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ABSTRACT Phytosanitary cold treatments were tested for Bactrocera invadensDrew, Tsuruta, and
White and Bactrocera zonata (Saunders) using comparisons with Ceratitis capitata (Wiedemann).
Oranges were infested by puncturing holes in the peel and allowing tephritids to oviposit in the holes.
The treatments were initiated when the larvae reached late third instar because previous research had
shown that stage to be the most cold tolerant for all three species. Results show that B. invadens is not
more cold tolerant thanC. capitata andB. zonata at 1.0 � 0.1�C and lend support to the use ofC. capitata
cold treatment schedules for B. invadens. It cannot be concluded that B. zonata is not more cold
tolerant than C. capitata.
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Tephritid fruit ßies are the most important family of
quarantine pests restricting trade in fresh fruits be-
cause 1) most have wide host ranges, 2) they have high
reproductive capacity, 3) they attack hosts of rela-
tively high value late in the season when the majority
of the costs of production have been expended, 4)
many countries have quarantines against their hosts,
and 5) their cryptic nature of feeding renders attempts
to cull infested fruits during harvest and packing only
partially successful.

Phytosanitary treatments are used to reduce the risk
that fruit from quarantined areas will result in an
infestation becoming established in a noninfested im-
porting area. Often phytosanitary treatments are not
available when tephritid hosts from an area are quar-
antined because a novel ßy species is found in that

area. Various areas of the world have a history of
repeated tephritid Þnds, with some resulting in quar-
antines that prevent export of host commodities until
the pest is declared eradicated. Sometimes the pest
becomes established, as is happening with Bactrocera
invadens Drew, Tsuruta, and White in central Africa
(De Meyer et al. 2010).

The development and approval of a new phytosani-
tary treatment to address a quarantined pest can re-
quire considerable resources and a year or more of
research. To avoid this problem, treatments for pests
that have a high potential to become established or
that pose a high risk to agricultural commodities are
sometimes developed proactively; plant protection
organizations have dedicated signiÞcant resources
toward this end. However, a tremendous amount of
work and cost would be required to develop pro-
active phytosanitary treatments for all reasonable
possibilities.

A faster and more cost-effective alternative is to
compare species for which treatments are needed
with species for which sound treatments already exist.
This effort would eventually culminate in broad ge-
neric treatments that would be applicable across
groups of pests and commodities, including some for
which no research was done (Hallman 2012). For
example, generic cold treatments for all species of
Anastrepha have been approved, although research
was not done for all (U.S. Department of Agriculture
[USDA] 2013).

The Joint Food and Agriculture Organization and
International Atomic Energy Agency Programme of

Mention of trade names or commercial products in this publication
is solely for the purpose of providing speciÞc information and does not
imply recommendation or endorsement by the USDA.

1 U.S. Department of Agriculture, Agricultural Research Service,
Center for Grain and Animal Health Research, Stored Product Insect
Research Unit, 1515 College Ave., Manhattan, KS 66502.

2 Corresponding author, e-mail: Guy.Hallman@ars.usda.gov.
3 USDA, Animal and Plant Health Inspection Service, Plant Pro-

tection and Quarantine, Center for Plant Health Science and Tech-
nology, 1398 W. Truck Rd., Buzzards Bay, MA 02542.

4 Plant Protection Research Institute, 7 Nadi El-Said St., Dokki, Giza
12618 Egypt.

5 Plant Quarantine, Port Said, Egypt.
6 Food and Agriculture Organization/International Atomic Energy

Agency, Agriculture and Biotechnology Laboratory, A-2444 Seiber-
sdorf, Austria.

7 Current address: NSW Department Primary Industries, Gosford
NSW 2250, Australia.

0022-0493/13/1608Ð1612$04.00/0 � 2013 Entomological Society of America



Nuclear Techniques in Food and Agriculture (FAO
and IAEA) and the USDAÐAnimal and Plant Health
Inspection Service, Plant Protection and Quarantine
(PPQ), entered into an agreement to develop
proactive phytosanitary treatments for tephritids,
taking advantage of the ability of the FAO/IAEA
laboratories in Seibersdorf, Austria, to maintain col-
onies of a number of economically important trop-
ical tephritids.

