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ABSTRACT Two developmental stages of Ceratitis capitata (Wiedemann), 24-h-old eggs and third
instars, 8 d after oviposition, were subjected to thermal exposures in a heating block system, at various
temperatures of 46, 48, 50, and 52�C to determine the thermal death kinetics of the insects. At these
temperatures, 100% mortality was achieved by exposure of 300 C. capitata larvae for 60, 15, 4, and 1
min, respectively. The 0.5 order kineticmodel had the best Þt to the survival ratio for all the treatment
temperatures, hence it was used for the prediction of the lethal times. The thermal death time (TDT)
curves showed that the third instars were more heat-resistant than eggs, especially at the two low
temperatures (46 and 48�C). Under temperatureÐtime combinations that did not result in complete
kill, the thermalmortality foreggswasalso signiÞcantlyhigher than that for third instars.Theactivation
energy values calculated from the TDT curves were 490.6 and 551.9 kJ/mol, respectively, for thermal
death of eggs and third instars.
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FRUIT FLY INFESTATION IS a major problem in the pro-
duction, storage,marketing, andexportof citrus.Many
countries require inspectioncertiÞcates for absenceof
targeted live pests in a shipment after a preapproved
postharvest “sanitation” treatment. Currently cold
storage is the only treatment used commercially in
Israel to disinfest citrus from Mediterranean fruit ßy,
Ceratitis capitata (Wiedemann) (Diptera: Tephriti-
dae). This treatment requires that the fruit be stored
forup to16dat 1.5�C.Unfortunately, the safetymargin
for fruit quality for this treatment is rather narrow,
with many varieties developing chilling injury from
the treatment (Wardowski et al. 1973, Schiffman-
Nadel et al. 1975). Therefore, alternative heat treat-
ments are of interest.
Citrus is of subtropical origin and thus relatively

tolerant to heat. The efÞcacy of heat as a method for
disinfesting freshcommodities fromfruitßieshasbeen
demonstrated over the last decade by the success of
forced hot air facilities for mangoes, grapefruits, and
oranges in commercial applications (Mangan and
Ingle 1992, 1994; Mangan et al. 1998). These treat-
ments require that the fruit center reaches a target
temperature within a given time and that this tem-
perature is held for a required period to ensure a
complete kill of targeted insects in fruit. Heating

methods such as hot water immersion, forced hot air
or vapor heat rely on heat conduction to transfer heat
from the fruit surface to the fruit interior. The tem-
perature gradient established inside the fruit is di-
rectly inßuencedby fruit size,with larger fruit heating
at a slower rate (Wang et al. 2001b).
The lengthy conventional heating required to con-

trol insect pests for large fruit such as citrusmay result
in thermal injury to the product (Lurie 1998). To
minimize thermal damage to fruit, amore uniformand
fast heating method by using electromagnetic energy
at radio frequencies (RFs)may be used. RF heating is
commonly used in commercial applications in the
food, textile, and other industries and has indeed
shown promises as a postharvest measure to control
insect pests in selected commodities (Andreuccetti et
al. 1994; Hallman and Sharp 1994; Nelson 1996; Tang
et al. 2000; Wang et al. 2001a, 2002c).
Information on the thermal resistance of different

life stages and thermal death kinetics for targeted
insects such as theMediterranean fruit ßy is needed in
developing effective thermal treatments for citrus.
The temperatures used in the commercial heat treat-
ments have been determined Þrst by testing in vitro
the thermal exposure necessary to kill different stages
of fruit ßies, then by testing of fruits infested with a
sufÞcient population of fruit ßy to determine probit 9
values (99.9968% mortality) required by most coun-
tries tomeet quarantine security levels. Temperatures
above 40�C are needed against larvae of a number of
commercially important fruit ßy pests (Heard et al.
1991; Mangan and Ingle 1992, 1994; Nascimento et al.
1992; Sharp andHallman1992; Sharp andGould 1994).
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Two different approacheswere used to determine the
tolerant stage in fruit ßies. The direct hot water im-
mersion of the insects (Jang 1986, Waddell et al. 1997,
Jang et al. 1999) showed that the egg is the most
tolerant stage and the third instar is more susceptible
to heat. Nevertheless, when fruit infested with fruit
ßies was subjected to forced hot air treatments
(Heather et al. 1997), the opposite resultwas obtained
where the egg was the most susceptible to the heat.
Hansen and Sharp (1998) suggested that the water
immersion restricted aerobic oxygen from the heated
fruit ßy larvae thus synergized its mortality. It is de-
sirable to determine thermal resistance of fruit ßies
subjected to a heating system that will provide the
heated insect free access to air.
A unique experimental heating block system(HBS)

