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ABSTRACT As part of sterile insect technique (SIT) programs, irradiation can effectively induce
sterility in insects by damaging genomic DNA. However, irradiation also induces other off-target
side effects that reduce the quality and performance of sterilized males. Thus, treatments that reduce
off-target effects of irradiation on male performance while maintaining sterility can improve the
feasibility and economy of SIT programs. Exposure to ionizing radiation induces the formation of
damaging free radicals in biological systems that may reduce sterile male performance. Here, we test
whether exposure to an anoxic environment for 1 h before and during irradiation improves male
performance, while maintaining sterility in males of the cactus moth, Cactoblastis cactorum (Berg).
We show that exposure to 1 h of anoxia increases the mothÕs antioxidant capacity and that irradiation
in anoxia after 1 hof anoxic conditioningdecreases irradiation-inducedoxidative damage to themothÕs
lipids and proteins. Anoxia treatment that reduced oxidative damage after irradiation also produced
moths with greater ßight performance, mating success, and longevity, while maintaining F1 male
sterility at acceptable levels for SIT. We conclude that anoxia pretreatment followed by irradiation
in anoxia is an efÞcient way to improve the quality of irradiated moths and perhaps lower the number
of moths needed for release SIT moth operations.
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The sterile insect technique (SIT) is an environmen-
tally safe and powerful control tactic employed in
area-wide integrated pest management (AWÐIPM)
programs. By releasing sterile insects into an infested
area, populations can be reduced, infestations can be
controlled or eradicated, and economic damage can
be lowered or eliminated. SIT has been applied suc-
cessfully as part of someAW-IPMprograms for screw-
worms (Cochliomyia hominivorax Coquerel), Medi-
terranean fruit ßies (Ceratitis capitata Wiedemann),
melon ßy (Bactrocera cucurbitae Coquillett), other
tephritids ßies in the genus Anastrepha, pink boll-
worms (Pectinophora gossypiella Saunders), codling
moths (Cydia pomonella L.), and, more recently, the
cactus moth (Cactoblastis cactorum (Berg)), among
others (Hight et al. 2005, Klassen and Curtis 2005).
Ionizing radiation is effective at generating the dou-
ble-strand genomic DNA breaks that act as dominant
lethal mutations to induce sterility. Yet, sterile insects
often suffer from poor performance as a side effect of

irradiation. Many SIT programs attempt to compen-
sate for this loss of performance by releasing huge
numbers of sterile males, but this approach is eco-
nomically costly and SIT programs are not always able
to compensate for poor male quality by increasing the
number of males released (Calkins and Parker 2005).
The challenges of poor sterile male performance and
high costs have been particularly limiting for lepidop-
teran SIT programs compared with dipteran SIT pro-
grams because of requirements for more complex di-
ets, longer juvenile developmental periods, greater
susceptibility to parasites and pathogens, and more
careful handling because adults, not pupae, are irra-
diatedandshipped forÞeld releases(Bloemetal. 2005,
Simmons et al. 2010). Furthermore, lepidopterans are
among the most irradiation-resistant arthropods, per-
haps because of their holocentric chromosomal struc-
ture as well as other unknown physiological factors
(Bauer 1967, Carpenter et al. 2005). The doses of
irradiation needed to sterilize male moths are several
times higher than other insects, although females are
typically sterilized at much lower doses than males.
Thus, many lepidopteran SIT programs use target
doses that induce inherited sterility (i.e., F1 sterility)
in released males (North 1975, Bloem et al. 1999).
Even inducing F1 sterility in male lepidopterans re-
quires doses that are higher than typical for direct
sterility in many other insects, making off-target side
effects of irradiation on sterile male performance an
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even greater challenge for lepidopteran SIT programs
(Bloemet al. 2005, Simmons et al. 2010). Practices that
can improve the performance of sterile moths could
strongly impact the efÞcacy and economy of current
and future lepidopteran SIT programs.

The double-stranded chromosomal breaks neces-
sary for sterilization by irradiation can occur from
direct energy transfer to DNA and through secondary
DNA damage mediated by reactive oxygen species
(ROS) and other prooxidants (von Sonntag 1987).
Ionizing radiation generates ROS by splitting gaseous
oxygen and cellular water. ROSs like superoxide, hy-
drogen peroxide, and the hydroxyl radical attack lip-
ids, proteins, and DNA or RNA, inducing production
of additional prooxidants and oxidative damage that
are compounded as the organism ages (Harman 1956,
Hulbert et al. 2007). It is this secondary effect of
irradiation, off-target oxidative damage to the cell
soma that is thought to contribute most to poor sterile
male performance (Calkins and Parker 2005). Thus
treatments that reduceROS and somatic cellular dam-
age while maintaining sterility could improve sterile
male performance, and thus the efÞcacy and economy
of SIT. For several decades, SIT researchers have re-
peatedly shown that irradiating insects in low-oxygen
atmospheres typically improves the performance of
sterile males (Bakri et al. 2005). Irradiation in low-
oxygen atmospheres is used in several active dip-
teran SIT programs, like the large-scale production
facility for sterile medßies in Guatemala (Food and
Agriculture Organization/International Atomic En-
ergy Agency/U. S. Department of Agriculture
[FAO/IAEA/USDA] 2003), but to our knowledge
irradiation in low oxygen is not used in any current
lepidopteran SIT program.

