treatment means that the Petri dish or
polyethylene cup with insects were placed inside the cold chamber. Air temperature
inside the chamber and the temperature of infested stored product in the Petri dish or
cup were measured with calibrated thermistor probes. = Temperature recordings were
taken every minute during the treatment with a data stocker (Shinyei TRH-DM3).

Assessment and statistical analysis

Following treatment, egg, larval and pupal stages in the Petri dishes were held
under the rearing conditions until assessment. Storage period was determined from
the preliminary developmental examination. The number of newly emerged adult was
recorded since the criterion for survival was transition to adult stage irrespective of
stage (from egg to pupa) and species. For adult stage, assessment was carried out
within 1 day after treatment. :

Probit analysis of time-mortality relationships was done using the program of
POLO-PC (LeOra Software, 1987).

Results and Discussion

The susceptibilities of six stored-product insects to -18C with corrected
mortalities are shown in Table 1-6. Estimated exposure time to produce 50% and
99% kill (LTsoand LTe level) for egg stage of each test insect are shown in Table 7
although chi-square values showed a poor fit of data by probit analysis model.

In S. granarius, the egg was the most cold tolerant stage since newly emerged
adults were obtained from eggs treated for 90 min. However, the other stages were
completely killed by 90 min after placement inside cold chamber set at —18°C (Table
1). The LTe of egg stage was 143.8 min (Table 7).

In C. rhodesianus and Z. subfasciatus, the egg was the most tolerant stage and
there was no significant difference in the sensitivity to -18 °C. The LT of C.
rhodesianus was 124.1 min and that of Z. subfasciatus was 151.7 min (Table 2, 3 and
7). Both species were killed within 150 min.

T. granarium was the most tolerant species among 6 species tested. The egg and
larval stages, especially larval stages, were hard to kill for short time exposure (Table
4 and 7). Additionally, when late-aged of larval stage was treated for further exposure,
treatment for 360 min provided 72.4% mortality and even for 1,440 min (24h)
provided 82.3% mortality (data are not shown in Table 4).

P. interpunctella egg was more susceptible than E. kuehniella egg, in which the
LTy, for the former was 71.5 min and for the latter was 290.7 min (Table 5, 6 and 7).
Similar response to —18°C was observed in the other stages between these two
species.

Cooling rate of cold treatment affects the mortality of stored-product insects
(BAUST and ROJAS, 1985). In our study, the temperature of infested medium in the
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Table 1. Corrected mortality of S. granarius to -18C

Exposure time (min)

Stage No. of insects?

30 60 90 120
Egg® 405 48.2 70.1 97.5 100
Larva(early-aged)? 389 75.1 100 100 100
Larva(mid-aged)? 401 78.6 100 100 100
Larva(late-aged)? 406 65.0 97.5 100 100
Pupa? 395 44.8 78.7 100 100
Adult® 300 8.7 100 100 100

1) Total number of insects in 3 replicates.
2) Corrected mortality(%)=

100—-(No. of adults from treatment / No. of adults from control X 100).
3) Corrected mortality(%)=

100—(Survival ratio in treatment / Survival ratio in control X 100).

Table 2. Corrected mortality of C. rhodesianus to -18C

Exposure time (min)

Stage No. of insects?

30 60 90 120 150 180
Egg? 473 148 535 983 99.8 100 100
Larva(early-aged)? 522 113 935 996 100 100 100
Larva(mid-aged)? 383 0 789 100 100 100 100
Larva(late-aged)® 483 0 49.5 100 100 100 100
Pupa? 519 0 574 100 100 100 100
Adult® 300 23.0 68.1 100 100 100 100

1) Total number of insects in 3 replicates.
2) Corrected mortality(%)=

100—(No. of adults from treatment / No. of adults from control X 100).
3) Corrected mortality(%)=

100—(Survival ratio in treatment / Survival ratio in control X 100).

Table 3. Corrected mortality of Z. subfasciatus to -18C

Exposure time (min)

Stage No. of insects?

30 60 90 120 150 180
Egg” 396 260 573 998 998 100 100
Larva(early-aged)” 323 195 725 100 100 100 100
Larva(mid-aged)” 323 276 833 100 100 100 100
Larva(late-aged)” 323 189 885 100 100 100 100
Pupa” 316 193 55.4 100 100 100 100
Adult® 300 23.0 966 99.0 100 100 100

1) Total number of insects in 3 replicates.
2) Corrected mortality(%)=

100—-(No. of adults from treatment / No. of adults from control X 100).
3) Corrected mortality(%)=

100—(Survival ratio in treatment / Survival ratio in control X 100).
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Table 4. Corrected mortality of T. granarium to -18C

Exposure time (min)

Stage No. of insects”

60 90 120 150 180 210
Egg(young)? 128 0 273 609 836 692 854 892
Egg(mature)® 117 103 19.7 59.8 96.6 964 100 100
Larva(early-aged)? 100 3.0 0 12.0 90.0 74.0 100 100
Larva(mid-aged)? 300 0 16,0 420 817 30.7 410 53.0
Larva(late-aged)® 300 24 279 53.7 724 272 371 514
Pupa? 400 0 0 14.6 503 94.7 981 98.1
Adult® 300 54 149 622 71.8 100 100 =

1) Total number of insects in 3 or 4 replicates.
2) Corrected mortality(%)=

100-(No. of adults from treatment / No. of adults from control X 100).
3) Corrected mortality(%)= .

100—(Survival ratio in treatment / Survival ratio in control X 100).