has been developed for testing responses of insects to
high temperatures (Ikediala et al. 2000; Wang et al.
2002a,b; Johnson et al. 2003). The HBS is able to heat
insects directly and uniformly at a given temperatureÐ
time combination. The HBS can be programmed to
simulate the heating rate of the interior of fruit when
subjected to different heatingmethods such as hot air,
hot water, and RFs.
The objectives of this study were 1) to determine

the thermal mortality of egg and third instars of Med-
iterranean fruitßyatdifferent temperatureÐtimecom-
binations by using the HBS, 2) to develop thermal
death kinetic models both for egg and third instars
basedon the experimental data, and 3) to compare the
heat resistance between eggs and third instars.

Materials and Methods

Test Insects. Mediterranean fruit ßies were derived
from the laboratory colony held in the Israel Cohen
Institute for Biological Control, Citrus Marketing
Board of Israel (Rössler 1975). This colony is being
replenished every 2 to 3 yr byÞeld-collectedmale ßies
tomaintain genetic diversity as close as possible to the
Þeldpopulation.The rearingconditionswere24�1�C
and60Ð80%RH.Twodevelopmental stagesof theßies
wereused: eggs, 24h after oviposition, and fully grown
third instars. To prepare the insects for the tests,
�3,000 adult ßies, supplied with hydrolyzed yeast and
sugar[1:2(wt:wt)],wereplaced in screencagesabove
trays with water. After 1 h, the newly oviposited eggs
were collected from the water. Part of the eggs were
placed over wet Þlter paper and incubated for 24 h
(eggs 24 h). The rest were subjected for further de-
velopment on larvalmedia, consisting of sugar, brewer
yeast, wheat bran, and water [12:8:27:50 (wt:wt/wt:
wt)], added with hydrochloric acid 37% (1.6%) and
nipagin (0.4%) to prevent bacterial and fungal con-
tamination. Fully grown larvae were collected from
the diet 8 d after the oviposition (1 d before pupa-
tion).

Heating Block System. The HBS consisted of two
aluminumblocks, 25.4 by25.4 cm,with thebottomand
top thickness of 2.5 and2.0 cm, respectively.When the
two blocks were assembled one on top of the other, a
3-mmgapwas left in between, forming a closed cham-

ber for the insects. Electric heating pads (250 W, 120
V, Heat-Con., Inc., Seattle,WA) attached to the other
sides of the blocks provided the desired heat ßuxes.
The HBS was capable of directly and uniformly heat-
ing insects at any rates between 0.2 and 15�C/min.
Calibrated type-T thermocouples, inserted through
sensor holes near the center of each block, were used
to monitor the temperatures of the top and bottom
blocks. The block temperature was controlled via PID
controllers (I32, Omega Engineering, Inc., Stamford,
CT) to increase linearly to within �0.3�C of the de-
sired set point.

Procedures. Insects treated in theHBSwere placed
in ßat envelopes made of thin aluminum foil (10Ð
20 �m in thick). In preliminary tests, we found that
the envelopes readily transferred the heat to the in-
sects without signiÞcant affect on their overall tem-
perature proÞles in the HBS. The envelopes kept the
insects in closed andhumid environmentwith enough
air supply to allow a quick removal of all the insects
from the HBS in �5 s. This enabled a precise termi-
nation of the thermal exposure, which was a critical
advantage, especially when testing under high tem-
peratureÐshort time combinations that simulate RF
treatments.