It was long assumed that irradiation in low oxygen
improved sterile male performance by limiting oxida-
tive damage (Bakri et al. 2005). However, this hypoth-
esis had not been tested biochemically until we re-
cently showed that exposure to anoxic conditions
triggers the highly conserved hypoxiaÐreperfusion re-
sponse in the Caribbean fruit ßy, Anastrepha suspensa
(Loew), increasing the activity of antioxidant en-
zymes and other protective compounds (López-
Martṍnez and Hahn 2012). Combining this 1-h expo-
sure to anoxia with irradiation in anoxia substantially
reduced oxidative damage to proteins and lipids in
irradiated male Caribbean fruit ßies and improved
several metrics of performance including ßight and
mating competitiveness, while maintaining sterility
(López-Martṍnez and Hahn 2012). Exposure to a mild
stress can induce physiological changes that make
organismsmore resistant to subsequent stresses, a pro-
cess known as physiological conditioning hormesis
(Calabrese et al. 2007). In Caribbean fruit ßies, com-
bining a 1-h anoxic conditioning period that increases
antioxidants with irradiation in anoxia clearly reduced
oxidative damage and improved sterile male perfor-
mance. Thus, for lepidopteran SIT programs where
males must be exposed to much higher doses of irra-
diation than other insects to induce F1 sterility,

hormetic-conditioning treatments may have even
greater beneÞts for sterile male performance.

The cactus moth, C. cactorum, was introduced into
South Florida, in 1989; presumably from the Carib-
bean, where it was successfully used as a biological
control agent in the 1950s against invasive prickly pear
cacti (Opuntia sp.) following similar successes in
Australia (1920s), South Africa (1930s), and Hawaii
(1950s; Zimmermannet al. 2001). In�15yr, the cactus
moth has extended its range as far north as South
Carolina and as far west as the Alabama gulf coast.
More recently, cactus moth has been found in Loui-
siana, MS, and two Mexican islands east of Cancun. Its
spread along the gulf coast is of great concern because
the southwestern U.S. states and Mexico have a high
prevalence of Opuntia species, where they are grown
for food and pad production, nursery, and landscap-
ing, and they are a critical part of the overall cultural
and biological diversity of the region (Simonson et al.
2005). Current control for the cactusmoth involves an
area-wide approach centered around intensive mon-
itoring of cactus populations, both with pheromone-
lure traps and visual inspection, followed by removal
and destruction of infested host material and SIT to
prevent new infestations.

Here, we test the extent to which a 1-h anoxic
conditioning treatment followed by irradiation in an-
oxia can increase the mothÕs antioxidant defenses, re-
duce postirradiation oxidative damage, and improve
male performance, while maintaining acceptable lev-
els of F1 male sterility in the cactus moth. We show an
increase in total antioxidant capacity, a decrease in
lipid and protein damage, and a boost in overall po-
stirradiation performance when moths are exposed to
a 1-h hormetic treatment of anoxia followed by irra-
diation in nitrogen. Thus,we advocate the inclusion of
a 1-h hormetic exposure to nitrogen followed by ir-
radiation in anoxia to improve cactus moth perfor-
mance in SIT programs.

Materials and Methods

Animal Rearing. Cactus moths, C. cactorum (Lep-
idoptera: Pyralidae), used to assay ßight ability, sexual
performance, and longevity were collected from a
colony reared at the Florida Department of Agricul-
ture and Consumer Services (FDACS) in Gainesville,
FL as part of the federal cactus moth SIT program.
Because of a period of low availability of moths from
the FDACS colony, cactus moths for the sterility ex-
periment were collected from the parental colony
from which the FDACS colony was started at the U.S.
Department of AgricultureÐAgricultural Research
Service (USDAÐARS) Crop Protection and Manage-
ment Research Unit in Tifton, GA. Flight and mating
assays performedon the colony fromTifton,GA,were
consistent with those from the Gainesville, FL, colony
(data not shown). After eclosion, adults were trans-
ferred to a cold room (5�C) to lower activity and
prevent mating while being sorted into petri dishes
(100 by 15 mm). After irradiation, moths were trans-
ferred to standard 30 by 30 by 30 cm insect cages and
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kept in an incubator (Percival ScientiÞc, Perry, IA)
under long day conditions (a photoperiod of 14:10
(L:D) h) at 24�C and 80% relative humidity (RH).

Irradiation Treatments. Adult moths were irradi-
ated within 24 h of emergence using a Gammacell
Cs137 irradiator (GC45, Ottawa, ON, Canada) at the
Florida Accelerator Services and Technology facility
within the Division of Plant Industry of FDACS with
a dose rate of 8.948 Gy/min. Moths were kept in small
(60 by 15 mm) petri dishes, and these perforated
dishes were then placed in polypropylene bags and
inserted in a cylinder for irradiation. The bagged petri
dishes were surrounded on top and bottom with ice
packs to maintain the moths at a temperature range of
4Ð6�C. We used two atmospheric treatments in com-
bination with irradiation: normoxia (the presence of
oxygen) and anoxia (the absence of oxygen). Anoxia
was chosen as the atmosphericmanipulation expected
to improve performance because we have previously
shown it was an effective hormetic treatment that
blunts postirradiation oxidative damage and boost po-
stirradiation sexual performance in Caribbean fruit
ßies (López-Martṍnez and Hahn 2012). Anoxia is also
commonly used in tephritid SIT programs because it
improves ßy competitiveness (Ashraf et al. 1975,
Fisher 1997, Robinson 2005), but is not common in
lepidopteran SIT programs. In addition, nitrogen has
noeffect onmale fertility (Robinson1975), andanoxia
does not rescue irradiation-induced sterility (López-
Martṍnez and Hahn 2012). We used 200 Gy as the
target dose for male F1 sterility for all our experiments
because it is the target dose for SIT Þeld releases
(Carpenter et al. 2001), and inherited sterility (F1