Table 5. Corrected mortality of P. interpunctella to —18°C

Exposure time (min)

Stage No. of insects?
30 60 90 120
Egg” 360 21.1 95.3 100 100
Larva(early-aged)? 346 76.9 100 100 100
Larva(late-aged)? 300 84.5 100 100 100
Pupa? 300 97.3 100 100 100
Adult® 300 100 100 100 100

1) Total number of insects in 3 replicates.
2) Corrected mortality(%)=

100—(No. of adults from treatment / No. of adults from control X 100).
3) Corrected mortality(%)=

100—(Survival ratio in treatment / Survival ratio in control X 100).

Table 6. Corrected mortality of E. kuehniella to —-18C

Exposure time (min)

Stage No. of insects?
60 90 120 150 180 210
Egg? 346 18.6 495 61.7 700 971 992 995
Larva(early-aged)? 420 74.5 100 100 100 100 100 100
Larva(late-aged)? 300 89.3 99.7 100 100 100 - -
Pupa? 300 373 468 91.0 100 100 - -
Adult® 300 99.7 100 - - - - -

1) Total number of insects in 3 replicates.
2) Corrected mortality(%)=

100 -(No. of adults from treatment / No. of adults from control x 100).
3) Corrected mortality(%)=

100—-(Survival ratio in treatment / Survival ratio in control X 100).
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Table 7. Estimated LTso, LTe and 95% C.L. for egg stage of
six stored-product insects

Species LT.m LTIE'O . LT.% LT.% .
(min) conf.limits (min) conf.limits

S. granarius 33.8 - 143.8 -

C. rhodeshianus 49.4 383 - 61.1 124.1 92.5 -243.6
Z. subfasciatus 46.4 34.8 - 56.7 151.7 110.9 - 287.9
T. granarium (young) 87.7 65.2 -108.2 376.9 250.3 - 960.2
T. granarium (mature) 71.9 514- 95.1 215.3 140.8 - 843.6
P. interpunctella 375 36.3 - 38.8 71.5 66.8 - 77.6
E. kuehniella 62.2 41.1 - 80.7 290.7 187.3 - 838.6

Petri dish declined from initial temperature (25°C) to target temperature (-18°C) with
the cooling rate 1.23, 1.03, 1.26 and 1.28°C/min for wheat, small red bean, wheat-flour
and wheatbran, respectively. Comparison of the response of each species was allowed
with LT in spite of the different cooling rate due to the difference of medium except
between C. rhodesianus and Z. subfasciatus, and between P. interpunctella and E.
kuehniella. The most tolerant stage and specfes to -18°C were T. granarium larva, T.
granarium egg (LT was 376.9 min), E. kuehniella egg (290.7 min), Z. subfasciatus egg
(151.7 min), C. rhodesianus egg (124.1 min), S. granarius egg (143.8 min) (Table 7).

This result fully recomfirmed the difficulty to kill or control 7. granarium in short
exposure by low temperature as MATHLEIN (1961) reported that a certain percentage
of the larval stage were able to survive exposure at —19°C for 10 days. The other
swift treatment should be used to this species when it is intercepted by plant
quarantine. While, the most susceptible stage and species was P. interpunctella adult.

In our result except 7. gramnarium, the most tolerant stage was mostly egg,
however, FIELDS (1992) reported that eggs were usually the most cold-susceptible
stage. The probability indicates that cold tolerant stage depends on the target
temperature. Tribolium castaneum adult was more tolerant than egg at -6°C, however,
the egg was more tolerant than adult at ~12°C (NAGEL and SHEPARD, 1934). Similar
phenomenon that the tolerant stage varied by temperature was reported in Ephestia
cautella, in which the tolerant stage was shifted around at —10°C (DONAHAYE, et al.,
1995)

Making direct comparisons of cold tolerance of stored-product insects on the
published studies, in which the target temperature was close to -18°C, are difficult
since the experimental methology consisted of many factors such as initial
temperature, acclimation and target temperature etc. were not uniformity (BACK and
CoTTON, 1924; ADLER, 1960; MATHLEIN, 1961; SWAIN, 1975, MULLEN and
ARBOGAST, 1979; JOHNSON and WOFFORD, 1991; DONAHAYE, et al., 1995). A variety
of factors such as temperature duration of exposure, species, stage of development,
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froze (supercooling point) of P. inferpunctella larva and S. granarius adult. The
supercooling point of P. interpunctella was —10.3°C and that of S. granarius was -15.7
C in their experiments of which initial temperature were 23°C closed to our initial
temperature (25°C). Their results seem to be in support of our data that S. granarius
was more cold tolerant than P. interpunctella. The coincidence of response to cold
between LEE et al.(1992) and ours may stimulate measuring the cold tolerance of
stored-product insect with supercooling point as an indicator of the cold-hardiness.
Actually, in early studies of insect cold hardiness, it was often assumed that the
supercooling point was equivalent to a measure of the lethal temperature (LEE, 1991).
However, supercooling point was affected by acclimation, developmental stage, age
within a single developmental stage, food and feeding/starvation (SMITH, 1970; LEE, ef
al., 1992; FIELDS, 1992; CHAUVIN and VANNIER, 1997). Nevertheless measuring the
supercooling point might be useful for comparing the cold tolerance of stored-product
insects and disinfesting stored products by low temperature in quarantine treatment as
well as CHAUVIN and VANNIER (1997) measured the supercooling point at all stages of
the webbing clothes moth, Tineola bisselliella with the aim of finding parameters for
destroying the insect by freezing infested material.

In our study, the response of 6 insects to —18°C from an initial temperature at 25
‘C was shown. Further mortality data with variable initial temperature i.e. 15, 20 and
30°C, needs to be investigated since the temperatures of stored products imported by
postal matter or hand baggage depend on the season. Accumulating the mortality data
at low temperatures will contribute to clarify the range of target temperature and
stored-product insects (species, stage and diapausing stage) in order to develop low
temperature treatment as a quick and safety quarantine treatment.
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