Handling Eggs. One hundred eggs were lined with
thin paintbrush on a piece of black Þlter paper, 2 by
2 cm, soaked with nipagin solution (0.01% nipagin in
water), which was centered on a piece of ßat alumi-
num foil, 15 by 10 cm. The eggs were then covered
with another piece of foil, 7 by 10 cm with a 3-cm-
diameter round bulge, �1 mm in height, formed
against a plastic cap. After ensuring that the eggs were
not in direct contact with the top foil, the rims of the
bottom foil were folded up over the edges of the
covering foil forming a closed envelope. After the
treatment, the Þlter paper carrying the eggs was re-
moved from the envelope and soaked againwith nipa-
gin solution and ßattened over larval diet in a petri
dish. A few drops of the solution were dripped on the
margins and on the diet to ensure sufÞcientwetness of
the eggs. The petri dish was then covered and incu-
bated in ambient conditions (25�C) for egg hatch and
larval development. As the larvae matured, the petri
dishes were uncovered and placed for pupation in
270-ml plastic caps, by using Þne vermiculite as a
pupationmedium.After pupation, the vermiculitewas
sifted and the number of pupae was recorded. For
each replication, one envelopewith eggs or larvaewas
left untreated in room temperature (25 � 1�C) for a
period longer than the treatments and was served as
control.

Handling Third Instars. One hundred larvae, 8 d
afteroviposition(1dbeforepupation),werecollected
from the diet with forceps and placed in the center of
15 by 20-cm aluminum foil, over a 3 by 3-cm Þlter
paper soaked with nipagin solution. The foil was then
gently folded along its center and the free margins
were folded tightly (to prevent the escape of the
larvae) to formaclosedenvelope.After the treatment,
the envelope was open and the larvae were trans-
ferredwith a thin paintbrush to a petri dishwith larval
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diet at room temperature. A few drops of the nipagin
solutionwereadded tomoisten the larvae,whichwere
thenmixed gently with forceps into the diet to ensure
wetness and air. The dish thenwas covered andmain-
tained at 25�C for 1 d, allowing the surviving larvae to
complete their development. Larvae were allowed to
continue development to pupation as described for
eggs.

Treatment Design and Statistical Analysis. For the
twodevelopmental stages, four temperature set points
were chosen: 46, 48, 50, and 52�C. At each tempera-
ture, four to six exposure times were selected to pro-
vide a wide range of mortality levels, including 100%.
Before each treatment, the HBS was preheated to
25�C, bringing the insects to a constant initial temper-
ature. Based on our preliminary results, the heating
rate of oranges in RF systems can easily reach 15�C/
min. This heating rate was selected for all treatments
to reduce the effect of ramping time and simulate the
rapid heating of citrus when subjected to RF energy.
After each run, the HBS was chilled back to room
temperature (25�C)by placing plastic bags containing
ice water on the blocks. For the lower temperature
sets, we placed more than one envelope (up to four)
in the HBS. Because removing one envelope was rel-
atively fast and caused no effect on the overall tem-
perature of the others, removing them one at a time
enabled serial exposures in a single run at a Þxed
temperature.
Mortality rates both for eggs and for third instars

were determined by subtracting the number of pupae
from the initial number of insects, with respect to the
rate of the control nontreated insects, by using Ab-
bottÕs formula (Abbott 1925). The mean and standard
deviation values of the corrected datawere calculated
over three replicates for a total of 300 insects. These
data were used to plot the mortalityÐexposure curves
for each temperature.Thedatawere then furtherused
to establish thermal death kinetic models and to com-
pare the heat resistance between eggs and third in-
stars. The thermal resistance between eggs and third
instars was compared at four different temperatureÐ
time combinations: 46�C for 20 min, 48�C for 2 min,
50�C for 2 min, and 52�C for 0.17 min. Corrected
treatment mortality for eggs and third instars was
compared for each temperatureÐtimecombinationus-
ing the SAS t-test (TTEST) procedure (SAS Institute
1989).Weusedanarcsine transformation tonormalize
the data before analysis.