Hallman et al. (2011) found that third instar B.
invadens was no more cold tolerant than third instar
Anastrepha ludens (Loew), Bactrocera dorsalis (Hen-
del), and Ceratitis capitata (Wiedemann) in vitro at
0.94 � 0.65�C. That information was used to allow cold
treatment schedules for these three species to be used
for B. invadens on an emergency basis (USDA 2013).
The objective of this research was to determine
whether B. invadens was not more cold tolerant than
C. capitata in fruit and also compare cold tolerance of
Bactrocera zonata (Saunders) with C. capitata and B.
invadens in fruit.

Materials and Methods

Tephritids. B. invadens was from a 2-yr-old labora-
tory colony that originated in Kenya from wild-in-
fested mangoes. B. zonata was from a 1-yr-old colony
originating from wild ßies infesting fruit in Mauritius.
C. capitata was from a 5-yr-old laboratory strain orig-
inating from wild-infested oranges in Argentina.

All tephritid species were reared under similar lab-
oratory conditions. Adults were maintained in Perspex
and muslin cages at 25 � 0.5�C and 65 � 5% relative
humidity (RH) under a photoperiod of 14:10 (L:D) h
and fed water and a 3:1:1 dry mixture of sucrose-
hydrolyzed yeast-wheat germ ad libitum.

A small amount of guava juice in plastic bottles (0.1
liter) with the sides punctured all around with �200 �
0.5-mm-diameter holes was placed inside separate
cages housing each Bactrocera spp. overnight for egg
collection; females oviposited into the bottles through
the holes. Eggs were collected from C. capitata by
allowing adults to oviposit through a Þne-meshed side
wall of their cage into a trough of water.
Bactrocera spp. and C. capitata eggs were placed

onto standard Seibersdorf diet based on wheat bran as
the bulking agent (Braga Sobrinho et al. 2006). Diets
with developing tephritids were held at 25 � 0.5�C
until the larvae were ready to pupariate, and puparia
were collected and placed in adult cages with food and
water to continue the rearing cycle.

Previous research was used to determine that the
third instar was the most cold-tolerant stage for all
three tephritids (Powell 2003, Mohamed and ElÐWak-
kad 2009, Grout et al. 2011a, Ware et al. 2012). There-
fore, that stage was used in all trials.
Infestation of Oranges. Oranges (ÔValenciaÕ; mean

weight � 127.5 g; mean diameter � 8.0 cm) imported
from Spain were infested by the three tephritids via
oviposition in cages. Fruit was stored overnight in the
infestation room to acclimate to room temperature
(�23�C), then washed and allowed to air dry. To

reduce contamination with air borne Penicillium, the
fruit was arranged on their sides in rows of six oranges
in 7 by 40-cm plastic trays, which were wrapped with
a double layer of plastic Þlm. Six holes (0.3 mm in
diameter) were made into the cheek facing up to a
depth just below the peel of each fruit through the
peel with Þne tipped sterilized forceps, and the trays
were placed into cages with 1Ð5 thousand adults of
each tephritid species. This arrangement constrained
female ßies to oviposit into the fruit only through the
punctures made through the plastic wrap, thus reduc-
ing microbial contamination of the fruit. Exposure
times varied from 45 to 120 min, depending on the age
and number of ßies available, that is, if ßies were few
and young or old, fruit were exposed for more time.
The goal was to achieve an infestation rate of �30
larvae per fruit. After the infestation period, the plastic
wrap was removed and 2Ð3 trays were placed in each
25 by 25 by 45-cm cage. The cages were then placed
inside Þne mesh polyester bags to preventDrosophila
spp. from infesting the fruit during the larval devel-
opmental period.

