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ABSTRACT Methyl bromide fumigation is widely used as a phytosanitary treatment. Mexican fruit
ßy, Anastrepha ludens (Loew) (Diptera: Tephritidae), is a quarantine pest of several fruit, including
citrus (Citrus spp.), exported from Texas, Mexico, and Central America. Recently, live larvae have
been found with supposedly correctly fumigated citrus fruit. This research investigates the efÞcacy
of the previously approved U.S. Department of AgricultureÑAnimal and Plant Health Inspection
Service treatment schedule: 40 g/m3 methyl bromide at 21Ð29.4�C for 2 h. Tolerance of A. ludens to
methyl bromide in descending order when fumigated in grapefruit (Citrus�paradisiMacfad.) is third
instar � second instar � Þrst instar � egg. Two infestation techniques were compared: insertion into
fruit of third instars reared in diet and oviposition by adult A. ludens into fruit and development to
the third instar. Inserted larvae were statistically more likely to survive fumigation than oviposited
larvae. When fruit were held at ambient temperature, 0.23 � 0.12% of larvae were still observed to
be moving 4 d postfumigation. Temperatures between 21.9 and 27.2�C were positively related to
efÞcacy measured as larvae moving 24 h after fumigation, pupariation, and adult emergence. Coating
grapefruit with Pearl Lustr 2Ð3 h before fumigation did not signiÞcantly affect the proportion of third
instars moving 24 h after fumigation, pupariating, or emerging as adults. In conclusion, fumigation with
40 g/m3 methyl bromide for 2 h at fruit temperatures �26.7�C is not found to be inefÞcacious for A.
ludens. Although a few larvae may be found moving �24 h postfumigation, they do not pupariate.
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Methyl bromide fumigation is used as a phytosanitary
treatment against Mexican fruit ßy, Anastrepha ludens
(Loew) (Diptera: Tephritidae), for citrus (Citrus
spp.) fruit grown in southern Texas and Mexico. Be-
fore this research was conducted the treatment sched-
ule against Mexican fruit ßy for Texas citrus fruit
(T101-j-2-1) consisted of fumigation with 40 g/m3

methyl bromide at fruit temperatures between 21 and
29.4�C for 2 h (APHIS 2010).

Although methyl bromide has been implicated as a
stratospheric ozone-depleting substance and is there-
fore subject to regulation to restrict its use under the
1987 Montreal Protocol on Substances that Deplete
the Ozone Layer, indeÞnite exemptions have been
granted for certain postharvest phytosanitary appli-
cations (Heather and Hallman 2008).

This research was conducted to explore factors con-
tributing to the efÞcacy of the methyl bromide treat-
ment schedule for citrus fruit infested with Mexican
fruit ßy in preventing live larvae from being detected
at inspection stations when fumigated fruit are
shipped interstate, which could be as little as 24 h after
fumigation.

The methyl bromide treatment schedule against
Mexican fruit ßy is based on research done 25 yr ago
(Williamson et al. 1986). Here, we present several
discrepancies between how that study was done and
the results reported versus the implementation and
interpretation of the treatment schedule by regulatory
agencies. These discrepancies might be at least partly
responsible for the Þnding of live Mexican fruit ßy
larvae in supposedly properly fumigated citrus fruit.
Even if these discrepancies are not the reason for the
supposed treatment failure, observed differences be-
tween the research and the treatment schedule were
sufÞcient to warrant further investigation.

Fumigations in Williamson et al. (1986) were done
at 26.7 � 1�C, whereas the schedule allowed for a
minimum treatment temperature of 21�C. EfÞcacy of
a fumigant is usually directly proportional to temper-
ature (Heather and Hallman 2008).

Williamson et al. (1986) worked with eggs and early
instars, whereas the treatment must be effective
against all stages present in fruit, eggs through late
instars. Williamson et al. (1986) assumed that there
were no signiÞcant differences among eggs and all
instars inside fruit in susceptibility to methyl bromide,
although they stated that “the egg stage may be slightly
more tolerant.”1 Corresponding author, e-mail: guy.hallman@ars.usda.gov.