Thermal Death Kinetic Model. The mean survival
ratios as a function of exposure times at each temper-
ature were used to develop the thermal death kinetic
models. A value of 0.001was used for the survival ratio
(N/N0) where the actual survival was 0%. This value
corresponded to 0.3 insect survival among 300 insects.
The kinetic model was similar to that previously used
for codling moth, Cydia pomonella (L.) (Wang et al.
2002a), Indianmeal moth, Plodia interpunctella (Hüb-
ner) (Johnson et al. 2003), and navel orangeworm,
Amyelois transitella (Walker) (Wang et al. 2002b). It
was based on the following equation:

d�N/N0�

dt
� � k�N/N0�

n [1]

where k is the thermal death rate constant (1/min), n
is the kinetic order of the reaction, N and N0 are the
surviving and initial numbers of insects, and t is the
exposure time (minutes). The integration form of
equation 1 can be obtained for different reaction or-
ders as follows:

ln(N/N0) � � kt � c �n � 1�

�N/N0�
1�n � � kt � c �n � 1� [2]

For each temperature, survival (N/N0) was re-
gressed against exposure time (t) according to
equation 2 for the 0, 0.5, 1, 1.5, and 2 reaction orders.
The most suitable reaction order was determined by
comparing the mean coefÞcients of determination
(r2) for all treatment temperatures. After the re-
action order was Þxed, the values of k and c were
derived from the regression equation. The devel-
oped kinetic models were reversibly used to estimate
the LT95, LT99, LT99.67 and LT99.9968 (probit-9) for
each treatment temperature by inputting 0.05,
0.01, 0.0033, and 0.000032 for N/N0, respectively.
The estimated LT99.67, which was one survivor out of
300 treated insects, closely corresponded to the ob-
served exposures that produced a complete kill of 300
insects.
A thermal death time (TDT) curve for eggs and

third instars was developed by plotting each temper-
ature against the minimum exposure time required to
achieve 100%mortality of 300 tested insects on a semi-
log scale (Wang et al. 2002a,b, Johnson et al. 2003).
The z value, the temperature difference required for
a 10-fold change in the mortality rate, was obtained
from the negative inverse of the slope of the TDT
curve (Celcius). Itwas used to calculate the activation

Table 1. Coefficients of determination (r2) from kinetic order (n, 0, 0.5, 1, 1.5, and 2) models for thermal mortality of Mediterranean
fruit fly eggs and third instars at four temperatures

Temp. (�C)
Eggs Third instars

0 0.5 1 1.5 2 0 0.5 1 1.5 2

46 0.911 0.974 0.952 0.766 0.600 0.945 0.992 0.842 0.562 0.472
48 0.915 0.974 0.896 0.731 0.606 0.924 0.990 0.831 0.608 0.557
50 0.885 0.932 0.947 0.917 0.819 0.889 0.981 0.932 0.663 0.545
52 0.740 0.913 0.958 0.723 0.592 0.789 0.893 0.957 0.954 0.869

Mean 0.863 0.948 0.938 0.784 0.634 0.870 0.964 0.891 0.697 0.611
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energy (EA, Joules per mole) needed for thermal
death of test insects according to the following rela-
tionship (Tang et al. 2000, Wang et al. 2002b, Johnson
et al. 2003):

EA �
2.303RTminTmax

z
[3]

whereR is the universal gas constant (8.314 J/mol K),
Tmin and Tmax are the minimum and maximum abso-
lute temperatures (Kelvin) of a test range, respec-
tively. Activation energy for thermal death of test
insects was also calculated from the slope of an Ar-
rhenius plot of log k versus the reciprocal of the ab-
solute temperature (1/T) (Tang et al. 2000, Wang et
al. 2002b) as follows:

k � kref e
�EA

R �1

T
�

1

Tref
� [4]

where T is the absolute temperature (Kelvin), and kref

is the thermal death rate constant at the reference
absolute temperature Tref (Kelvin).

