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Abstract

Successful development of a freezing
treatment protocol for insect control requires
reliable data on the temperature level at the
supercooling point observed for the different
stages of the targeted insect. The supercooling
point was assessed through the monitoring of
body temperature of Acanthoscelides obtectus
post-embryonic instars. Then, the exposure time
inducing complete mortality of individuals of
each developmental stage was assessed at
constant temperature levels of zero and –10 °C
in a freezing chamber. The feasibility to develop
a control method from these results was
investigated through experiments in a
conventional freezing chamber with 5-kg batches
of French beans infested by a mixed-hidden-
stages-population of A. obtectus.

The supercooling point temperature of the
different larval instars were observed in the range
from (-16.1 ± 2.9) °C to (-21.4 ± 2.7) °C. The
one of pupae was measured at (-18.1 ± 2.4) °C
and for adults before their emergence at (-10.6 ±
3.3) °C. The complete kill of all hidden stages
directly exposed at 0 °C and -10 °C was observed
at 32 d and 24 h exposure time, respectively. With
the validation experiment on infested batches of
French beans exposed in a freezing chamber to -
22 °C constant temperature, a complete mortality
of all stages was achieved after a 50-h exposure
period.

The practical conditions for a successful
disinfestation of dry beans by temporary freezing
after the harvest are discussed.
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Introduction

The bean weevil, Acanthoscelides obtectus
Say, is a common pest of common bean seeds in
France. It attacks the seeds during the cropping
period in the fields and the young larvae are
already infesting dry bean seeds at the harvest. If
a disinfestation treatment is not carried out a short
time after the harvest, the development of
juvenile instars is going on and new generation
of beetles will emerge during the storage period
causing a serious damage to the seeds. Damaged
seeds with emergence holes do not meet quality
standard for human consumption in developed
countries. Additionally, infested seeds generally
hosting several hidden post-embryonic stages
inside a single kernel are no more consumable
because of bad odour and smell that there
communicate to the whole lot during cooking.
Thus, for high-quality bean seeds produced for
human consumption, the eradication of infesting
populations of A. obtectus a short time after
harvest is traditionally obtained through
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fumigation with methyl bromide (MeBr). The
ban of methyl bromide (since 2005) and the
drawbacks of phosphine fumigation (e.g. a much
longer exposure period than for MeBr), in
addition of the rising popularity of organically
grown bean production in France (free of post-
harvest chemical treatment), has created a new
interest in non-chemical disinfestation treatments
(Chauvin and Vannier, 1991; Johnson and Valero,
2000; Fields, 2001).

Application of low temperatures is known to
be effective in controlling a wide variety of
stored-product insect pest (Fields, 1992),
including polyvoltine bruchid beetles which
infest legume seeds (A. obtectus, Callosobruchus
maculatus (F.), C. chinensis (L.)) and that may
further give several generations during the
storage of dried seeds (Fleurat-lessard, 1988). A
disinfestation treatment immediately after the
harvest of dried seeds must therefore achieve
complete mortality. At the harvest time during
August month in France, the physiological
modifications preceding the hibernation of
overwintering insects have been induced by short
daylengths, especially the biosynthesis of
compounds increasing cold-tolerance (Smith,
1970; Vannier, 1986; Johnston and Lee, 1990;
Fields et al., 1998; Hori and Kimura, 1998). For
the freeze-intolerant species which may hibernate
in the field, this physiological process is
associated to an increase in cold tolerance even
for the stages that are not diapausing (Smith,
1970; Johnston and Lee, 1990). Additionally,
regional differences in cold tolerance of stored
product beetles have been reported with the more
cold-hardy population from the country with the
cold winter (Fields et al., 1998). The time-
temperature-mortality relationships for the
effects of freezing temperature exposition on
stored product insects have been studied on
various species of beetles and mainly in
laboratory conditions (Casagrande and Haynes,
1976; Loi and Festante, 1989; Donahaye et al.,
1991; 1995; Johnson and Valero, 2000).
However, this approach of “time-mortality”
assessment after an exposure at a constant freeze-
temperature level is not suitable for the validation