After fumigation Williamson et al. (1986) waited for
surviving Mexican fruit ßies to Þnish larval develop-
ment, naturally emerge from fruit, and complete de-
velopment to the eclosed adult stage. Under that sce-
nario, it is possible that some Mexican fruit ßies were
alive for some time in the fruit after fumigation. Some
larvae could have emerged from the fruit but did not
complete development to the eclosed adult. Inspec-
tors Þnding moving larvae upon cutting open fruit
would consider that shipment in violation of regula-
tory standards. This could result in regulatory action
being taken, such as refumigation, returning the fruit
to the origin, redirection to another market, shutting
down the packinghouse, or other aspects of the fruit
production and shipping operation until the supposed
failure could be remedied (Heather and Hallman
2008).

Even if prevention of eclosed adults was accepted
as the measure of efÞcacy of the treatment, William-
son et al. (1986) did not satisfy the most liberal pub-
lished norm of efÞcacy accepted by some regulatory
agencies for fruit ßies, which would be no survivors
among 30,000 treated (Heather and Hallman 2008).
Williamson et al. (1986) reported an average of ap-
proximately one eclosed adult per 30,000 insects
treated. However, under circumstances of low risk,
such as the Mexican fruit ßy situation in southern
Texas (Thomas et al. 1999), a more liberal level of
required efÞcacy could be argued (Heather and Hall-
man 2008).

We also examine the effect of fruit coatings on
efÞcacy. Fruit is fumigated in Þeld boxes or after it is
packed. Therefore, they may be coated before or after
fumigation. Fruit coatings interfere with gaseous ex-
change (McHugh and Krochta 1994). In a preliminary
study, coating mangoes infested with 4Ð7-d-old Ca-
ribbean fruit ßy, Anastrepha suspensa (Loew), 1 d
before fumigation seemed to reduce efÞcacy of
methyl bromide fumigation relative to noncoated, fu-
migated fruit (Hallman 1996). However, an unpub-
lished study cited in that publication stated that the
coating did not appreciably affect methyl bromide
uptake and loss in guavas (Psidium guajava L.).

Theobjectivesof this researchwere to1)determine
the most methyl bromide-tolerant Mexican fruit ßy
stage that can be found in fruit (egg through larva); 2)
test whether an easier to use artiÞcial infestation tech-
nique could substitute for natural infestation in methyl
bromide phytosanitary research; 3) determine the ex-
tent of moving larvae, pupariation and adult emer-
gence after fumigation; 4) determine the effect of
temperatures between 21 and 27�C on efÞcacy; and 5)
measure the effect of a commercial fruit wax on efÞ-
cacy.

Materials and Methods

Source of Mexican Fruit Fly.Most of the A. ludens
used in this research was from a colony maintained by
the U.S. Department of AgricultureÐAnimal and Plant
Health Inspection Service (USDAÐAPHIS), Mexican
Fruit Fly Rearing Facility in Mission, TX. At the time

of this research (2005Ð2006), this colony was used in
the sterile insect technique population suppression
program in southern Texas (Thomas et al. 1999). In
some of the experiments, A. ludens was collected in
naturally infested oranges [Citrus � sinensis (L.) Os-
beck[ from Montemorelos, Nuevo León, Mexico.
Methyl Bromide Fumigation Chamber andDosim-
etry. Fumigations were done in a small but commer-
cial-scale 3.4-m3 steel chamber (FumaVac, John Muir
& Sons, Chicago, IL) at the USDAÐAPHIS Plant In-
spection Station at Los Indios, TX. The proper amount
of fumigant was measured in a liquid state in a cali-
brated glass cylinder and introduced into the chamber
through a copper coil passing through a hot water bath
to ensure that the methyl bromide enters in a gaseous
state. A fan inside the chamber kept the atmosphere
in motion throughout the treatment. The concentra-
tion of methyl bromide was monitored constantly by
drawing air through a thermal conductivity meter
(Fumiscope, Key Chemical and Equipment Co.,
Clearwater, FL), which was the standard used by
industry at the time of this research. The meters used
were calibrated with known standard concentrations
at various occasions during the research period (Scott-
Martin, Riverside, CA). The air sample was passed
though a CO2 adsorbent (Ascarite II, Arthur H.
Thomas Co., Swedesboro, NJ) before entering the
meter because CO2 could artiÞcially increase the es-
timation of methyl bromide concentration.

An atmospheric pressure of �97.1 kPa was set inside
the chamber with a vacuum pump at the start of each
fumigation as a check for leaks and monitored con-
tinuously(Ashcroft,Duragauge, Stratford,CT)during
the fumigation. This pressure results in a slight vacuum
equivalent to �380 m above sea level. The altitude of
Los Indios is 17 m above seal level.

