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Simple Summary: Rearing of many hymenopteran egg parasitoids requires a reliable supply of
host eggs. The parasitoid Paratelenomus saccharalis can be reared on eggs produced from field
collected kudzu bug, Megacopta cribraria, however field-collected hosts obtained during reproductive
diapause do not readily produce eggs and must be reared under a long day-length photoperiod
to terminate diapause. In this study we found that an exogenous application of pyriproxyfen was
able to terminate diapause, leading to a significant increase in egg production. The eggs produced
by pyriproxyfen-treated M. cribraria were accepted by the egg parasitoid Paratelenomus saccharalis,
however parasitoid emergence was reduced when compared to eggs from untreated hosts. When
the effects of pyriproxyfen treatment on egg production and parasitoid emergence were evaluated
together, the net increase in parasitoid yield due to pyriproxyfen treatment was approximately
87%. This method has the potential to increase parasitoid yield and reduce production costs in egg
parasitoid rearing programs.

Abstract: The mass rearing of hymenopteran egg parasitoids requires an abundant supply of host
eggs. The onset of reproductive diapause and subsequent decline in egg production poses a challenge
for parasitoid rearing when using host colonies augmented by field-collected insects. We investigated
the application of pyriproxyfen, a juvenile hormone analog, to induce oviposition in diapausing
adult kudzu bugs, Megacopta cribraria (Fabricius) (Heteroptera: Plataspidae), and the use of eggs
produced by pyriproxyfen-treated kudzu bugs to rear the egg parasitoid, Paratelenomus saccharalis
(Dodd) (Hymenoptera: Scelionidae). The effects of pyriproxyfen and photoperiod treatments on host
mortality, egg production, and rates of parasitoid eclosion from the eggs were used to calculate the
parasitoid yield for the different treatment regimes. A combination of pyriproxyfen and a long-day
photoperiod increased the parasitoid yield by 87% compared to acetone and a long-day photoperiod.
The general applicability of JH-analog mediated egg production for parasitoid rearing is discussed.

Keywords: kudzu bug; diapause; juvenile hormone; biological control; egg parasitoid

1. Introduction

Hymenopteran egg parasitoids are frequently employed in biological control programs
against a variety of native and adventive pest species [1–5]. Recently, egg parasitoids
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have been the subject of investigation for the control of invasive heteropterans, including
Halyomorpha halys (Stål) (Pentatomidae), Bagrada hilaris (Burmeister) (Pentatomidae), and
Megacopta cribraria (Fabricius) (Plataspidae) [6–10]. A reliable supply of host eggs is required
for conducting research on egg parasitoids, while large quantities of host eggs are essential
for augmentative releases. The use of field collected insects as a source of host eggs is
not feasible on a year-round basis for many Heteroptera due to reproductive diapause,
as egg production is terminated during this period [11,12]. The most common means for
terminating diapause in a laboratory setting involves exposing field collected specimens
to an artificial long-day photoperiod; however, this approach has several drawbacks,
including not all species or individuals within a species respond to photoperiod alone
and that a significant lag time may occur before the artificial photoperiod can induce
oviposition.

Long-day photoperiods serve as the environmental cues to terminate diapause in many
Heteroptera, with the physiological response being the resumed production of juvenile
hormone (JH) [12,13]. As such, the long-day photoperiod requirement can be bypassed by
direct application of JH or JH analogs. The JH analog pyriproxyfen terminates diapause in
several species of Heteroptera, resulting in the rapid production of eggs from specimens
previously in diapause [14–16]. To our knowledge, the use of a JH-analog to produce host
eggs, which are then used to successfully rear egg parasitoids, has not been attempted.