sterility) dose (Tate et al. 2007). To conÞrm the irra-
diation dose delivered, we used Gafchromic HD-810
Þlm (International Specialty Products, Wayne, NJ)
and placed two dosimeters per petri dish (top and
bottom), and read them 24 h after irradiation. The
average dose received by the moths was 225 Gy and
did not fall below 215 Gy or exceed 228 Gy.

We initially tried different lengths of anoxia expo-
sure from 1 to 6 h when designing our hormetic treat-
ment, but cactus moths only had consistent 100% sur-
vival after an hour of anoxia and began to suffer
mortality in longer anoxic exposures. Thus, the anoxia-
conditioning treatment was performed by placing
groups of 50 moths in small petri dishes, perforated to
allow air ßow, and placing them in polypropylene
bags. The bags were then ßushed with nitrogen for 2
min, long enough to displace all the oxygen, and
sealed.A secondnitrogen-ßushedbagwas placedover
the Þrst bag and sealed to ensure anoxia. Moths were
kept in anoxia an hour before irradiation and were
reperfused with oxygen after irradiation was com-
pleted, a total anoxiaexposureof 1hand22min.Moths
in the normoxia treatments were placed in perforated
petri dishes that were sealed in polypropylene bags
that were thoroughly perforated to facilitate airßow.
The treatment groupswere normoxia andno radiation
(NxNr), normoxia and 200 Gy (Nx200, the current
standard treatment for cactus moth SIT), and anoxia
and 200 Gy (Ax200).

Organismal Performance. To evaluate whether our
anoxia treatment had hormetic beneÞts on organismal
performance and dispersal we studied ßight ability,
sexual performance, and longevity. We designed a
ßightability test toquantifymothßightonce theyhave
been gently tossed into the air, as is currently done in
cactus moth SIT releases, where moths are manually
shaken out of the petri dishes used for irradiation and
shipping. We recorded both the duration of ßight and
the total distance ßown. Moths were individually
placed in small petri dishes and manually released at
90 cm from the ßoor in the middle of a 67 by 30.5 m
room, in the same manner they would during an SIT
Þeld release. These experiments were conducted be-
tween 4 and 6 p.m., before dusk, as this corresponds to
the peak in ßight activity for unmated males (Sarvary
et al. 2008). Flight ability assays were performed using
three replicate groups of 15 virgin male moths per
treatment over 3 wk using different cohorts of moths
weekly. Data are presented as percent ßyers, percent
mothsßying�5 s, andaveragedistanceßownbetween
release and landing.

To evaluate the extent to which anoxia precondi-
tioning affects sexual performance, mating trials were
performed by placing one irradiated (normoxia or
anoxia) male moth and Þve untreated virgin females
in small 20 by 20 by 20 cm insect cages. After 24 h, the
Þrst groupof virgin femaleswas removedand replaced
witha secondgroupofvirgin females.All femaleswere
dissected and examined for the presence of spermato-
phores in their bursa copulatrix (Ferro and Akre 1975,
Marti and Carpenter 2009). Data are presented as the
average number of mated females per male moth over
the 48 h period.

In other systems, like mice that are commonly used
in longevity research (Harper et al. 2006), it has been
shown that the results of longevity testing can differ if
individuals are house solitarily or if kept in groups
where they can mate and interact. Thus, we assessed
longevity two different ways. First, we placed 150
treated males and 150 treated females together as a
larger group in a standard (30 by 30 by 30 cm) insect
cage so that they could ßy, interact, and mate. Three
replicatecageswereused foreach treatmentwithinan
experiment and the entire experiment was repeated
twice using different moth cohorts (n � 6 total cages
per treatment). Second, we tracked mortality in in-
dividuals that were kept separate from each other by
placing eachmoth individually into a 30-ml plastic cup
with a perforated lid. Each treatment had 90 replicate
individual cups per treatment and the experiment was
repeated twice (n � 90 cups per treatment). The
solitary longevity trial was used to evaluate whether
the hormetic treatment had a lifespan extending ben-
eÞt in the absence of mating and interaction with
other individuals. Both cages and cups were kept in an
incubator under long day conditions (a photoperiod
of 14:10 (L:D) h) at 24�C and 80% RH. Dead moths
were counted, sexed, and removed daily.