Temperatures were recorded with three #36 gauge
(0.13-mm-diameter wire) type T thermocouples
placed at the top, middle, and bottom of loads and read
every 10 min with an electronic thermometer (model
4021, Control Company, Friendswood, TX) calibrated
with an ASTM-certiÞed glass mercury thermometer
(model 1003-FC, ERTCO, W. Paterson, NJ).

At the end of the fumigation time interval, the
atmosphere inside the chamber was forcibly evacu-
ated to the outside of the building through a 5-cm-
diameter duct. Within 10 min after initiation of evac-
uation, methyl bromide could not be detected via the
thermal conductivity meter. The chamber was opened
30 min after evacuating the chamber.
Fruit Infestation. Mexican fruit ßy-infested citrus

fruit were achieved in three ways. Naturally infested
oranges were collected in Mexico, ÔRio RedÕ grapefruit
were placed in a screen infestation cage (1.2 by 0.8 by
0.5 m) with thousands of Mexican fruit ßy adults for
1Ð5 h, or a core (1 cm in diameter) was bored to the
center of Rio Red grapefruit, 10 diet-reared feeding
third instars were inserted to the center, and the core
was replaced and sealed with hot melt glue. Mean
orange and grapefruit weights in the studies were
143 � 6.6 and 337 � 11.0 g, respectively.
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Simulated infestation with diet-reared insects in-
serted into fruit is often used as a more manageable
alternative to developing phytosanitary treatments
than infesting fruit with eggs and allowing them to
develop naturally (Heather and Hallman 2008).
Among problems associated with the latter are un-
known and variable infestation rates, compromised
ability to control infestation rate, and degradation of
fruit before the insects are of the desired stage for
treatment. The chief advantage for infesting fruit via
oviposition is that it is the closest to the natural state
and thus more likely to yield a realistic efÞcacy re-
sponse. The ideal infestation scenario involves the use
of naturally infested fruit with the proper stage of feral
insects from the Þeld, but a ready supply of naturally
infested fruit is usually not available. In all of the
studies, �15% of infested fruit were used as nonfumi-
gated controls to verify normal behavior and devel-
opment, and the chamber was Þlled to �80% capacity
with noninfested grapefruit. Fruit was in standard
corrugated cardboard grapefruit boxes (25 by 29 by 45
cm) when fumigated.
Determination of Most Methyl Bromide-Resistant
Stage. Rio Red grapefruit were placed in the infesta-
tion cage for 1Ð4 h; removed; wiped clean; and placed
in a chamber at 26.5 � 0.5�C and 78 � 10% RH until
insects were at the proper stage for fumigation. De-
velopment is slower in grapefruit than in diet (Leyva
et al. 1991). Fruit were opened periodically to check
insect development. Twenty fruit each with predom-
inantly Þrst, second, or third instars were fumigated
together with 20 fruit infested with 1-d-old eggs at 24
g/m3 for 2 h at �23�C. This dose was chosen as a
discriminatory dose that would yield some survivors in
some of the stages to identify differences among
stages. Several control fruit with each stage of insects
in them were not fumigated. Approximately 490 indi-
viduals were treated at each stage.

Twenty-four hours after fumigation, grapefruit con-
taining third instars was opened, and larvae were re-
moved and placed in small plastic containers with
moist vermiculite and stored at 26.5 � 0.5�C and 78 �
10% RH. Numbers of larvae, stage, and mobility were
recorded. Every 1Ð3 d, they were checked for further
development and mobility. After 1 mo, adults emerg-
ing from any puparia were counted. Grapefruit con-
taining the other stages were opened when late third
instars began to emerge from the fruit. A two-tailed
t-test was used to determine whether the difference in
pupariation and adult emergence between fumigated
second and third instars was statistically signiÞcant.
Infestation via Oviposition Versus Insertion of
Third Instars. Grapefruit infested with Mexican fruit
ßy third instarsbyplacement inacagewithovipositing
adults and held until late third instars developed were
fumigated (40 g/m3 for 2 h at �23�C) together with
grapefruit infested by insertion of third instars reared
on diet into holes bored into the fruit. Fruit were cut
open 24 h after fumigation and examined for larvae,
which were placed in plastic containers with moist
vermiculite at 26.5 � 0.5�C and 78 � 10% RH. Devel-
opment was subsequently monitored daily. Percent-