The hymenopteran egg parasitoid Paratelenomus saccharalis (Dodd) (Scelionidae) is a
biological control agent of interest due to its known association with the invasive kudzu
bug, Megacopta cribraria (Fabricius) [17]. Megacopta cribraria was discovered near Atlanta,
Georgia in 2009 and has spread rapidly north to Maryland, south to Florida, and west to
Arkansas and Louisiana [18–20]. Megacopta cribraria is a pest of soybean in southeastern
U.S. but has a strong preference for kudzu vine, Pueraria montana Lour (Merr.) variety
lobata (Willd.) (Fabaceae), an invasive weed distributed widely in the region [21,22]. Yield
loss in soybeans can reach 60% under heavy infestation levels in the absence of control
measures [23]. Paratelenomus saccharalis was imported into the U.S. for evaluation under
quarantine but has since been found in the wild in Florida and other southeastern states
where M. cribraria is present [6,24]. In Japan the rate of parasitism of M. cribraria by P.
saccharalis has been observed to range from 22% to 45% [17]. In the southeastern United
States, rates of parasitism in soybean have been observed to be as high as 58% in organic
soybean and approximately 25% in conventional soybean, with parasitism rates increasing
during the season partially due to a decline in the overall abundance of eggs [25,26].

The mass rearing of P. saccharalis as a biological control agent of M. cribraria requires
a consistent and abundant supply of host eggs. Field-collected adults are often used to
augment colonies of M. cribraria because of their abundance and ease of collection; however,
it is difficult to rely on field-augmentation with M. cribraria when the overwintering adult
generation is transitioning into diapause. Diapause in M. cribraria is thought to be primarily
driven by photoperiod, with the population declining when reared under photoperiods
shorter than 12L:12D and egg production ceasing when the daylength was reduced to 8 h
or less [27]. As photoperiods below 12 h are present for much of the year reproductive
diapause can be a substantial obstacle when field collected specimens are used for host
egg production. In this study, we evaluated the application of pyriproxyfen to terminate
diapause in M. cribraria and increase egg production and determined if pyriproxyfen-
induced host eggs produce viable offspring. Finally, we estimated the parasitoid yield
resulting from pyriproxyfen treatments using a model that combines the treatment effects on
host fecundity and parasitoid eclosion in order to determine whether exogenous application
of pyriproxyfen can be utilized to significantly increase parasitoid production.

2. Materials and Methods
2.1. Megacopta cribraria Collection

Adult M. cribraria were collected from kudzu in Alachua County, Florida (29.8055◦ N,
82.5301◦ W) on two dates, 17 August 2017 and 26 September 2017. The day length at the
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time of collection was 13 h 9 min, and 11 h 59 min, during the August and September
collections, respectively. Average temperatures over the 14 days preceding collection were
27.03 ◦C (22.78–33.42 ◦C) in August and 25.18 ◦C (19.43–32.50 ◦C) in September (60 cm.
daily average, daily min.–daily max. measurements from the Florida Automated Weather
Network Station in Alachua, FL, USA). More than 1000 M. cribraria were collected with a
sweep net and held in 0.23 m3 plexiglass containers provisioned with kudzu vine cuttings
in an environmental chamber at 25 ◦C and 65% RH with a 10L:14D photoperiod for 24 h
before treatment. Twenty females from each collection date were dissected to determine
their reproductive status. Dissection was conducted by separating dorsal and ventral
halves of the abdomen and pulling out the ovaries under a dissection microscope. Water
was used to assist in flushing out the ovaries so that they could be examined. All dissected
females had regressed ovarioles without mature oocytes, indicating that they were in a
state of reproductive diapause [16,28].

2.2. Pyriproxyfen and Photoperiod Treatments

At 24 h following field collection, specimens were removed from the plexiglass con-
tainers and treated with pyriproxyfen (Chem Service, Westchester, PA, USA) dissolved
in >99.5% acetone (Sigma-Aldrich, St. Louis, MO, USA) to a concentration of 0.1% or
1.0% pyriproxyfen or treated with acetone alone. A 2 µL drop was applied to the ventral
abdomen of each male and female M. cribraria and allowed to evaporate. The treated insects
were placed in 1 L clear plastic containers with vented lids (Uline, Pleasant Prairie, WI,
USA). Each insect container contained 20 female and 10 male M. cribraria. Each container
had a piece of filter paper on the bottom, a 10.7 by 20.8 cm paper towel (Kimberly-Clark,
Irving, TX, USA) hung on the edge to provide an oviposition substrate, and 4 cuttings
(12–16 cm) of pigeon pea, Cajanus cajan (L.) (Fabaceae) for food. The cuttings were placed
in moist rockwool (Grodan, Roermond, The Netherlands) set inside a shallow plastic dish
and changed twice weekly.