Sterility. We tracked fecundity (number of eggs)
and fertility (number of hatching eggs) to determine
theeffectsof theanoxiapretreatmentonmoth sterility
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of both sexes. Cactoblastis pupae were individually
isolated in small 30-ml plastic cups to ensure virginity
after adult emergence. Virgin males were either un-
treated or irradiated at 200 Gy in normoxia or with
anoxic-conditioning. Male sterility was determined by
placing Þve treated (NxNr, Nx200, or Ax200) virgin
males and Þve untreated virgin females in cages made
from 2-liter plastic buckets with screened panels for
ventilation. Ten replicate cages were used for each
treatment and egg sticks were collected daily for up to
seven days, after which no further laying occurred.
Egg sticks were reared on artiÞcial media in the same
facility as the parental generation was reared at the
USDAÐARS Crop Protection and Management Re-
searchUnit in Tifton,GA(Marti andCarpenter 2008).
The surviving pupae were brought back to the Uni-
versity of Florida (Gainesville, FL) and allowed to
emerge once again in individual cups. F1 males were
mated with untreated females and F2 eggs were col-
lected (as described above) and monitored for hatch-
ing. Eleven cages containing 5 F1 males and 5 un-
treated females were set for the NxNr and Ax200
treatments. F1 adult emergence was so low for the
Nx200 group (a consequence of irradiation) that only
4 cages could be set and two of those only had one F1

male each. Female sterility was determined directly
on the parental generation by pairing Þve treated
virgin females (N�Nr, N�200, or A�200) and Þve
untreated virgin males in a cage and collecting eggs
daily for up to 7 d. Those eggs were counted and
monitored forhatching.Data arepresented asnumber
of eggs laid, egg sticks laid, and percentage of egg
hatch for F1 (male and female) and F2 generations
(male).

Total Antioxidant Capacity. To assess whether our
1-h anoxic-conditioning treatment increased antioxi-
dant capacity, moths were snap frozen in liquid ni-
trogen immediately after anoxia, and stored at �70�C
until biochemical analysis. The ABTS radical cation
decolorization assay was used to estimate total anti-
oxidant capacity by quantifying trolox-equivalent an-
tioxidant capacity (Re et al. 1999). Three pools of
threemalemoths each (�150mg)per treatmentwere
homogenized in phosphate buffered saline using
2-mm zirconia beads (Biospec Products Inc., Bartles-
ville,OK) in aFast Prep120beadhomogenizer (Qbio-
gene Inc., Carlsbad, CA). Protein content was quan-
tiÞed with a NanoDrop 1000 (Thermo ScientiÞc,
Wilmington, DE) and the samples were diluted to a
concentration of 2 mg of protein per milliliter. Ho-
mogenates were then mixed with a solution of 7 mM
ABTS (2, 2	-Azino-bis-(3-ethylbenzothiazoline-6-sul-
fonic acid)) and 2.45 mM potassium persulfate (Sigma-
Aldrich, St. Louis, MO) that had been incubated at
25�C in the dark overnight. The absorbance of reac-
tions was read at 734 nm 10 min after addition of the
ABTS solution to the samples and quantiÞed using a
Trolox standard curve. Data are expressed as Trolox
equivalents per mg of soluble protein.

Oxidative Damage. To test whether anoxic-condi-
tioning followed by irradiation in anoxia decreased
oxidative damage to cactus moths, we quantiÞed lipid

peroxidation and protein carbonylation 1, 3, and 5 d
after irradiation. A modiÞed version (López-Martṍnez
and Hahn 2012) of the thiobarbituric acid reactive
substances test (TBARS; Uchiyama and Mihara 1978)
was used to quantify lipid peroxidation damage. Three
pools of three male moths each (�150 mg) were
homogenized in radioimmunoprecipitation assay buf-
ferbuffer containingethylenediaminetetraacetic acid,
asdescribedabove(Fisher,FairLawn,NJ).Half of the
homogenates were used for malondialdehyde (MDA)
determination and the other half for protein quanti-
Þcation to standardize the samples by milligram of
soluble protein. The samples were Þrst treated with
trichloroacetic acid to precipitate out the proteins,
thencombinedwith a thiobarbituric acid solution, and
heated at 95�C for 1 h. Samples were then cooled to
room temperature and centrifuged (2,200 g for 5 min
at 25�C) before being dispensed into a 96-well plate.
The plate was read at 532 nm and MDA quantiÞcation
was done using a MDA standard curve. The data are
presented as micro molar of MDA per mg of soluble
protein.

Protein carbonyls, oxidative damage to proteins,
were determined using the DNPH (2,4-dinitrophe-
nylhydrazine) method (Levine et al. 1990). Homog-
enization was done, as described above, in a 5% sul-
fosalicylic acid solution and sampleswere then treated
with DNPH or HCl. After incubation, a solution of
trichloroacetic acid was added, followed by repeated
washes in a 1:1 ethanol:ethyl acetate solution. The
resulting protein pellet was eluted in 6 M guanidine
hydrochloride and read at 370 nm against sample
blanks processed in HCl. Protein was quantiÞed using
ultraviolet spectroscopyusingabovine serumalbumin
standard curve. Data are presented as nanomoles per
milligram of soluble protein.

Statistical Analyses. All experiments were repeated
across two different cohorts of moths including bio-
logical replication within each cohort. Longevity data
were analyzed using a proportional hazards model
with oxygen treatment (normoxia vs. anoxia), irradi-
ation dose (0 vs. 200), sex (male vs. female), and their
interactions as variables. Flight ability, duration of
ßight, average distance ßown, male sexual perfor-
mance (% females mated in 48 h), hatching, pupation,
emergence, time to hatch, time to death under stress,
total antioxidant capacity, TBARS, and protein car-
bonyls were analyzed using two-way analyses of vari-
ance (ANOVAs) followed by TukeyÕs honest signiÞ-
cant difference tests.