age of pupariation and adult emergence were ana-
lyzed with two-tailed paired t-tests. There were seven
replicates of 20 fruit per treatment done on different
dates, with a total of �1,400 third instar per treatment.
Effect of Temperature on Efficacy. Temperature

could not be precisely controlled in the fumigation
facility, and different temperatures occurred during
the period of the study. Nine trials of a total of 360
grapefruit containing �9,600 third instars in total were
fumigated with 40 g/m3 between mean temperatures
of 21.9 and 27.2�C. The number of larvae moving �24
h after fumigation, the number pupariating, and the
number emerging as adults were recorded. Data were
analyzed in two different ways for comparison: per-
centage of larvae moving 24 h after fumigation versus
temperature was analyzed with a sigmoidal doseÐ
response equation (Prism 4, GraphPad Software, San
Diego, CA), and the number not moving after 24 h
versus temperature was analyzed with probit analysis
(Proc Probit, SAS Institute, Cary, NC).
Extent of Moving Larvae Post-Treatment. Larvae

removed from fumigated (40 g/m3 for 2 h at 24.7 �
0.6�C) and nonfumigated (control) orange and grape-
fruit were placed in plastic containers with moist ver-
miculite at 26.5�0.5�Cand78�10%RHandobserved
for movement daily for 8 d. This simple observation is
used by inspectors to determine whether larvae found
in shipments are alive. There were two replicates of a
total of 214 oranges naturally infested from Mexico
(303 third instars in total) and seven replicates of a
total of 280 grapefruit infested via oviposition (4,712
third instars in total). Puparia from which adults did
not emerge were opened to examine how far the
insects had developed using puparial nomenclature of
Thomas and Hallman (2000).
Effect of Fruit Coating on Efficacy. Coating grape-

fruit may result in mortality to internal Mexican fruit
ßy larvae after several days by restricting gaseous
exchange (Hallman 1997). Grapefruit were infested
with Mexican fruit ßy by using the cage method, held
until third instars were present, and then half of the
grapefruit were coated (Pearl Lustr, DECCO, Mon-
rovia, CA) at the recommended rate (1.0Ð1.1 ton of
fruit per liter) spread by hand and air-dried the day
before fumigation (40 g/m3 for 2 h at 24.5 � 1�C).
There were four replicates of 20 grapefruit per treat-
ment, with 990 third instars in total per treatment. The
percentages of larvae moving, pupariating, and emerg-
ing as adults were analyzed with two-tailed paired
t-tests.

Results

Methyl Bromide Dosimetry. The methyl bromide
meters frequently required rezeroing during monitor-
ing. Methyl bromide concentrations during fumiga-
tion and after rezeroing are shown in Fig. 1. Although
we acknowledge that some uncertainty exists in Fig. 1,
it shows that methyl bromide concentrations gradu-
ally decreased during fumigation but did not drop
below the desired treatment concentration of 40 g/m3.
This is to be expected because methyl bromide typi-
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cally does not penetrate fruit completely in the time
used for fumigation, leaving the headspace with a
higher concentration of the fumigant. The slight vac-
uum was not lost during fumigation, giving conÞdence
that methyl bromide concentration was not decreas-
ing due to leakage.

This study contributed to evidence that a more
precise fumigant monitor was needed for the fumiga-
tion industry to address the issues of instrument sta-
bility, drift, and CO2 and volatile interference. Since
then, APHIS has worked with a company (Spectros
Instruments, Hopedale, MA) to develop a fast and
accurate infrared-based monitor (ContainIR) that is
immune to CO2 and other interfering volatiles.
Determination of Most Methyl Bromide-Resistant
Stage.No larvae were found in grapefruit infested with
Mexican fruit ßy eggs that had been fumigated with 24
g/m3 methyl bromide the day after oviposition, al-
though �400 third instars were found in nonfumigated
controls. Any Þrst instars present would probably not
be found, but most third and some second instars
present would have been found, indicating that Mex-
ican fruit ßy development from eggs in grapefruit
fumigated with that dose did not develop far. A mean
of 0.5 � 0.23% Mexican fruit ßies fumigated while Þrst
instars were subsequently found as late instars and
none pupariated, although again, �400 third instars
were observed in nonfumigated controls. Of second
and third instars, respectively, fumigated with 24 g/m3