Each insect was given one of the three chemical treatments and exposed to either of
two different photoperiod regimes, resulting in 6 unique treatment combinations (0.1%
pyriproxyfen + 16L:8D, 0.1% pyriproxyfen + 10L:14D, 1.0% pyriproxyfen + 16L:8D, 1.0%
pyriproxyfen + 10L:14D, acetone + 16L:8D, acetone + 10L:14D). The photoperiod was
controlled in two separate environmental chambers (25 ◦C 65% RH) set to either 16L:8D or
10L:14D and 12 insect containers (4 per chemical treatment) were placed into each chamber.
The resulting experimental design included 4 replicates of 30 M. cribraria (20F:10M) for
each of the 6 treatment combinations. The experiment was repeated separately for each
collection (August and September).

2.3. Megacopta cribraria Survival, Oviposition and Egg Viability

Each insect container was checked daily and all eggs and dead insects were removed.
Records were kept on the number and sex of dead insects, egg clutches, and eggs per
clutch for each experimental replicate. Survival of female M. cribraria during the study was
visualized via Kaplan–Meier survival curves for qualitative comparisons and estimates of
median survival time. The effect of collection month on survival time was analyzed via
an accelerated failure time (AFT) model using the Weibull distribution and the R function
‘survreg’ [29]. The effects of chemical treatment (acetone, 0.1% pyriproxyfen and 1.0%
pyriproxyfen) and photoperiod (short-day and long-day) were estimated separately for the
August and September studies via the same AFT survival analysis. Model estimates for
the treatment covariates in the August and September studies were transformed to hazard
ratios relative to the short-day + acetone treatment to assist with interpretation.

The influence of chemical treatment and photoperiod on egg production was estimated
using a negative binomial generalized linear model with the long-day + acetone treatment
set as the referent (intercept) group. The short-day + acetone treatments were not included
when modeling the September results as the repeating zero counts produced an error under
the negative binomial model due to under-dispersion. This error was corrected by using
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a hurdle model in which the process for generating the zero counts was modeled via a
binomial distribution, with the negative binomial distribution used to model the counts.
Estimates of egg production, and contrasts between August and September studies and
treatment levels, were conducted using estimated marginal means with Tukey’s adjustment
for multiple comparisons [30,31].

To evaluate egg eclosion, clutches less than 24 h old were placed in separate clear
37 cm3 plastic vials with a snap top lid (Uline, Pleasant Prairie, WI, USA) and held in a
growth chamber set at 25 ◦C and 65% RH with a 16L:10D photoperiod. Clutches were
selected for M. cribraria eclosion continuously throughout the 28-day study period based
on availability with a minimum of 10 clutches per treatment. The number of 1st instar M.
cribraria that emerged from each clutch was recorded.

2.4. Parasitism of Eggs from Treated Females of Megacopta cribraria

Paratelenomus saccharalis were sourced from a colony maintained in a growth cham-
ber (25 ◦C, 65% RH, 16L:8D), at the Florida Department of Agriculture and Consumer
Services, Division of Plant Industry in Gainesville, Florida. The colony was established
with parasitoids obtained from M. cribraria collected from the same kudzu patch as the M.
cribraria used in this study and was continually replenished with wild caught parasitoids.
To determine whether P. saccharalis could be reared on pyriproxyfen-induced eggs, clutches
of at least 15 eggs less than 24 h old were obtained for each treatment from the September
collection and fixed individually to a 1 cm by 4 cm piece of card-stock paper. An aspirator
was used to transfer 2–4 presumably mated P. saccharalis females into each vial containing
an M. cribraria egg card. A 1 cm2 piece of honey-soaked tissue paper was added to each vial
as a food source for the parasitoids. The vials were placed in a growth chamber maintained
at 25 ◦C, 65% RH, and a 16L:8D photoperiod. Parasitoid-exposed eggs were monitored for
at least 28 days and the sex and number of the emerged parasitoids or emerged M. cribraria
were recorded. Eggs with a darkened appearance may have been parasitized (Gardner
et al., 2013), and were examined under a dissection microscope for the presence of partially
developed or non-emerged parasitoids. Non-emerged parasitoids were used to determine
if parasitism had occurred and were not included in the analysis of parasitoid viability. A
total of 69 egg clutches were exposed to the parasitoids, with the number of replicates per
treatment varying based on the resulting fecundity of the treated females. As the acetone +
10L:14D treatment did not result in eggs, no parasitoid exposures were conducted for this
treatment.