Results

Organismal Performance. Four days after the an-
oxia treatment, male survival was not different be-
tween the normoxia (�94%) and anoxia (�92%)
moths, in the absence of irradiation (�2 � 0.0334, P �
0.885; data not shown). Thus, 1 h of anoxia is a treat-
ment that does not have deleterious effects on moth
longevity in the absence of irradiation. Anoxia had a
signiÞcant positive effect onpostirradiation ßight abil-
ity (F2, 15 � 7.8257; pmodel � 0.0047; Fig. 1A), even
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though irradiation itself did not decrease ßight pro-
pensity in the normoxia irradiated group compared
with unirradiated controls. All anoxia-irradiated male
moths were able to ßy, whereas only �88% of nor-
moxia irradiatedßew.The time thatmoths spentßying
was recorded if they ßew for �5 s. Even though more
of the anoxia-conditioned and irradiated moth ßew
than normoxia-irradiated moths, there was no signif-
icant different between the treatments in the time
spent ßying (F2,15 � 1.5435; pmodel � 0.2457; Fig. 1B).
However, the average distance ßown between release
and landingwas farther for theanoxia irradiatedmoths
(F2, 177 � 4.9743; pmodel � 0.0079; Fig. 1C). These data
suggests that the anoxia-conditioned and irradiated
males are both more likely to ßy and that they ßy
farther.

There was no difference in the number of females
that males were able to successfully mate in the Þrst
24 h of our mating trials between the normoxia-irra-
diated and anoxia-conditioned and irradiated moths,
although some anoxia-conditioned and irradiated
moths were able to mate twice in the Þrst 24 h period
(data not shown). Therefore, we extended the dura-
tion of the mating trial to 48 h using a second group of
virgin females, given that Cactoblastis males will mate
multiple times if presented daily virgin females

(McLean et al. 2007). We then saw a clear effect of
anoxia on mating performance of irradiated moths in
the48-h timespan(F1, 16 �9.9412;pmodel �0.0062;Fig.
1D).Most of the normoxia-irradiatedmothswere able
to mate once in a 48-h period and only one individual
was able to mate twice. In contrast, the majority of the
anoxia-conditioned and irradiated individuals mated
and over half of them mated twice in 2 d. There were
also anoxia-irradiated individuals thatmated three and
four times in the same 48-h period, but none of the
normoxia irradiated mated more than twice.

Whenmothswere assayed as groups in cageswhere
they could interact and ßy, anoxia and irradiation
increased longevity in males (�2 � 428.4581; pmodel �
0.0001, poxygen � 0.377, pradiation � 0.0001, psex �
0.0001, poxygen � sex � 0.0001, pradiation � sex � 0.0001).
The male mortality hazard rate was affected by both
irradiation and anoxia (�2 � 40.3188; pmodel � 0.0001,
poxygen � 0.0001,pradiation � 0.0001,poxygen � radiation �
0.1182; Fig. 2A), but female mortality hazard rate was
onlydecreasedby irradiation, andanoxiahadnoeffect
(�2 � 146.9354; pmodel � 0.0001, poxygen � 0.2077,
pradiation � 0.0001, poxygen � radiation � 0.0896; Fig. 2C).
While the maximum lifespan did not differ between
anoxia-conditioned and irradiated male moths and
their normoxia-irradiated counterparts; the slope of

Fig. 1. (A) Male cactus moth, C. cactorum, ßight ability was increased in the anoxia-irradiated treatment. (B) This
increased performance associated with anoxia did not lead to moths that ßew for a longer period of time but (C) it did lead
to a signiÞcant increase in the average distance traveled between release and landing. (D) A strong increase in the percent
of males that mated multiple times in consequent nights was also a beneÞt of irradiation in anoxia.
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the hazard mortality rate was shallower in anoxic-
conditioned and irradiated moths leading to a greater
median age of survivorship. This higher median age of
survivorship Þrst became evident the day after irra-
diation. The normoxia-irradiated grouphad the fastest
decline in survivorship, but their decline was not sig-
niÞcantly different from nonirradiated moths (�2 �
0.2681; P � 0.6046). When moths were kept individ-
ually in small cups, thereby eliminating ßight, mating,
and other interactions, longevity was not extended by
anoxia-conditioning and irradiation. Across solitary
individuals, there was no difference in male survivor-
ship in the irradiated groups, but the nonirradiated
moths had higher survivorship than those that had been
irradiated(�2 �6.9953;pmodel �0.0303,poxygen �0.9172,
pradiation � 0.0262; Fig. 2B).

Anoxia had no effect on female survivorship in the
group (�2 � 0.6524; P � 0.4193; Fig. 2C) or solitary
longevity experiments (�2 � 1.2614; P � 0.2614; Fig.
2D). The longevity effects of radiation were more
pronounced in females where irradiated females lived
longer than nonirradiated ones in the interactive cage
trial (�2 � 98.9059; P � 0.0001; Fig. 2C), but in the
solitary trial nonirradiated females had higher survi-
vorship (�2 � 11.5192; pmodel � 0.0032, poxygen �
0.2745, pradiation � 0.0232; Fig. 2D). Similarly anoxia
had no effect on longevity of unirradiated female
moths (�2 � 0.4796; P � 0.4886; data no shown).