The fruit was held in the cages at �26�C until the
majority of larvae had developed to the third instar
(11Ð12 d). One fruit in 10Ð12 was randomly selected
as a control (untreated), dissected, and the number of
live (moving) and dead (dark-colored, nonmoving)
larvae recorded while the rest of the fruits were placed
into the cold treatment chamber. The controls were
used to determine natural mortality in nontreated
fruit.
Cold Treatment Chamber.A cold treatment cham-

ber (model SE-2000Ð4, Thermotron Industries, Hol-
land, MI; inside dimensions: 1.22 by 1.22 by 1.32 m)
with temperature and humidity controls was used to
treat the infested oranges. Airßow within the chamber
was �28 m3/min. Four adjustable grill shelves allowed
for uniform distribution of fruit containers in the
chamber and unobstructed airßow through the
shelves. The chamber has a vertical center-parting
glass inner door with four ßexible iris ports (0.15 m in
diameter) so that fruit and thermocouples inside the
chamber could be manipulated with minimal exposure
to the exterior atmosphere and temperature.

Temperature within the chamber was set using a
thermocouple that was placed on top of a box of
oranges near the center of the chamber. Temperatures
inside the chamber were measured and recorded ev-
ery 10 min with a type-T thermocouple system (model
S8TC, GEC Instruments Gainesville, FL) that was
checked for accuracy before experimentation in an ice
slurry of reverse osmosis water and found to be ac-
curate to �0.03�C. The eight thermocouples were
placed in the center of noninfested oranges (at the
same initial temperature as infested oranges) that
were introduced into and removed from the chamber
when infested fruits were introduced and removed.
Cold Treatment Tests. When mostly third instars

were present in oranges but before they began form-
ing emergence holes, the oranges were placed into
cardboard boxes (0.30 by 0.22 by 0.22 m) lined with
paper towels and placed in the cold treatment cham-
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ber at 0.94�C for 6Ð11 d. Fruit that had begun obvious
decomposition were not used in the tests. Fruit cool-
ing rates were measured by inserting a thermocouple
into the center of a single fruit in each replicate as the
fruit was loaded into the chamber. Upon removal from
the chamber, the oranges were allowed to equilibrate
at �24�C for 24 h before being dissected and all larvae
counted. Any larvae that were moving were noted and
any that did not look obviously dead (e.g., were the
cream color of live larvae) were placed in containers
with a small amount of moisture for observation until
they were found to move (on being observed several
times per day), pupariated (in any form) or were
obviously dead. Larvae that moved or pupariated were
counted as survivors regardless of subsequent condi-
tion because inspectors of importing plant protection
organizations count moving larvae as failures for any
treatment except irradiation. Insects that pupariated
were obviously alive whether or not they were ob-
served moving.

Temperatures in the chamber during the research
were quite stable at 0.94 � 0.01�C. The cooling curve
for oranges at the center is presented in Fig. 1; mean
fruit pulp temperature before cooling was 25.7 �
0.1�C, and mean time to the treatment temperature of
1.1�C was 15.9 � 0.5 h. The time required for a load to
cool down to the prescribed temperature of a cold
treatment was not counted as part of the treatment.
Therefore, treatment time was deÞned as the number
of days the fruit was held in the chamber minus one
day to account for the cooling period.
Statistics.Fruit cooling rates were assumed to follow

NewtonÕs law of cooling (the rate of change in tem-
perature of an object is proportional to the difference
between its temperature and the ambient tempera-
ture). Mean initial fruit pulp temperature, time to
treatment temperature, and 95% CIs were used to
calculate cooling constants k, and establish fruit pulp
cooling rates with 95% CIs.

DoseÐmortality relationships were established for
each of the three species treated using probit analysis

(SAS Institute 2011) based on the number of days of
cold treatment after the fruit cool down period. Nor-
mal and Gompertz probability distribution functions
were both evaluated to determine the best Þt. Differ-
ences in susceptibility to cold treatment were deter-
mined by comparing slope and intercept parameters
using likelihood ratio tests. The lethal dose ratio test
(PoloPlus, Petaluma, CA; Robertson et al. 2007) was
used to calculate statistical signiÞcance of differences
among the tephritid species at 95, 99, and 99.9968%
mortality. Unless otherwise noted means are pre-
sented �SE.