Eclosion of M. cribraria from treated and control eggs was modeled via logistic regres-
sion with a binary outcome (viable/non-viable) assigned to each egg, with a weight term
assigned based on clutch size. Viability of P. saccharalis, recorded as percent emergence
from exposed eggs, was modeled using the same approach as used for viability of M.
cribraria, with percent viability recorded for the eggs in each clutch, and a weight term
assigned based on clutch size. Contrasts of model estimates of eclosion rates between treat-
ments were made using estimated marginal means with Tukey’s adjustment for multiple
comparisons.

2.5. Parasitoid Yield Estimates

The effect of treatment on parasitoid yield was estimated using a Monte-Carlo sim-
ulation. For each run of the simulation, a value for the number of eggs per replicate and
probability of parasitoid emergence was drawn from the probability distribution produced
by the modeled treatment response obtained previously. The product of these two values
is equivalent to the number of parasitoids produced from that simulation (i.e., parasitoid
yield). Simulations were repeated 2000 times for each treatment. The yield estimates for the
simulations of each treatment were compared via a generalized linear model to determine
treatment effects on parasitoid yield. Post-hoc tests to evaluate differences in parasitoid
yield between treatments were conducted using estimated marginal means with Tukey’s
adjustment for multiple comparisons.
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3. Results
3.1. Survival of Adult Megacopta cribraria

Survival of the M. cribraria females differed significantly between the August and
September collections (Weibull distributed AFT model: X2 = 139.34, df = 1, p < 0.0001).
Megacopta cribraria female survival declined more rapidly in the August collection (median
time to death: 17 days; 95% C.I.: 14–19 days) than in the September collection (median
time to death: 39 days; 95% C.I.: 39–40 days) (Figure 1). The probability of mortality for
female M. cribraria collected in August was approximately 2.72 times that of the September
collection as indicated by the converted hazard ratio for the August collection (95% CI:
2.32–3.21).

Insects 2022, 13, x FOR PEER REVIEW 5 of 14 
 

 

probability of parasitoid emergence was drawn from the probability distribution pro-
duced by the modeled treatment response obtained previously. The product of these two 
values is equivalent to the number of parasitoids produced from that simulation (i.e., par-
asitoid yield). Simulations were repeated 2000 times for each treatment. The yield esti-
mates for the simulations of each treatment were compared via a generalized linear model 
to determine treatment effects on parasitoid yield. Post-hoc tests to evaluate differences 
in parasitoid yield between treatments were conducted using estimated marginal means 
with Tukey’s adjustment for multiple comparisons. 

3. Results 
3.1. Survival of Adult Megacopta cribraria 

Survival of the M. cribraria females differed significantly between the August and 
September collections (Weibull distributed AFT model: X2 = 139.34, df = 1, p < 0.0001). 
Megacopta cribraria female survival declined more rapidly in the August collection (me-
dian time to death: 17 days; 95% C.I.: 14–19 days) than in the September collection (median 
time to death: 39 days; 95% C.I.: 39–40 days) (Figure 1). The probability of mortality for 
female M. cribraria collected in August was approximately 2.72 times that of the September 
collection as indicated by the converted hazard ratio for the August collection (95% CI: 
2.32–3.21). 

 
Figure 1. Survival curve showing differences in the instantaneous survival probability between the 
August (blue) and September (red) collections. Shaded areas represent 95% confidence intervals. 
Day zero represents the application of chemical treatments. 