methyl bromide in grapefruit, 1.0 � 0.73 and 4.8 � 1.3%
pupariated (t� 2.51, df � 6, P� 0.046) and 0.78 � 0.78
and 2.6 � 0.48% (t� 2.00, df � 6, P� 0.093) emerged
as adults. Therefore, tolerance of Mexican fruit ßy to
methyl bromide in descending order when fumigated
with methyl bromide in grapefruit and measured as
completing the same stage of development can be
considered third instar � second instar � Þrst instar �
egg.
InfestationviaOvipositionVersus Insertionof third
Instars. Survival of Mexican fruit ßy third instars
reared on diet and placed near the center of grapefruit
the day before fumigation (artiÞcial infestation) and
removed from the fruit the day after fumigation was
signiÞcantly higher than survival of third instars in-
festinggrapefruit fromtheegg stage(cage infestation)
when measured as pupariation and adult emergence.
Percentage of Mexican fruit ßy pupariation was 0.17 �

0.12 and 7.1 � 1.9%, respectively, for cage and artiÞ-
cially infested fruit (t � 3.71, df � 6, P � 0.010).
Percentage of adult emergence was 0.057 � 0.031 and
3.8 � 1.3%, respectively, for cage and artiÞcially in-
fested fruit (t � 2.87, df � 6, P � 0.028).
Effect of Temperature on Efficacy. There was an

inverse relationship between temperature and the
proportion of larvae moving 24 h after fumigation,
pupariation, and adult emergence (Fig. 2). The per-
centage of larvae moving 24 h after fumigation (Y) had
an r2 of 0.93 when correlated to the sigmoidal doseÐ
response equation:

Y � 0.0775 � 7.191/1 � 1023.19 	 X

whereX is degrees Celsius. Therefore, at the minimum
allowed treatment temperature of 26.7�C, 0.08% of
larvae are expected to be moving 24 h after fumigation.
At the minimum treatment temperature formerly al-
lowed (21�C), 7% of larvae would have been expected
to be moving 24 h after fumigation. Number of larvae
failing to move after 24 h did not Þt the probit model
(Pearson �2 � 71.1, df � 7, probability 
0.0001).
Extent of Moving Larvae Posttreatment. Larvae

that moved after removal from fumigated fruit were
always less active than larvae from nonfumigated fruit.
For the most part, the former larvae did not crawl but
often simply moved their heads. Larvae from nonfu-
migated fruit actively crawled until they prepared to
pupariate. Percentage of larvae moving postfumiga-
tion from grapefruit infested via oviposition was di-
rectly proportional to the time span between fumiga-
tion and removal (Fig. 3). One larva was found moving
7 d postfumigation, although it was not observed to
move when checked Þve and 6 d postfumigation and
died by 8 d. A few larvae that were not moving when
removed from grapefruit moved later or pupariated
without ever having been observed to move.

Movement of larvae from the two fumigations of
oranges naturally infested from Mexico was relatively
high 24 h after fumigation. In the Þrst fumigation, 12.0,
4.2, and 6.4% of the larvae were moving 1, 2, and 5 d
after fumigation; 3.1% (n� 4) pupariated and all died
in the puparia (three as coarctate larvae and one as a

Fig. 1. Mean � SEM methyl bromide concentration (40
g/m3) in headspace versus time after initiation of 2-h fumi-
gation of grapefruit at 40 g/m3.

Fig. 2. Percentage of Mexican fruit ßy third instars mov-
ing 24 h after fumigation with methyl bromide (40 g/m3) in
grapefruit at different temperatures and percentage that pu-
pariated and developed to emerged adults. One point not
showing on the graph is 24.1�C, which had no movement or
pupariation. The numbers of larvae observed in increasing
order by temperature are 506, 979, 346, 150, 363, 3,960, 5,012,
131, and 151.
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cryptocephalic pupa). In the second fumigation, 31.8
and 0% of larvae were moving 1 and 3 d after fumi-
gation, and none pupariated.

The patterns of intrapuparial development and
death for insects reared on grapefruit infested via
oviposition were similar for fumigated (n � 14) and
control (n � 21) puparia (Table 1). InsufÞcient fu-
migated insects pupariated for statistical analysis.
Effect of Fruit Coating on Efficacy. The coating

(Pearl Lustr) did not signiÞcantly affect the propor-
tion of third instars moving after fumigation, pupari-
ating, or emerging as adults when grapefruit were
infested by exposure to adult Mexican fruit ßies in
cages (Table 2).