Results

Movement of control larvae upon removal from
fruit was 98.4 � 0.9, 99.5 � 0.6, and 99.6 � 0.5%,
respectively, forB. invadens, C. capitata, andB. zonata,
so it was not necessary to correct for control mortality.
None of the larvae that were found not to be moving
at the 24-h examination that were saved for further
observation were observed to move or pupariate later.

The results of cold treatment of oranges infested
with third instarC. capitata, B. invadens, and B. zonata
are presented in Table 1. B. invadens appeared to be
the most susceptible to cold, with 100% mortality after
9 d. Larvae of C. capitata and B. zonata were similarly
tolerant with one or more larvae moving after 9 and
10 d, respectively. Probit regression models showed a
slightly better Þt using normal probability density
function models. Models to compare slope and inter-
cepts showed signiÞcant effect of dose (days cold) and
dose � species (slope); however, no signiÞcant effect
of species (intercept) was found. Likelihood ratio
tests to compare slopes between species using a com-
mon intercept showed the slope for B. invadens to be
signiÞcantly greater (more cold susceptible) than the
other two species (Table 2). Lethal dose ratio com-
parisons showed that among the three species at 95, 99,
and 99.9968% mortality,C. capitata andB. zonatawere
statistically indistinguishable (although B. zonata

Fig. 1. Temperature (T in degrees Celsius) decline over time (t in hours) in the center of oranges placed at 0.94�C.
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tended to seem more cold tolerant) while both species
were more cold tolerant that B. invadens at the 95%
conÞdence level, with the difference nominally in-
creasing with increasing levels of mortality (Table 3).

Discussion

The literature is not consistent concerning the most
tolerant stage of C. capitata to phytosanitary cold
treatments. Grout et al. (2011b) concluded that the
most cold-tolerant stage was the second instar based
on a commodity group research report from South
Africa (Ware et al. 2005). Hallman et al. (2011) cited
PowellÕs (2003) analysis of historical cold treatment
data for C. capitata as supporting the third instar to be
the most cold-tolerant stage. A summary of studies of
most cold-tolerant stage of C. capitata follows.

Back and Pemberton (1916) studied cold tolerance
among eggs and all three instars ofC. capitata in apples
from 0 to 4.4�C in Hawaii and found that third instar
was more tolerant than second instar in all seven tests.
Most of PowellÕs (2003) analysis was based on Back
and Pemberton (1916). Hashem et al. (2004) in Egypt
found that the third instar was the most cold-tolerant
stage at 1.7 and 4�C when C. capitata was reared in
guava, mango, and orange (“Navel ” and Valencia).
Ware et al. (2005) did not test distinct instars but
evaluated eggs and 6- and 8-d-old larvae (reared at
26�C) at 1�C in grapefruit, orange, and lemon. They
concluded that there was no statistical difference in
mortality although in orange (but not grapefruit or
lemon) survival was nominally higher for 6 than 8-d-
old larvae. The data for orange are curious in that
survival of 8-d-old larvae was higher up to 5 d at 1�C
(25.3%) than in the nontreated control (17.6%).

Three relevant studies withC. capitatawere done in
Australia. Hill et al. (1988) compared tolerance of

eggs, a mixture of Þrst and second instars, and mostly
third instars to 1.5 � 0.5�C in oranges and found both
larval groups to be very similar, with the younger
instars showing a very slight advantage in survival.
Jessup et al. (1993) found that the second instar was
the most tolerant to 1 � 0.2�C in two cultivars of
lemons. De Lima et al. (2007) in Australia found that
the second instar was more tolerant than the third in
Þve types of citrus fruit at 2 and 3�C.

It is possible that different populations ofC. capitata
vary in relative tolerance of the different stages to
cold. Diamantidis et al. (2011) found that geograph-
ically isolated populations of C. capitata vary in a
number of traits (e.g., reproductive patterns, survival,
developmental rate, and intrinsic rate of increase).
From the literature, it seems that the most cold-tol-
erant stage for most populations of C. capitata is the
third instar with the only well-documented exception
being Australia. Incidentally, Ware et al. (2012) write
that Sproul (1976) working in Australia determined
that third instar C. capitatawas the most cold tolerant
of the stages in ÔGranny SmithÕ apples when in actu-
ality Sproul (1976) cannot be used to determine most
cold-tolerant stage nor does he claim one stage was
more tolerant than the others.