Results and Discussion

Determination of Thermal Death Kinetic Orders.
The rates of pupation of the untreated control insects
were 89.3 � 0.55 and 97.3 � 0.69% of the untreated
eggs and third instars, respectively. This indicates that
the handling procedure and the treatment method
were appropriate for the study. But the low control
mortality was still used for Þnal mortality corrections.
CoefÞcients of determination (r2) derived for each

kinetic order model and treatment temperature for
eggs and third instars are listed in Table 1. Although
the Þrst ordermodel provided higher r2 values both at
50 and 52�C for eggs, and the Þrst and 1.5 ordermodels
provided a higher r2 value at 52�C for third instars, the
0.5 order model (Figs. 1 and 2) produced the highest
mean r2 values over all the four treatment tempera-
tures, both for third instars and eggs. The 0.5 order
model has been found to be the most applicable for
codling moth (Wang et al. 2002a), Indianmeal moth
(Johnson et al. 2003), and navel orangeworm (Wang
et al. 2002b). Thus, the 0.5 order model was used for
further calculations in this study.
Table 2 lists the model constants Þtted by the 0.5

order kineticmodels at each temperature for eggs and
third instars, respectively. The thermal death rate con-
stant k increased with the temperature. Ideally, the
value of constant c in equation 2 should be equal to 1
because at the time zero the survival number should
be the same as the initial number of insects (i.e.,
(N/N0)

0.5 � 1 at t � 0). In reality, however, the
best-Þtted curve may not pass this point as shown in
Table 2, because of some initial mortality at t � 0,
especially for 52�C. The Þtted regression lines
based on the experimental data at each temper-
ature were shown in Figs. 1 and 2 for third instars and
eggs, respectively. The r2 values in Table 1 suggested
a better model prediction for third instars than for
eggs.
Table 3 lists the lethal times and 95%CIs (fromLT95

to LT99.9968) predicted by the 0.5 order kineticmodels
for third instars and eggs. In this study, the observed
exposure time for 100%mortality of all 300 test insects
corresponded to the estimated lethal times to pro-
duce 	99.67% mortality (to kill 	299 insects out of
300). The results showed that the predicted LT99.67

was slightly smaller than the observed time to
achieve a complete kill of 300 insects. The 0.5 kinetic
model seemed to have underestimated lethal times for
eggs and third instars at each temperature compared
with the experimental values. At the temperatures of
50 or 52�C, the lethal times of experimental data and
predicted values were not much different from prac-
tical point of view. Lethal times increased with in-
creasing insect sample sizes (e.g., from 50 to 31,250).

Fig. 1. Thermal mortality curves of third instars of Med-
iterranean fruit ßy at four temperatures by using a 0.5 order
kinetic model.

Fig. 2. Thermal mortality curves of Mediterranean fruit
ßy eggs at four temperatures by using a 0.5 order kinetic
model.
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But the difference between LT99.9968 and LT95 be-
came small at higher temperatures. Therefore,
adding a short holding time at high temperatures dra-
matically increased the thermal mortality of heat
treatment.

TDTCurves andActivationEnergy.TDTcurves for
eggs and third instars of Mediterranean fruit ßy are
presented in Fig. 3. The curve deÞnes a boundary for
minimum timeÐtemperature combinations to achieve
100% mortality in a sample of 300 insects. The two
curves were described by the linear regression equa-
tions log t � 12.697Ð0.247 T (r2 � 0.967) for eggs and
log t � 15.365Ð0.295 T (r2 � 0.999) for third instars,
where t is the time (minutes) and T is the treatment
temperature (Celsius). The z values derived from the
TDT curves were 4.1 and 3.6�C for eggs and third
instars, respectively. The TDT curves showed that the
third instars were more heat resistant than eggs, be-
cause longer time was needed to achieve a complete
kill of third instars at each temperature, especially for
lower temperatures (i.e., 46 and 48�C). With the z
values determined from TDT curves, equation 3
yielded an activation energy for thermal death of eggs
and third instars of 490.6 and 551.9 kJ/mol, respec-
tively.Analternativemethod(equation4) tocalculate
activation energy from the slope of an Arrhenius plot
(Fig. 4) for rate constant, k, resulted in an estimation
of 471.0 and 593.9 kJ/mol, respectively. The twometh-
ods resulted in very similar activation energy values
with �10% difference.