When the August collection was analyzed separately, Kaplan–Meier survival curves 
for female M. cribraria failed to significantly diverge between treatments, likely because 
population-wide background mortality occurred before the mortality effects associated 
with the treatments (Figure 2). The Weibull distributed AFT model fit was significant (X2 
= 29.98, df = 3, p < 0.0001). The 1.0% pyriproxyfen treatment had a significant negative 
effect on survival; however, the coefficients for the 0.1% treatment and long-day treatment 
were not significant predictors of mortality in the August collection (Table 1). The proba-
bility of mortality was 1.9 times higher for the 1.0% pyriproxyfen treatments than the 
short-day + acetone treatment (Hazard ratio: 1.90, 95% CI: 1.45–2.49). Hazard ratios for the 

Figure 1. Survival curve showing differences in the instantaneous survival probability between the
August (blue) and September (red) collections. Shaded areas represent 95% confidence intervals. Day
zero represents the application of chemical treatments.

When the August collection was analyzed separately, Kaplan–Meier survival curves
for female M. cribraria failed to significantly diverge between treatments, likely because
population-wide background mortality occurred before the mortality effects associated with
the treatments (Figure 2). The Weibull distributed AFT model fit was significant (X2 = 29.98,
df = 3, p < 0.0001). The 1.0% pyriproxyfen treatment had a significant negative effect on
survival; however, the coefficients for the 0.1% treatment and long-day treatment were not
significant predictors of mortality in the August collection (Table 1). The probability of
mortality was 1.9 times higher for the 1.0% pyriproxyfen treatments than the short-day
+ acetone treatment (Hazard ratio: 1.90, 95% CI: 1.45–2.49). Hazard ratios for the 0.1%
pyriproxyfen treatment and long-day photoperiod did not differ significantly from 1.
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Figure 2. Survival curve for the August collection showing differences in the instantaneous survival
probability between the acetone (red solid line), 1.0% pyriproxyfen (blue dashed line), and 0.1%
pyriproxyfen (green dotted line) treatments, separated by photoperiod treatment. Shaded areas
represent 95% confidence intervals.

Table 1. Regression coefficients and predictors from the AFT survival model. Survival of Megacopta
cribraria decreased significantly due to 1.0% pyriproxyfen and long-day treatments in the August
experiment and by all treatments in the September experiment. The model intercept represents the
long-day + acetone treatment, which serves as the referent group.

Collection Factor Coefficient SE Z p

August Intercept 3.375 0.099 33.92 <0.0001
1.0% pyr. −0.546 0.117 −4.68 <0.0001
0.1% pyr. −0.045 0.123 −0.37 0.7130
Long-day 0.154 0.096 −1.61 0.1072
Log(scale) −0.1620 0.049 −3.33 <0.0001

September Intercept 4.307 0.050 86.07 <0.0001
1.0% pyr. −0.621 0.059 −10.48 <0.0001
0.1% pyr. −0.226 0.059 −3.85 0.0001
Long-day −0.273 0.046 −5.92 <0.0001
Log(scale) −0.815 0.042 −19.35 <0.0001

Differences in M. cribraria mortality between treatments were apparent in the Septem-
ber collection, with survival curves diverging after approximately 20 days (Figure 3). The
Weibull distributed AFT model fit was significant (X2 = 162.6, df = 3, p < 0.0001). All
treatment covariates were significant and had a negative effect on survival, with the 1.0%
pyriproxyfen treatment having the strongest effect (Table 1). The hazard ratio for the
1.0% pyriproxyfen treatment was 4.06 (95% CI: 3.12–5.28), indicating that this treatment
increased the probability of mortality by a factor of 4.06 relative to the short-day + acetone
treatment. The hazard ratios for the 0.1% acetone treatment (1.67, 95% CI: 1.29–2.16) and
the long-day photoperiod (1.85, 95% CI: 1.51–2.28) were also demonstrative of an increase
in mortality and were of comparable strength.
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3.2. Egg Production and Eclosion of Megacopta cribraria and Paratelenomus saccharalis

Egg production differed significantly between females of M. cribraria collected in
August (462 eggs produced) and September (7101 eggs produced) (df = 1,38, F = 55.84,
p < 0.001). When egg production was standardized based on cumulative days of female
survival, the relative difference between the August (3554 female days lived) and September
females (15,780 female days lived) was reduced (0.13 vs. 0.45 eggs per female days lived
for the August and September studies, respectively). The lengthened photoperiod and
pyriproxyfen applications at 0.1% and 1.0% induced oogenesis and oviposition in females
from both the August and September collections, whereas the short-day + acetone treated
insects from both months did not produce eggs.