These results demonstrate in a fruit that B. invadens
is not more cold tolerant than C. capitata at �1�C and
lend support to the use of C. capitata cold treatment
schedules for B. invadens. Furthermore, given the
higher mortality rate of B. invadens (demonstrated by
the statistically signiÞcant greater slope in Table 2), it
may be possible to develop shorter cold treatments
than those used forC. capitata.However, in large scale
testing at 1.1�C, Grout et al. (2011a) found one sur-
vivor (moving larva 1 d after termination of cold treat-
ment) of 22,449 tested at 13 d, indicating that the 1.1�C
treatment schedule of 14 d for C. capitata cannot be

Table 1. Third instars of three tephritid species not moving 1 d after being subjected to 0.94°C for 5–10 d in oranges

Dose
(days)

Tephritid

C. capitata B. invadens B. zonata

No.
treated

No. not
moving

% not
moving

No.
treated

No. not
moving

% not
moving

No.
treated

No. not
moving

% not
moving

5 50 37 74.0 346 259 74.9 135 85 63.0
6 114 99 86.8 299 285 95.3 119 96 80.7
7 239 211 88.3 912 909 99.67 574 540 94.1
8 309 308 99.68 994 993 99.90 2,698 2,665 98.8
9 254 253 99.61 475 475 100 430 427 99.30
10 Ñ Ñ Ñ Ñ Ñ Ñ 266 263 98.9

Table 2. Slope and dose (days in cold storage) estimates for mortality from probit models for three tephritids subjected to 0.94°C
for 5–10 d in oranges

Tephritid Slopea
Estimated days to achieve % mortality (95% CI)

95% 99% 99.9968%b

B. invadens 0.743 � 0.16a 6.0 (5.8Ð6.2) 6.7 (6.5Ð7.0) 8.5 (8.0Ð9.0)
B. zonata 0.631 � 0.10b 7.1 (5.8Ð8.4) 8.3 (7.4Ð12.2) 11.2 (9.3Ð23.6)
C. capitata 0.628 � 0.11b 7.3 (6.0Ð20.0) 8.6 (7.4Ð50.3) 11.8 (9.2Ð126.1)

aMean slopes followed by the same letter indicate no signiÞcant difference (P � 0.05).
b Probit 9.
Common intercept � �2.872 � 0.682.
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lowered for B. invadens. Cool-down time during that
test required 3 d; it is possible that the slower cool-
down allowed for greater physiological acclimation
and possible increased cold tolerance compared with
the present test where cool-down was achieved in 1 d
(Heather and Hallman 2008). Ware et al. (2012) found
that �15 d was required to kill B. invadens in avocado
at 1.5�C. Treatment time required by Animal and Plant
health Inspection Service (APHIS) for C. capitata at
1.6�C is 16 d, further indicating that treatment times
shorter than those for C. capitatamay not be possible
for B. invadens. Again, cool-down times were 2Ð3 d in
Ware et al. (2012) as opposed to 1 d in the current
study. From this research it cannot be concluded that
B. zonata is not more cold tolerant than C. capitata.
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Table 3. Lethal dose ratio comparisons among third instars of
three species of tephritids infesting oranges subjected to 0.94°C

Species comparisons
Lethal dose ratio limitsa (95% CI) at

LD95 LD99 LD99.9968

C. capitata vs B. invadens 1.15Ð1.28* 1.21Ð1.44* 1.31Ð2.01*
C. capitata vs B. zonata 0.97Ð1.1 0.97Ð1.15 0.91Ð1.40
B. invadens vs B. zonata 0.81Ð0.87* 0.76Ð0.84* 0.62Ð0.78*

a Limits not including one are signiÞcantly different (95% CI).
An asterisk indicates signiÞcance.
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