of the profiles of sub-zero temperature exposure
of infested material that will achieve complete
mortality of all post-embryonic stages whatever
their physiological condition at the treatment.
Insects that are cooled rapidly are first
immobilized and then, they are physiologically
injured when their temperature is reaching the
supercooling point, at which cristallisation of
body fluid is starting (Fleurat-Lessard and Le
Torc’h, 2001). Measuring the temperature at
which the supercooling point is occurring is
expected to indicate the level of temperature to
reach for a quick kill of the insect through ice
forming inside the insect body (Fleurat-lessard
and Le Torc’h, 2001). This measurement can be
applied to the different post-embryonic stages
and may be useful to assess the differences in
supercooling temperatures of the different stages
integrating different physiological aptitudes to
cold tolerance in individuals (e.g. of the
diapausing stages).

We have realize that the acquisition of a
scientific background about sub-zero temperature
survival of the different development stages of
A. obtectus was essential before to evaluate the
feasibility of a disinfestation of dry beans from
A. obtectus by temporary freezing in practical
conditions on a large quantity of seeds. Thus, the
objectives of our study were as follows: i/
determination of the supercooling point
temperature of the different post-embryonic
stages of A. obtectus; ii/ the assessment of the
time-temperature-mortality relationships in
controlled conditions at different levels of sub-
zero temperature of a mixed-stages hidden
infestation inside beans; iii/ the validation of the
whole process of complete kill of insects
infesting bean seeds lots in commercial size
packages in a freezing-chamber.

Materials and methods

Insects

A geographic strain of A. obtectus originating
from the area of production of French beans seeds
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around Tarbes city in the south-west of France
was sampled in a dry bean storage plant of the
“Co-operative pyrénéenne des producteurs de
haricots tarbais” a few months before the present
study started. The insect mass production was
carried out in 2 L glass containers containing
300 g of dry beans (“white flageolet” cv., at 9.3 %
mc (wet basis) on average). A piece of sponge-
cloth was deposited at the surface of the seeds
and humidified weekly with a water spray. The
containers have a hermetic screwing lid with a
large circular opening for aeration in which is
fitted a filter-paper for passive aeration and
protection of the insect culture from parasitic
mites invasion. The containers were stored in a
climatic chamber at 25 °C and (75 ± 2) % relative
humidity and a photoperiod regime of 16 h
daylight and 8 h darkness. Only two generations
of rearing were needed to obtain the number of
insects required for the study.

Before the experiments, the post-embryonic
stages inside the seeds were detected from the
microscopic examination of a radiographic
picture of infested seeds (X-rays apparatus: CGR
Sigma 2060; setting: 8 kV, 25 mA, 30 s exposure
time). The different development stages were
obtained in doing several radiographies of the
infested seeds at different delays of time after
the primary infestation by the adults. The seeds
containing the different stages were sorted in
different experimental samples, each of them
containing a single stage. The different experiments
requiring a different number of insects, the
experimental specimens were obtained either
from infested seeds through careful dissection
of the seed-coat and the cotyledons or in direct
using of internally infested seeds hosting a single
stage identified from the radiographic negatives.

Cold exposure treatments and
determination of the supercooling point
temperature

The decrease of body temperature down to
the limit of supercooling induces a burst of heat

at the forming of the first ice crystals in the
heamolymph fluids. This sudden release of heat
corresponds to the exothermic enthalpy of this
transition between liquid and solid phase within
the insect body. The capacity of insects to survive
to freezing temperatures was assessed through
the determination of the supercooling point
(SCP) in standardized conditions of decrease of
the insect body temperature in current use in
cryobiology studies (Vannier, 1986; Chauvin and
Vannier, 1991). After the detection of an insect
at the expected stage in a seed from the
radiographic picture, the hidden insect stage was
extracted by careful dissection of the seed. After
the seed dissection, each healthy individual was
installed in a small plastic tube with thin wall
for a good diffusion of cold from the surrounding
environment and closed by a screwing stopper.
A packing piece of polystyrene was maintaining
the insect body motionless in close contact with
a temperature probe (thermocouple T sheathed
Kapton, measurement range: -250 °C up to
400 °C, response delay: 0.5 s) connected to a
remote temperature data logger (Figure 1). This
small waterproof exposure chamber was
immerged in the ‘water-bath’ of a cryostat
(Hubber PD 415, programmable) filled with an
anti-freeze liquid (ethylene glycol) (Figure 1).
Four exposure chambers with an individual in
each were installed in the anti-freeze
thermostated bath at the initial temperature of
15 °C. Then, the bath was cooled at a constant
rate of approximately one °C min-1 down to the
reaching of the SCP of the four individuals
(Figure 2). The regulation of the cooling rate was
automatically driven by a programmable
electronic device (thermo-regulator, Hubber
Unisat, regulation range: -35 °C to 200 °C) for a
good reproducibility from one assay to another.