In the August collection, both photoperiod (F = 9.294, df = 1.20, p = 0.0063) and chemi-
cal treatment (F = 5.737, df = 2.20, p = 0.0107) were significant predictors of egg production.
All pyriproxyfen treatments resulted in significant increases in egg production, whereas
a short-day photoperiod was associated with a reduction in egg production (Table 2).
When the photoperiod was held constant 16L:8D or 10L:14D, the differences between egg
production in the 0.1% and 1.0% pyriproxyfen treatments were not significantly different
from each other and only the 1.0% pyriproxyfen treatments were significantly different
from the acetone treatments at their respective photoperiods (Figure 4). Variance between
replicates was high, likely due to the confounding effect of increased mortality in the
August collection.
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Table 2. Regression coefficients representing the influence of pyriproxyfen (pyr.) and photoperiod
treatments on egg production. Egg production by Megacopta cribraria was significantly greater due to
1.0% pyriproxyfen and long-day treatment compared with the 0.1% and short-day treatment in the
August experiment and was increased by all treatments in the September experiment. The model
intercept represents the long-day + acetone treatment, which serves as the referent group. Coefficients
and errors present on the log scale.

Collection Factor Coefficient SE Z p

August Intercept 1.619 0.599 2.70 0.0069
1.0% pyr. 2.782 0.738 3.77 0.0002
0.1% pyr. 2.045 0.741 2.76 0.0058
Short-day −1.921 0.588 −3.27 0.0011

September Intercept 5.172 0.107 48.20 <0.0001
1.0% pyr. 1.299 0.140 9.31 <0.0001
0.1% pyr. 0.841 0.140 6.01 <0.0001
Short-day −0.666 0.104 −6.396 <0.0001
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In the September collection both photoperiod (F = 25.18, df = 1.16, p = 0.0001) and
chemical treatment (F = 13.83, df = 2.16, p = 0.0003) were significant predictors of egg
production. All coefficients from the regression model were significant (Table 2). The model
intercept represents the long-day + acetone treatment, which averaged 176 eggs for the
20 female: 10 male replicates. The addition of 1.0% pyriproxyfen increased egg production
by a factor of 3.70 relative to the long-day + acetone treatment, while an increase of 2.32
was attributed to the 0.1% pyriproxyfen treatment. When the females were reared under
the short-day photoperiod, egg production was reduced by approximately 51% relative
to the long-day photoperiod. Differences in estimated egg production between treatment
combinations in the September collection followed a trend similar to that observed in the
August collection, however, within-treatment variance was reduced, and contrasts were
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more pronounced (Figure 5). Only the short-day + 0.1% pyriproxyfen treatment failed to
produce significantly more eggs than that of the long-day + acetone control.
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Eggs produced by pyriproxyfen treated M. cribraria had significantly lower M. cribraria
eclosion rates (<2.5%) when compared to eggs produced by the long-day-acetone treatment
(28.1%) (Table 3). Paratelenomus saccharalis were observed ovipositing in M. cribraria eggs
shortly after exposure. Emergence of P. saccharalis from exposed eggs was highest for the
eggs produced under long-day conditions and treated with acetone or 0.1% pyriproxyfen,
with 34.7% and 28.8% parasitoid emergence, respectively (Table 3). A shorter photoperiod
and higher dose of pyriproxyfen both resulted in significantly decreased parasitoid viability.

Table 3. Percentage of Megacopta cribraria eclosion and P. saccharalis emergence by treatment group
from the September collection.