Sterility. There was no effect of male treatment on
the fecundity of untreated female moths. SpeciÞcally,
regardlessofwhatmaleanuntreatedvirgin femalewas

mated with, there was no difference in the number of
eggs laid (F2, 27 � 1.7525; pmodel � 0.1925; Fig. 3A), egg
sticks laid (F2, 27 � 0.3857; pmodel � 0.6837; Fig. 3B),
eggsper egg stick (F2, 27 � 0.5231;pmodel � 0.5985; data
not shown), or laying days (F2, 27 � 0.1324; pmodel �
0.8766; Fig. 3C). In contrast to fecundity, the fertility
of females was reduced substantially by mating with
irradiated males and this effect was partially rescued
in anoxia irradiated males (F2, 27 � 67.8871; pmodel �
0.0001; Fig. 3D).

When treated females were mated with untreated
males, female fecundity was negatively impacted by
irradiation and rescued by anoxia-conditioning and
irradiation. SpeciÞcally, irradiated females laid fewer
eggs than unirradiated females, with the anoxia-con-
ditioned females laying an intermediate number of
eggs (F2, 12 � 6.9007; pmodel � 0.0101; Fig. 4A). A more
pronounced pattern was observed in the number of
egg sticks laid (F2, 12 �5.7573;pmodel �0.0177;Fig. 4B)
and thenumberofdays that themated female laideggs
(F2, 12 � 12.4; pmodel � 0.0012; Fig. 4C), where anoxia
conditioning rescued the decline in egg production
with age observed in the irradiated females. Despite
these clear differences, there was no difference in the
number of eggs contained in each egg stick across
treatments (F2, 12 � 0.3471; pmodel � 0.7136; data not
shown), suggesting that thenumber of layingdayswas
the important factor for treated female fecundity.
Treated female fertility was strongly impacted by ir-
radiation, and anoxia did not substantially rescue this
effect (F2, 12 � 531.0318; pmodel � 0.0001; Fig. 4D).

Fig. 2. Anoxia had a strong effect on the longevity of irradiated male C. cactorum moths (A), but this effect was only
present when moth were actively interacting and mating. Solitary moth longevity trials (B) revealed that anoxia has no
survivorship beneÞts in the absence of moth-moth interaction. Anoxia had no beneÞt on longevity in female C. cactorum
moths, but irradiation did in the interactive trial (C). Similarly to males, when females were conÞned individually there was
no effect of anoxia on survivorship. (D). (Online Þgure in color.)
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F1 male sterility is the target for most lepidopteran
SIT programs. After hatching of the F1 larvae, from
treated males and untreated females, the treatments
experienced by the male parent continued to affect
offspring development. Irradiation had a strong neg-
ative effect on the number of F1 immatures that were
able to pupate successfully (F2, 27 � 136.6372; pmodel �
0.0001; Fig. 5A), with 63% of control larvae pupating,
while 11 and 32% of the irradiated and anoxia-condi-
tioned and irradiated larvae, respectively, pupated.
Similarly F1 adult emergencewas negatively impacted
by irradiation, but a small rescue by anoxic-condi-
tioned and irradiation occurred (F2, 27 � 141.4561;
pmodel � 0.0001; Fig. 5B). Finally, among the F1 adults
that emerged, F1 inherited sterility was preserved in
the irradiated (0% hatching) and anoxia-irradiated
(3.63%hatching) treatments,while thenormoxia
no
radiation controls had 95%hatching (F2, 23 � 1333.177;
pmodel � 0.0001; Fig. 5C). Although we did not track
the few F2 eggs that hatched from anoxia-conditioned
irradiated males through development, it took longer
for the anoxia-conditioned and irradiated F2 eggs to
hatch than the F2 eggs from nonirradiated control
males (F1, 18 � 91.1845; pmodel � 0.0001; data not
shown). Once hatched, the F2 larvae from anoxia-
conditioned and irradiated males died faster than the
F2 larvae from unirradiated control males, in the ab-

sence of food and water (F1, 18 � 9.8785; pmodel �
0.0056; data not shown).

Total Antioxidant Capacity and Oxidative Damage

An hour-long conditioning treatment of anoxia led
to a 20% increase in antioxidant capacity inbothpupae
(data not shown) and 1-d-old adult males (F1,8 �
8.4109; pmodel � 0.0199; Fig. 6A), the typical stage for
irradiation in lepidopteran SITprograms. This increase
in antioxidant defenses was correlated with the im-
proved performance metrics previously mentioned and
with a decrease in oxidative damage to lipids and pro-
teins. Lipid peroxidation was not different between ir-
radiated groups on the day of treatment (F2, 6 � 3.2307;
pmodel � 0.1257, ptreat � 0.0636, pradiation � 0.8133; Fig.
6B). However, by the third day after irradiation, anoxia-
conditioned and irradiated moths had lower oxidative
damage to lipids thannormoxia-irradiatedmoths(F2, 6 �
24.7716; pmodel � 0.0025, ptreat � 0.0072, pradiation �
0.0009); a trend that was still evident 5 d after treat-
ment (F2, 6 � 20.6261; pmodel � 0.0020, ptreat � 0.0058,
pradiation � 0.0007). Protein carbonyls, our measure of
oxidative damage to proteins, were lower in anoxia-
conditioned and irradiated moths 5 d after treatment
than in thenormoxia-irradiatedmoths (F2, 6 � 18.6667;

Fig. 3. Male anoxia conditioning had no effect on the number of eggs (A) or egg sticks (B) laid by C. cactorum moths.
Irradiation and anoxia had no effect on the number of laying days when the male was treated (C), but irradiation signiÞcantly
reduced the number of F1 eggs hatching and anoxia had a partial rescue effect (D).
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pmodel � 0.0027, ptreat � 0.0071, pradiation � 0.001; Fig.
6C).