The level of temperature reached immediately
before the release of the heat of crystallization
was recorded for each individual and the average
SCP temperature was calculated for each stage
on a total of 10 to 11 different individuals.
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Bean weevil mortality at zero or -10 °C and
statistical analysis

Batches of infested seeds were constituted
from 98 to 120 seeds per development stage of
A. obtectus identified on radiographic pictures.
Then, they were installed in a single layer on a
“sticking film” in a small trail. These seed

samples on the trails were placed in a freezing
chamber and exposed at 2 different temperature
levels of 0°C and -10°C. Temperature was
maintained at a constant level by an electronic
controller connected to the refrigeration unit. For
each the three groups of development stage
(larval instar 2 + 3; larval instar 4 + pre-pupa;
pupa + pre-emergence adult), a control batch of

Figure 1. Experimental design for the exposure of an insect individual (here a larva of A. obtectus)
to freezing temperature in a refrigerated liquid bath for the recording of the supercooling point
temperature level.

Figure 2. Temperature kinetics observed during the decrease of body temperature of an individual
insect during progressive cold exposure down to the SCP burst corresponding to the enthalpy of the
liquid to solid transition in body fluids (four individuals tested simultaneously).
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infested seeds was kept untreated in current
rearing conditions at 25 °C and 75 % rh. The
calculation of the survival rate was deduced from
the difference of the number of emerged adults
in the treated batches vs. the control ones. The
comparison of the survival rate was achieved for
different temperature-time combinations at the
two temperature levels as shown in Table 1.

Table 1. Different exposure periods of the different
post-embryonic stages of A. obtectus to low
temperature levels of 0 °C and -10 °C.

Temperature      Exposure time

0°C 4 d 8 d 16 d 32 d
-10°C 24 h 48 h 4 d 8 d

For each temperature-time combination, once
the exposure at low temperature was achieved,
the exposed seed sample was withdrawn from
the exposition chamber and was transferred in
favourable conditions at 25 °C and 75 % rh.

The exposed and control batches were
examined regularly for the counting of the
number of insects being emerged that survived
the low-temperature exposure and that were able
to reach the adult stage. When there are no more
emergences in the control and treated batches
(those were slowed down by the cold exposure
compared to the untreated batches), the
calculation of the survival and the mortality rates
were carried out. Insects were considered dead
if they cannot emerge out of the seed as adults,
whatever the behaviour of emerged adults.
Consequently, the number of beetles emerged
from the control (untreated) batch was used as a
the reference number of the individuals reaching
the adult stage for the calculation of the mortality
induced by the exposure to cold. The percentage
of adults being emerged in the treated batches
compared to the number of adults emerged in
the control batch of the same development stage
(= emergence rate (% ER)) was assimilated to
the survival rate (Equ. 1).

Number of insects   –   Number of insects

in the control                 in a treated batch     x   100 = % ER

       Number of insects in the control

The calculation of the standard deviation for
emergence rates and the mean SCP per
development stage was carried out with MS-
ExcelStatâ statistical program.