Treatment Megacopta cribraria 1 Paratelenomus saccharalis

Chemical Photoperiod Eggs % Eclosion ± SE Eggs % Emergence ± SE

Acetone 10L:14D - - - -
Acetone 16L:8D 400 28.06 ± 1.91 a 128 34.69 ± 3.34 a
0.1% pyr. 10L:14D 183 0.54 ± 0.54 b 366 8.95 ± 1.42 c
0.1% pyr. 16L:8D 665 2.21 ± 0.56 b 321 28.82 ± 2.13 a
1.0% pyr. 10L:14D 177 0.00 ± 0.00 b 384 10.90 ± 1.50 c
1.0% pyr. 16L:8D 1065 1.48 ± 0.37 b 414 17.36 ± 1.69 b

1 80 females per chemical treatment and photoperiod. Estimates within the same column which share a common
letter are not significantly different (α = 0.05, estimated marginal means with Tukey’s method of adjustment for
multiple comparisons).

3.3. Parasitoid Yield

The combined treatment effects on host fecundity and parasitoid eclosion resulted
in the long-day + acetone treatment producing an average of 61.06 (95% CI: 38.01–90.20)
parasitoids per 20 host females in the simulation; whereas the long-day + 0.1% pyriproxyfen
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and long-day + 1.0% pyriproxyfen produced an average of 114.28 (95% CI: 73.57–164.04) and
113.74 (95% CI: 70.50–169.58) parasitoids per 20 host females, respectively. The resulting
gain in the long-day + pyriproxyfen treatments is an 86% to 87% increase in average
parasitoid production when compared to the long-day acetone treatment. Differences in
parasitoid yield between the 0.1% and 1.0% pyriproxyfen treatments were not significantly
different under long-day rearing conditions, while under short-day rearing conditions the
1.0% pyriproxyfen produced significantly more eggs than the 0.1% pyriproxyfen treatment
(Figure 6). Under short-day rearing conditions the addition of pyriproxyfen at either dose
was not sufficient to increase parasitoid yield beyond that of the long-day + acetone control.
The results of the simulated parasitoid yields, which combined the estimates for egg
production and parasitoid viability, suggest that the addition of exogenous pyriproxyfen
at either dose can provide a significant increase in parasitoid production when rearing is
conducted under a long-day photoperiod.
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Figure 6. Estimated parasitoid yield from bootstrap simulations (n = 2000) using model estimates of
egg production and parasitoid viability. The long-day photoperiod significantly increased parasitoid
yield over short-day treatments, while within the long-day photoperiod the pyriproxyfen treatments
produced similar parasitoid yields and yielded significantly more parasitoids than the acetone
treatment. Boxplots with the same letter are not significantly different (α = 0.05, estimated marginal
means with Tukey’s method of adjustment for multiple comparisons).

4. Discussion

This study demonstrated that treatment of M. cribraria with pyriproxyfen, in combi-
nation with a long-day photoperiod, can increase the availability of host eggs suitable for
mass rearing the egg parasitoid P. saccharalis. A long-day photoperiod, coupled with 0.1%
pyriproxyfen resulted in an 87% increase in parasitoid yield compared to manipulation
of photoperiod alone, whereas 1% pyriproxyfen resulted in a slightly lower increase in
parasitoid yield. In addition, while pyriproxyfen treatment induced oviposition in M.
cribraria, these eggs had significantly lower rates of eclosion when compared to M. cribraria
eggs from non-pyriproxyfen treated M. cribraria. The net benefit of pyriproxyfen treatment
was reduced when not used in combination with a long-day photoperiod, and our results
suggest that, while pyriproxyfen application can induce oviposition, it does not completely
replicate the effects achieved from photoperiod manipulation. Because mass production of
egg parasitoids requires simultaneous mass production of host eggs, the ability to increase
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egg production per host can significantly improve the efficiency of the parasitoid rearing
program.

Our study showed differences in survival time between specimens collected in August
and September. We suspect this may be a result of different generations of insects being
present in each collection. Specifically, the August collection may have included adults
from the non-overwintering generation whereas the September collection may have been
primarily comprised of overwintering adults. Megacopta cribraria is thought to have two
generations per year in the USA, and the period of overlap between these generations is
expected to occur during the autumn months, which aligns with our collection period [22].
Temperature differences between collection dates were minimal, and insects were reared
at 25 ◦C, which has been shown to be an optimal temperature for egg production [32].
Importantly, because the differences in longevity were seen across all treatments it is likely
that the cause for the difference in survival time was not related to treatments themselves.
Efforts were made to ensure the collection process was similar between collection months,
with the 24 h acclimation period intended to reduce the influence of stress resulting from
the collection process. However, it is possible that the collection, transport and handling
of field collected specimens may have contributed to some of the mortality observed in
the study.