Discussion

An important goal for improving organismal per-
formance in a SIT context is designing treatments that
can counteract the negative effects of irradiation on
organismal performance while preserving sterility at
adequate levels for population control. Many SIT pro-
grams aim for �99% male sterility, but doses of irra-
diation needed to ensure such high levels of sterility
often produce poor quality insects with respect to
critical performance metrics, such as dispersal and
mating competitiveness (Calkins and Parker 2005,
Rull et al. 2011). Several modeling studies have sug-
gested that if male dispersal and mating performance
are good, pest population suppression can be effective
with residual fertility rates as high as 10% (Barclay
2005, Parker and Mehta 2007, Rull et al. 2011). Con-
cordant with these modeling results, Þeld trials with
the codling moth have empirically shown that SIT
programs can be effective even with relatively high
residual inherited male fertility (�90% inherited F1

sterility) if male performance is high (Bloem et al.
1999, 2005). Because the efÞcacy of SIT hinges on a

combination of both sterility and the ability of re-
leased sterile insects to effectively mate with wild
insects, several authors have advocated lower doses of
irradiation that may not induce complete sterility yet
maintain insect quality and performance (Calkins and
Parker 2005; Rull et al. 2007, 2011; Collins et al. 2009).

Biochemically, it would be advantageous to lower
the production of ROS that damage RNA, lipid, and
proteins, while maintaining high-levels of double-
strand nuclear DNA damage. Treatments must also be
simple to apply, and easily and reliably worked into
the irradiation routine. Currently, several tephritid
fruit ßy facilities use hypoxia before or during irradi-
ation (Bakri et al. 2005, Calkins and Parker 2005), and
this treatment has shown improvements in organismal
performance (i.e., mating and longevity) in medßies
(Hooper 1971, Zumreoglu et al. 1979). We previously
showed that a 1 h pretreatment and irradiation in
anoxia improved organismal performance in Carib-
bean fruit ßies and the combination (pretreatment
and irradiation in anoxia) had higher beneÞts than the
pretreatment alone (López-Martṍnez and Hahn
2012). By extending thatwork into a lepidopteranpest
that requires higher irradiation doses, and is irradiated
at a different life stage, we Þnd that anoxia-condition-
ingbefore andduring irradiation increases antioxidant

Fig. 4. Anoxia-conditioned C. cactorum females experienced rescued fecundity of eggs (A) and egg sticks laid (B), and
this effect was closely associated with the number of laying days (C). However, anoxia did not signiÞcantly rescue fertility
(D).
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capacity and decreases postirradiation oxidative dam-
age to lipids and proteins. This lower damage is asso-
ciated with improved ßight ability and male mating
success. Furthermore, anoxia-conditioned and irradi-

ated male moths live longer, while preserving inher-
ited (F1) sterility at levels that are acceptable for
operational SIT programs (�3.6% F1 male fertility;
Carpenter et al. 2005).

Fig. 5. Offspring of irradiated C. cactorum males had reduced pupation (A), and adult emergence (B); both effects were
partially rescued by anoxia. Inherent sterility (F1 sterility) was not signiÞcantly rescued by anoxia conditioning (C).
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Anoxia- or hypoxia-based hormetic improvements
to organismal performance are not novel and have
been used in SIT since the 1970s (Calkins and Parker
2005). However, a mechanistic explanation that iden-
tiÞed key players in this hormetic process was not
published until recently (López-Martṍnez and Hahn
2012). Hormesis has received much attention outside
of SIT in a range of applications from toxicology to
human aging (Le Bourg 2005, Calabrese et al. 2007).
However, in an SIT context simple, hormetic environ-
mental manipulations have much potential for im-
proving current control approaches. A moth that is
more likely to ßy, that ßies further, lives longer, and
mates more readily could drastically improve control
efÞcacy. Improvement to SIT efÞcacy has the poten-
tial to reduce program costs by reducing the number

of insects required for releases and potentially reduc-
ing the number of releases needed for a particular
AWÐIPM control program. This means that a simple
pretreatment altering the atmosphere that insects are
exposed to just before and during irradiation can
lower the cost of SIT without affecting efÞcacy be-
cause F1 sterility is preserved at a very high level
(�96%).