Mortality of the beetles by simulating a
temporary freezing of batches of 5 kg seeds

The whole production of premium quality
“haricot tarbais” (‘red label’ and ‘identified
geographical production area’) is entirely
conditioned in cotton bags containing 5-kg
batches of bean seeds. Consequently, the
validation of the protocol of freezing reproducing
practical conditions was performed on 5 kg-
batches of seeds in current cotton-bag packaging.
Each batch consisted of 600 infested seeds with
all the stages of A. obtectus, enclosed in a nylon
net set at the center of the 5-kg sound seeds batch.
A temperature sensor (thermocouple T) was also
introduced at the center of the 5-kg batch in
contact to the sample of infested seeds. The
thermocouples were connected to a temperature
data logger for the recording of the kinetics of
the temperature decrease pattern after the bean
batches were placed into a freezing chamber
(Figure 3). The temperature inside the freezer was
regulated at a level corresponding to the lowest
temperature observed for the SCP of the most
tolerant stages determined in the first assay, i.e. -
22 °C. A preliminary recording of the kinetics of
temperature decrease rate inside 5-kg bean
batches indicated that the target freezing
temperature of the beans in the center of the bags
was reached approximately after 16 h exposure
time (Figure 4). Four exposure times from this
delay needed to reach -22 °C from ambient
temperature were selected (Table 2).

The same criterion of mortality assessment
than previously described (% emergence rate ER)
was assessed in this experiment, with all the
development stages confused instead of being
studied separately. The recording of the
temperature kinetics during the decrease phase
and then, during the maintaining phase around -
22 °C from the setting of bean-seed batches into
the freezer should allow to relate the mortality
to the time of stay at -22 °C limit.
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Figure 3. Experimental design of the validation assay of disinfestation of 5-kg batches of dry beans
against A. obtectus by deep-freezing down to the temperature at the supercooling point in a domestic
freezer with permanent monitoring of the rate of temperature decrease.

Figure 4. Pattern of temperature decrease with
time inside 5-kg batches of beans after their
setting inside a domestic deep-freezer obtained
through continuous monitoring of thermocouple
data.

Table 2. Exposure time at freezing temperature of
the of 5-kg bean batches infested by A. obtectus in a
domestic deep-freezer (in position of deep freezing)
and exposure times after temperature reached -22 °C
and was maintained around this limit.

Duration 66 h 74 h 97 h 122 h

Time exposure at -22 °C
(in the 5 kg bag center) 50 h 58 h 82 h 103 h

Results

SCP of each stage

The SCP (mean ± SD) varied within a large
range from -10.6 °C to -21.4 °C among the
development stages (Table 3). The second instar
larva was the stage with the lowest SCP
temperature (-21.4 °C) compared to the SCP of
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the adult stage that was observed more than 10 °C
higher at -10.6 °C (Figure 5). Additionnally, the
temperature at the SCP for the most resistant
individual in this first assay was observed at -
26.0 °C (third larval instar individual).

Mortality rate after exposures at 0 °C and -
10 °C

The % ER corresponding to the complete
mortality induced by the cold exposure at zero
°C was observed only after 32 d of exposure
(without preliminary acclimation) (Figure 6). At
-10 °C (without preliminary acclimation), only
6 h were necessary to obtain the same result
(Figure 7). This last result confirmed previously
published results on the lethal effect of sub-zero
temperature for freeze-intolerant insects exposed
at temperature levels far above the temperature
at the SCP (Fields et al., 1998; Hori and Kimura,
1998). In this case, mortality caused by cold

exposure was not due to freezing.

Validation of a disinfestation treatment for
commercial 5-kg batches

When exposed to cold with a low decrease
from ambient to freezing temperatures, the
exposure time inducing the complete
disinfestation of 5-kg bean seeds batches was
already reached after the shortest time of 66 h
exposure, i.e. approximately 50 h after the seeds
reached the target temperature of -22 °C (Table
4). This last experiment simulated the slow
decrease in temperature (of -2.5 with -2.7 °C per
hour, Figure 4) of dry seeds conditioned in 5-kg
batches when put in a freezing chamber down to
-22 °C. Thus, a practical schedule of 50 hours
exposure at -22 °C controlled by a temperature
sensor may be recommended for a complete
disinfestation from A. obtectus stages already
infesting freshly harvested bean seeds.