The TDT curves (Fig. 3) show that the minimum
exposure time required to kill all third instars
decreased at a faster rate with increasing treatment

temperature than that for eggs. Both the higher acti-
vation energy and steeper slope of the TDT curve
suggested that the heat resistance of third instars
was more sensitive to increase in treatment tem-
peratures than that of eggs. The activation energy is
useful in determining the sensitivity of insects to
changes in temperature. The activation energy for
thermal death of third instars of Mediterranean
fruit ßy calculated from the TDT curve was higher
than that found for codlingmoth (473 kJ/mol) (Wang
et al. 2002a), Indianmealmoth (506 kJ/mol) (Johnson
et al. 2003), and navel orangeworm (519 kJ/mol)
(Wang et al. 2002b). Jang (1986) determined the ac-
tivation energy for thermal kill of Mediterranean fruit
ßy eggs and Þrst instars to be 784 and 656 kJ/mol,
respectively, which were slightly higher than our ob-
servations. The difference might be caused by differ-
ent heating methods. Jang (1986) used a hot water
immersion technique at temperatures of 45Ð48�C and
also obtained an activation energy of 517 and 649
kJ/mol with 957 and 400 kJ/mol for eggs and Þrst
instars of melon ßy, Bactrocera cucurbitae Coquillett
and oriental fruit ßy, Dacus dorsalis Hendel, respec-
tively.

Thermal Resistance Comparison between Eggs and
Third Instars.At temperatureÐtime combinations that
did not result in complete kill (Table 4), signiÞcant
differences between the third instars and eggs ofMed-
iterranean fruit ßy were observed for all four treat-
ments (P � 0.05). SpeciÞcally, the observed thermal
mortality foreggswashigher than that for third instars.
That is, third instars were more heat resistant than
eggs. The same conclusion was reached based on the
TDT curves shown in Fig. 3. Therefore, based on the

Table 2. Thermal death kinetic parameters for the 0.5 order kinetic model (N/N0)0.5 � �kt � c, standard errors (SE) of the means
and determination coefficients (r2) for Mediterranean fruit fly eggs and third instars at four temperatures

Temp. (�C)
Eggs Third instars

k � SE c � SE r2 k � SE c � SE r2

46 0.0422 � 0.0040 1.0173 � 0.0824 0.974 0.0165 � 0.0007 1.0327 � 0.0383 0.992
48 0.2139 � 0.0175 1.0179 � 0.0731 0.974 0.0674 � 0.0035 1.0361 � 0.0427 0.990
50 0.3681 � 0.0497 1.0036 � 0.1288 0.932 0.2545 � 0.0177 0.9755 � 0.0609 0.981
52 1.0471 � 0.2280 0.6832 � 0.1173 0.913 1.0417 � 0.2082 0.9370 � 0.1698 0.893

Table 3. Comparison of lethal times (minutes) obtained by the 0.5 order kinetic model for Mediterranean fruit fly eggs and third instars
at four temperatures

Insects
Temp.
(�C)

Observed min. time for
100% mortality
of 300 insects

(min) (�LT99.67)

Lethal time (min)

LT95 95% CI LT99 95% CI LT99.67 95% CI
LT99.9968.
(probit 9)

95% CI

Eggs 46 25 18.8 15.4Ð22.2 21.7 17.8Ð25.6 22.7 18.5Ð26.9 24.0 19.6Ð28.4
48 5 3.7 3.2Ð4.2 4.3 3.8Ð4.9 4.5 3.9Ð5.1 4.7 4.1Ð5.3
50 3 2.1 1.6Ð2.6 2.5 1.9Ð3.1 2.6 2.0Ð3.2 2.7 2.0Ð3.4
52 0.67 0.44 0.19Ð0.69 0.56 0.26Ð0.86 0.60 0.28Ð0.92 0.65 0.3Ð1.0