The organismal performance tests we used were
speciÞcally chosen anddesignedwith SIT applications
in mind. Our ßight propensity assay simulates the
manner that moths are released into the Þeld as they
are shaken right out of the petri dish in which they
were irradiated. The mothsÕ propensity to take ßight
at this release is crucial for them to Þnd safe harborage
from predators and harsh environmental conditions

Fig. 6. A) An hour of anoxia before irradiation had a signiÞcant increase in total antioxidant capacity, which led to a
reduction in lipid (B) and protein (C) oxidative damage several days after irradiation in male C. cactorum moths.
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until they can mate, and likely correlates with subse-
quent dispersal and activity patterns. In addition to
whether or not ßight is achieved, this ßight assay
allows us to quantify the length and duration of the
Þrst ßight, which is also a potentially important metric
of performance in the Þeld. Interestingly, moths that
were anoxic conditioned and irradiated have better
overall ßight performance than either normoxic-irra-
diatedmoths or controlmoths thatwerenot irradiated
or exposed to anoxia (Fig. 1). Although we hypothe-
sized that anoxic conditioning would improve the
performance of irradiated male moths beyond nor-
moxic-irradiatedmales, we did not expect anoxic-con-
ditioned and irradiated male moths to have greater
ßight performance than unirradiated, normoxic con-
trol moths. We repeated the ßight trials three times
with different cohorts of moths and anoxia-condi-
tioned and irradiated males had a greater ßight pro-
pensity than unirradiated, normoxic control males in
every trial; thus, this was a consistent pattern.
Hormetic conditioning, wherein animals receive a
mildly stressful treatment like a bout of anoxia, is
known to improveorganismal performance, longevity,
and Þtness in a variety of organisms from ßies and
worms to vertebrates (LeBourg 2005, Calabrese et al.
2007, Costantini et al. 2010). Our observation of
greater performance in the mildly stressed anoxic-
conditioned and irradiated males compared with
less-stressed normoxic-unirradiated controls is con-
cordant with this view of hormesis improving per-
formance and reinforces the need for further ex-
ploration of hormetic processes in applied pest
management tactics like SIT.

Testing for other performance metrics in SIT pro-
grams, like longevity, must also be done in a manner
that closelymimics the normal interactions the insects
will have. Longevity can be affected by many factors;
however, because cactus moth adults do not feed or
drink, activity and mating become the two most im-
portant factors driving longevity. In the group cage
longevity trial, where moths could interact with each
other and mate, anoxia-conditioned and irradiation
substantially decreasedmalemortality rates (Fig. 1A).
However, this positive effect of anoxia-conditioning
and irradiation disappears if we keep individuals sep-
arately, removing all moth-to-moth interactions and
mating, similar to observations that have beenmade in
other organisms. For example, Harper et al. (2006)
showed that the longevity-enhancing effects of an-
other hormetic treatment, caloric restriction stress,
was even more apparent when mice were housed
together so they could interact and mate than when
mice were held individually in isolation from each
other. From this comparison of methods, we infer that
the cost of competition, ßight, and mating must be
taken into account if organismal performance is going
to be improved by hormetic treatments. For both
males and females, survivorship was drastically af-
fected by whether the moths were interacting with
other moths or not.

The beneÞts of anoxia-conditioning and irradiation
are not restricted to the parental generation that re-

ceived the treatment, but are alsoevident in theF1 and
F2 generations, representing an interesting paternal
grandfather effect. Improved survival by offspring of
anoxia-treated and irradiated males in the F1 and F2

generations is likely due to reduced oxidative damage
to parental DNA. The holocentric structure of lepi-
dopteran chromosomes makes this group of insects
less susceptible to the deleterious effects of double-
stranded chromosomal breaks (Carpenter et al. 2005).
The double-stranded DNA breakages can have un-
predictablenegativeeffectsonoffspringperformance,
andwe suggest that the grandfather effectwe seehere
prevents some of the deleterious effects of DNA dam-
age. Our working hypothesis is that a decrease in
prooxidant production and oxidative damage in the
parental generation is associated with an improve-
ment of organismal performance, including increased
survivorship, ßight ability, and mating. Most compel-
ling is that the hormetic effect of anoxia continues to
be present during the long developmental period (85Ð
100 d) of F1 individuals. Anoxia-irradiated males had
signiÞcantly more F1 eggs hatch (�67%) than those
males irradiated in oxygen (�39%; Fig. 3D). During
development, the F1 offspring of the anoxia-condi-
tionedmalescontinued todisplay theprotectiveeffect
of hormesis by showing increased survival at each
subsequent lifecycle stage. Pupation for the F1 off-
spring of anoxia-conditioned males was three times
higher than the few F1 offspring of the normoxia-
irradiated males (Fig. 5A), and emergence in the F1

generation was four times higher in the anoxia-con-
ditioned and irradiated group compared with those F1

offspring of males irradiated without hormesis (Fig.
5B). None of the F2 individuals from grandparents
irradiated in normoxia hatched, representing 100%
inherent sterility. However, a few anoxia-conditioned
F2Õs were able to hatch, although rates of hatching
were low enough (�3.6%) that this slight cross-gen-
erational improvement in organismal performance in
anoxia-conditionedmoths is unlikely to jeopardize the
efÞcacy of cactus moth SIT.

By using a hormetic approach to boost antioxidant
defenses and lower postirradiation oxidative dam-
age to lipids and proteins, we were able to improve
organismal performance in the cactus moth, C. cac-
torum. Three important aspects of organismal per-
formance (ßight, longevity, and mating success)
were signiÞcantly improved in the anoxia-condi-
tioned and irradiated group without sacriÞcing ad-
equate F1 sterility. Anoxia-conditioning led to a
cross generational improvement in organismal per-
formance as the F1 generation had higher numbers
of immatures pupating and emerging than those
offspring of moths irradiated without conditioning.
Our data suggests that the use of physiological con-
ditioning hormesis treatments, like anoxia condi-
tioning, can signiÞcantly improve the efÞcacy of SIT
programs, and we are currently undertaking Þeld
release-recapture experiments with the cactus moth
to test this assertion.
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