Table 3. Mean temperature observed at the supercooling point (SCP in °C) of different post-embryonic
development stages of A. obtectus (temperature decrease rate: one °C min-1)

2nd larval 3rd larval 4th larval Pre-pupal Pupal Adult
instar  instar  instar  stage stage stage

SCP (°C)
Mean ± SD -21.4 ± 2.7 -20.5 ± 5 -16.3 ± 2.3 -16.1 ± 2.9 -18.1 ± 2.4 -10.6 ± 3.3

Number of
insects 11 10 11 11 10 11

Figure 5. Mean temperature level recorded at the supercooling point of the different hidden
development stages of A. obtectus following the penetration of the first larval instar into the seed.
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Figure 7. Mortality rate of mixed-aged post-embryonic stages of A. obtectus after direct exposure
of internally infested bean seeds to -10 °C constant temperature during different exposure times
(hours).

Figure 6. Mortality rate of mixed-aged post-embryonic stages of A. obtectus after direct exposure
of internally infested bean seeds to zero °C constant temperature during different exposure times
(days).

Table 4. Reduction of the percentage of emergence of adults from mixed-aged post-embryonic
stages of A. obtectus in infested beans introduced inside 5-kg bean seeds batches after different
exposure times to sub-zero temperatures in a domestic freezer.
Total real time exposure (hours) % ER
 in a domestic freezer set at -22°C all stages
50 100.0
58 100.0
82 100.0
103 100.0
Control (number of insects for 100 g of bean seeds)   20.6
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Discussion

The results of the present study are in
agreement with other previous studies, which
show that the supercooling point temperature
limit measured in laboratory conditions is not
directly related to the cause of mortality in post-
embryonic stages of freeze-intolerant beetles
such as A. obtectus (Hori and Kimura, 1998).
The first evidence of cold injury without
nucleation of body fluids was shown in the
second trial on mortality kinetics of the different
post-embryonic stages exposed at zero and -
10 °C without any acclimation period. At zero
°C, the lethal time 50% was observed around 6 d
exposure and it was very similar for the three
groups of stages (L2 + L3, L4 + PP and PU +
AD). Additionally, there was no significant
difference between the kinetics of mortality of
the same three groups of stages. At -10 °C
exposure, the first group of L1+ L2 having the
lowest supercooling point are killed after 4 h
exposure time, vs. 6 h for the two other groups.
Though the temperature of -10 °C does not
induce body fluid freezing in any stage, the cold
injury without freezing is sufficient to kill the
insect in these particular experimental conditions.
However, these results at the laboratory scale are
without relation with the observed mortality
kinetics during a cooling process simulating
practical conditions, as achieved in the third
validation trial. In this trial, the temperature in
the centre of the 5 kg-sacks of dry beans is
reaching -22 °C after 16 h and the complete kill
of the insects was obtained before the shorter
exposure period of 50 h was achieved. It may be
deduced that this slow decrease of temperature
achieved in this trial (2.5 to 2.7 °C h-1) did not
cause the same cold injury that the one observed
in the previous trial at -10 °C, when insects are
quickly exposed to sub-zero temperatures.
Consequently, the rate of decrease in temperature
seems to be the key factor of the success of the
disinfestations of dry beans from A. obtectus
post-embryonic stages. For a moderate rate of
decrease as it may be obtained in an industrial
freezing chamber of large capacity, the thermal

insulation afforded to insects by the seeds mass
is minimizing the cold injury effect until the
freezing temperature is reached uniformly in the
seeds mass. Thus, the success of the disinfestations
at the practical scale is closely dependent with
the assessment of the exposure time required to
reach in any point of the seeds mass the
supercooling point of the most tolerant of the
post-embryonic stages of A. obtectus. This means
that the temperature threshold of -22 °C at the
centre of the dry bean seeds mass must be targeted
in the disinfestation process and effectively
reached during the freezing exposure. This
procedure is now routinely applied at an
‘industrial’ level for quick post-harvest
disinfestation of the whole production of very
high quality French beans, “haricot tarbais”
(trade-union mark). This specific French bean
production with a very high added value is
guaranteed “free of insect and of post-harvest
chemical treatment”.
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