Discussion

This study noted the discrepancy between the tem-
perature (26.7�C) used in the original research that
supported the T101-j-2-1 schedule (Williamson et al.
1986) and the original minimum fumigation temper-
ature required for the schedule (21�C). This informa-
tion plus supporting data (Fig. 2) showing no pupari-
ation at fumigation temperatures �24.3�C encouraged
APHIS (2010) to raise the minimum fumigation tem-
perature from 21 to 26.7�C (70Ð80�F). However, this
modiÞcation still does not prevent moving larvae from
being found a day or more after fumigation when the
fruit would be checked in inspection ports, although
it reduces the likelihood.

The proportion of larvae moving after fumigation
was reduced as time after fumigation increased, but it
is evident that moving larvae could be found in fruit

fumigated according to the approved schedule. At the
same time it would be expected that many more non-
moving larvae would be found a couple of days after
fumigation. When moving larvae are found upon in-
spection, but few obviously dead (darkened) larvae
are found, contamination or lack of proper treatment
might more reasonably be expected to be responsible
instead of lack of efÞcacy of a properly performed
treatment itself.

This study found that A. ludens in fruit increased in
tolerance as it developed when the same endpoint is
used for all stages; Williamson et al. (1986) assumed
eggs were more tolerant than larvae. Other studies
concluding that tephritid eggs were more tolerant of
methyl bromide than larvae used different endpoints.
For example, Armstrong and Whitehand (2005) con-
cluded that eggs of two other tephritid species were
the most tolerant stage, although eggs had only to
hatch to be deemed as surviving the fumigation,
whereas larvae had to cross several developmental
thresholds (Þrst instars had to pupariate and third
instars had to emerge as adults).

Although the one coating tested in this study did not
have a measurable effect on efÞcacy of methyl bro-
mide fumigation, a general conclusion about coatings
used on fumigated fruit should not be made because
of the differences in permeability to gases among
available fruit coatings (McHugh and Krochta 1994).

In this study, larvae inserted into fruit were harder
to kill with methyl bromide fumigation than those
infesting fruit via oviposition. Therefore, although
treatments developed using insertion would be efÞ-
cacious, they would be more severe than needed. The
effect of refrigeration on the ability of fumigated lar-
vae to stay alive and moving after treatment should be
tested; refrigeration could conceivably extend the pe-
riod of time that larvae are able to move.

Most methyl bromide fumigation schedules in the
APHIS Treatment Manual (APHIS 2010) have mini-
mum required concentrations at 0.5 and 2 h, whereas
a number of schedules have no such requirements.
The concentrations required in the schedules that
require minimums are considerably lower than our
readings (Fig. 1). For example, at initial fumigation
concentrations of 40 g/m3 minimum concentrations of
32 and 24 g/m3 are required after 0.5 and 2 h, respec-
tively. These low concentrations allow for consider-
able loss of methyl bromide during fumigation. That

Table 2. Percentage of Mexican fruit fly larvae moving 24 h
after fumigation with methyl bromide (40 g/m3 for 2 h at 21 to
25°C) and subsequent percentage of pupariation and adult emer-
gence with or without prior coating (Pearl Lustr applied at the rate
of 1,000–1,100 kg grapefruit per liter)

Developmental
event

Mean � SEM (%)
Results of two-

tailed t-tests

Coated
fruit

Noncoated
fruit

t df P

Larvae moving 2.1 � 1.7 4.1 � 3.7 0.43 3 0.699
Pupariation 0.60 � 0.60 0.82 � 0.67 0.21 3 0.848
Adult emergence 0 0.24 � 0.14 1.73 3 0.182Fig. 3. Mean percentage (plus 95% CI) of a total of

Mexican fruit ßy third instars moving up to 7 d after fumi-
gation with methyl bromide (40 g/m3) in grapefruit. No
larvae were found moving on days 5 and 6.

Table 1. Percentage of Mexican fruit fly larvae developing to
several puparial stages and then dying after being fumigated as third
instars in grapefruit with methyl bromide (40 g/m3 for 2 h at 22 to
27°C) compared with nonfumigated controls

Puparial stage

% in stage

Methyl bromide
fumigated

Control

Coarctate larva 21.4 28.6
Cryptocephalic pupa 50.0 47.6
Phanerocephalic pupa 21.4 19.0
Pharate adult 7.1 4.8
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not much methyl bromide was probably lost during
our tests suggests the possibility that commercial fu-
migations might be less efÞcacious than what we ob-
served.