This research provides an example of an alternative use for a JH analog, terminating
host diapause to increase host egg production and parasitoid yield. While juvenile hormone
analogs have primarily been used to control pests through disruption of the insect life
cycle, they also have been useful in manipulating insect behavior. Application of the JH
analog methoprene, for example, has increased silk production in Bombyx mori by at least
24% [33,34]. In the commercial production of baculovirus, the exogenous application of
a JH analog resulted in a 2.7 to 2.9-fold increase in baculovirus yield, largely due to the
supernumerary molt of the lepidopteran host [35]. In studies with H. halys, pyriproxyfen
was used to induce egg production, resulting in eggs with extremely low viability [16].
When these pyriproxyfen-induced eggs were presented to the parasitoid, Trissolcus japonicus
(Ashmead), they were readily accepted for oviposition, but no viable parasitoids were
produced. The present study showed that, in the case of P. saccharalis, eggs produced
by pyriproxyfen-treated M. cribraria are suitable for parasitoid development, although a
decline in parasitoid viability was observed.

In addition to host and parasitoid rearing, altering the photoperiod and applying JH
have potential applications for management of pests in the field. Artificial manipulation
of photoperiod as a means of diapause interference has been demonstrated as a potential
control method for the European corn borer Ostrinia nubilalis (Hübner) and codling moth
Cydia pomonella (L.) [36]. However, the use of JH analogs to interfere with diapause may
be easier to implement than manipulating photoperiods in field scenarios. The diapause-
terminating effect of pyriproxyfen could produce a significant reduction in overwintering
survival when a population in diapause is exposed to a sufficient dose. Our findings
indicated that interruption of diapause by JH negatively affects survival of the treated adult
M. cribraria. Another possibility is “prepping” a field for the release of an egg parasitoid
or predator by applying pyriproxyfen to induce mass oviposition. Augmentative releases
in the area, if timed to correspond with the treatment effect, could benefit the released
parasitoids by increasing the likelihood that they will encounter suitable host eggs.

The results presented in this study should not be generalized to other host-parasitoid
systems without certain conditions being met. First, preliminary, species-specific work
must be done to optimize the dose and treatment schedule of the host, and to determine if
the parasitoid is able to successfully develop and emerge from the pyriproxyfen-induced
eggs. Second, the method described herein is most useful when specimens are readily field
collected and have already undergone reproductive diapause. Exogenous IGR applications
may increase egg production in non-diapausing specimens, though the benefits should be
weighed against any effects on host mortality and egg quality and the described technique
may not be worthwhile for host colonies that are already producing eggs. Our study
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relied on a single application of pyriproxyfen made at the beginning of the observation
period, however, multiple applications may be warranted, as this may produce sustained
activation of the JH receptor. While pyriproxyfen is noted as having a strong affinity for the
JH binding site, the metabolization of pyriproxyfen over the course of the study could have
reduced the strength of the signal promoting vitellogenesis and the quality of the resulting
eggs [37].

This study demonstrates that the use of pyriproxyfen in combination with an artificial
long-day photoperiod can significantly increase egg production. For example, in the
September experiment the four replicates of the 1% pyriproxyfen treatment produced a total
of 2636 eggs under long-day conditions, whereas the acetone control produced 705 eggs
under long-day conditions, and zero eggs under a short-day photoperiod. This large (over
370%) increase in egg productivity was attenuated by the lower rate of parasitoid eclosion
in the pyriproxyfen treated eggs, resulting in an 87% increase in parasitoid production.
Increased parasitoid yield will influence the required size of the host colony; a more
efficient rearing program will require less space and resources, lowering the costs and
thus making biological control via egg parasitoids a more viable solution to managing
invasive species. Future research focused on increasing the rate of successful parasitoid
eclosion from pyriproxyfen-induced eggs would further enhance the yield gains observed
in this study, providing a substantial benefit to mass rearing programs for hymenopteran
egg parasitoids.
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