Third instars 46 60 49.0 45.6Ð52.4 56.5 52.5Ð60.5 59.1 54.9Ð63.3 62.2 57.7Ð66.7
48 15 12.1 11.1Ð13.1 13.9 12.7Ð15.1 14.5 13.2Ð15.8 15.3 13.9Ð16.7
50 4 3.0 2.7Ð3.4 3.4 3.0Ð3.8 3.6 3.2Ð4.0 3.8 3.3Ð4.3
52 1 0.7 0.4Ð1.0 0.8 0.5Ð1.1 0.8 0.5Ð1.1 0.9 0.6Ð1.3
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HBS studies, thermal treatments with a relative high
heating rate (e.g., up to 15�C/min)designed to control
third instars of Mediterranean fruit ßy in citrus also
should be effective against eggs. Our results suggest
that in developing treatment protocols, third instars
can be used in the efÞcacy studies. One caveat to this
method of testing thermal death kinetics is that the
role of humidity in enhancing mortality was not con-
trolled. Both larvae and eggs are sensitive to desic-
cation, but the third instars are more tolerant than
less developed larval stages. Eggs, which are nor-

mally laid on or near the fruit surface, are also
resistant to desiccation. Therefore, an ideal testing
system would allow the control of heating rate, Þnal
holding temperature, and relative humidity around
the insects.

Thermal Resistance Comparison with Other In-
sects. The Mediterranean fruit ßy eggs had compara-
ble heat resistance to Þfth instars of Indianmeal moth
larvae at 50 and 52�C (Johnson et al. 2003). Third
instars of Mediterranean fruit ßy was more heat re-
sistant than Indianmeal moth larvae at the two low
temperatures (i.e., 46 and 48�C) but had comparable
heat resistance at the two high temperatures (Fig. 5).
However, it had similar heat resistance at low tem-
peratures but lower heat resistance at high tempera-
tures compared with Þfth instars of codling moth
(Wang et al. 2002a). Third instars of Mediterranean
fruit ßy were less heat resistant than Þfth-instar navel
orangeworm (Wang et al. 2002b). In general, the heat
resistance of third instars of Mediterranean fruit ßy
was more sensitive to temperature changes than the
other three larvae as reßected by the slope of theTDT
curves in Fig. 5.

Fig. 3. TDT curves for eggs and third instars of Medi-
terranean fruit ßy (n � 300) at a heating rate of 15�C/min.
Lines represent linear regression equations: log t � 12.697 �
0.247T (r2� 0.967) for eggs and log t� 15.365� 0.295T (r2�
0.999) for third instars, where t is time (minutes) and T is
temperature (Celsius).

Fig. 4. Arrhenius plot for temperature effects on thermal
death rate constant for eggs and third instars of Mediterra-
nean fruit ßy. The straight lines (log k � 70.322 �
22.948*1000/T and log k � 95.098 � 31.016*1000/T) were
obtained by linear regression for eggs (r2 � 0.963) and third
instars (r2 � 0.999).

Fig. 5. Minimum time-temperature combinations for
complete kill of 600 third instars of Mediterranean fruit ßy
(MFF) compared with those for 600 Þfth instars of codling
moth (CM), Indianmeal moth (IMM), and navel orange-
worm (NOW).

Table 4. Comparative heat resistance of eggs and third instars
of Mediterranean fruit fly (n � 300 for three replicates)

Temp (�C)
Exposure
(min)

% Mortality � SE

Eggs Third instars

46 20 99.2 � 1.4** 41.5 � 3.9**
48 2 63.4 � 1.6** 16.5 � 13.6**
50 2 99.6 � 0.7* 84.0 � 16.5*
52 0.17 85.0 � 10.6** 23.5 � 14.2**

t Test performed on arcsine-transformed data, * P � 0.05; ** P �
0.01 (SAS Institute 1989).
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