We note that Williamson et al. (1986) did not report
dosimetry and that is probably the reason why mini-
mum concentration requirements are not part of
schedule T101-j-2-1. Values in Fig. 1 should not be
used to establish minimum concentrations because of
lack of sufÞcient conÞdence in the meters used to
generate those values.

The purpose of our study was not to establish a new
phytosanitary treatment; insect numbers treated, tem-
perature control and methyl bromide dosimetry were
not at the optimums for supporting a treatment.
Rather our research was to explore assumptions made
in the original research supporting the treatment
(Williamson et al. 1986) and other factors that might
affect the efÞcacy of schedule T101-j-2-1 and the ef-
Þcacy of methyl bromide fumigation as a phytosani-
tary treatment in general. Because factors were tested
during the same fumigations, hence, under the same
conditions each time, we are conÞdent that relative
differences found are valid.

Acknowledgment

We thank Roberto Rivas, Julia Olivares, and Yadira Blanco
(USDAÐARS, Weslaco, TX) for technical assistance. We
thank John Worley (USDAÐAPHIS, Mission, TX; retired) for
supplying Mexican fruit ßies; Alan V. Barak (USDAÐAPHISÐ
CPHST, Buzzards Bay, MA) for assisting with methyl bro-
mide dosimetry; and Barak and Neil Heather (University of
Queensland, Australia) for reviewing an earlier draft of the
manuscript. We also thank three anonymous reviewers for
helpful comments. This research was supported by a grant
from the USDAÐAPHISÐCPHST, Raleigh, NC.

References Cited

[APHIS] Animal and Plant Health Inspection Service. 2010.
Treatment manual. (http://www.aphis.usda.gov/import_
export/plants/manuals/ports/treatment.shtml).

Armstrong, J. W., and L. C. Whitehand. 2005. Effects of
methyl bromide concentration, fumigation time, and fu-
migation temperature on Mediterranean and oriental
fruit ßy (Diptera: Tephritidae) egg and larval survival. J.
Econ. Entomol. 98: 1116Ð1125.

Hallman, G. J. 1996. Mortality of Caribbean fruit ßy in
coated fruits, pp. 495Ð498. In B. A. McPheron and G. J.
Steck (eds.), Fruit ßy pests: a world assessment of their
biologyandmanagement.St.LuciePress,DelrayBeach,FL.

Hallman,G. J. 1997. Mortality of Mexican fruit ßy (Diptera:
Tephritidae) immatures in coated grapefruits. Fla. Ento-
mol. 80: 324Ð328.

Heather, N. W., and G. J. Hallman. 2008. Pest management
and phytosanitary trade barriers. CABI, Wallingford,
United Kingdom.

Leyva, J. L., H. W. Browning, and F. E. Gilstrap. 1991. De-
velopment of Anastrepha ludens (Diptera: Tephritidae) in
several fruit hosts. Environ. Entomol. 20: 1160Ð1165.

McHugh, T.H., and J.M. Krochta. 1994. Permeability prop-
erties of edible Þlms, pp. 139Ð187. In J. M. Krochta, E. A.
Baldwin, and M. Nisperos-Carriedo (eds.), Edible coat-
ings and Þlms to improve food quality. Technomic Pub-
lishing Co., Lancaster, PA.

Thomas, D. B., and G. J. Hallman. 2000. Radiation-induced
pathology in the metamorphosis of the Mexican fruit ßy
(Diptera: Tephritidae). J. Entomol. Sci. 35: 267Ð278.

Thomas, D. B., J. N. Worley, R. L. Mangan, R. A. Vlasik, and
J. L. Davidson. 1999. Mexican fruit ßy population sup-
pression with the sterile insect technique. Subtrop. Plant
Sci. 51: 61Ð71.

Williamson, D. L., K. R. Summy,W. G. Hart, M. Sanchez-R.,
D. A. Wolfenbarger, and B. D. Bruton. 1986. EfÞcacy
and phytotoxicity of methyl bromide as a fumigant for the
Mexican fruit ßy (Diptera: Tephritidae) in grapefruit. J.
Econ. Entomol. 79: 172Ð175.

Received 28 May 2010; accepted 24 September 2010.

68 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 104, no. 1


