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Abstract: Environmental stress can affect trait size and cause an increase in the fluctuating asymmetry
(FA) of bilateral morphological traits in many animals. For insect parasitoids, feeding of hosts on
transgenic maize, expressing a Bacillus thuringiensis toxin gene is a potential environmental stressor.
We compared the size of antennae, forewings, and tibia, as well as their FA values, in two parasitoids
developed on two East African host species feeding on non-transgenic vs. transgenic maize. The two
lepidopteran stem-borer hosts were the native Sesamia calamistis Hampson (Lepidoptera: Noctuidae)
and a recent invader, Chilo partellus Swinhoe (Lepidoptera: Crambidae). The two braconid parasitoids
were the native, gregarious larval endoparasitoid Cotesia sesamiae and the recently introduced
Cotesia flavipes. Both parasitoids attacked both hosts, creating evolutionarily old vs. novel interactions.
Transient feeding of hosts on transgenic maize had various effects on FA, depending on trait as
well as the host and parasitoid species. These effects were usually stronger in evolutionarily novel
host-parasitoid associations than in the older, native ones. These parameters have capacity to more
sensitively indicate the effects of potential stressors and merit further consideration.

Keywords: GM plants; biosafety; natural enemies; morphological traits; environmental stress; stem
borers; ecosystem services

1. Introduction

The use of genetic transformation technology in crops allowed several crop plants to express genes
that encode insecticidal proteins (delta endotoxins) from the bacterium Bacillus thuringiensis Berliner.
One of the first such plants is maize, Zea mays L., expressing the (activated) Bt toxin [1], because
one of the main pests of maize in North America, the European corn borer, Ostrinia nubilalis Hubner
(Lepidoptera: Pyralidae), is difficult to control by conventional pesticides, agronomic measures,
or biological control agents [2]. Bt maize has been commercially grown in the USA since 1995 [3].

Maize is an important staple crop in sub-Saharan Africa (55A), and is much affected by insect
pests there [4]. In Africa, insect-resistant Bt maize is commercially grown only in South Africa [5],
though several projects involving transgenic maize are now underway. In Kenya, the Insect Resistant
Maize for Africa (IRMA) Project has been evaluating some varieties of transgenic Bt maize for eventual
introduction [6].

The procedure before a field release of transgenic crop requires an environmental risk
assessment [7]. Kenya is among the first countries in Africa with an existing biosafety law where this
requirement is included [8]. The ultimate reason for biosafety tests is that agricultural innovations
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should not put further pressure on ecosystem services [9] that are vitally important for humankind [10]
and are under increasing pressure world-wide [11]. This is of special relevance in Africa, where farmers
depend more on ecosystem services than those in developed countries [12].

Natural pest control is one such ecosystem service [13] and there is experimental evidence
that genetically modified (GM) plants can have non-neutral impacts on natural enemies, including
predators and parasitoids [14]. A summary of the available data on natural enemies of pests [15]
indicates a lack of data from Africa.

Insect-resistant transgenic plants may kill immature parasitoids indirectly by killing their host [16],
or by rendering the host nutritionally inferior or unsuitable [17]. Parasitoids can also be sensitive to
changes in nectar composition [18] or volatile profile [19,20] that occur in transgenic plants. They are
also sensitive to host quality, which can be influenced by host plants, giving rise to modified tri-trophic
interactions [21]. When the host feeds on Bt-containing food, the sex ratio of its parasitoid can
also change [22].

Tests of the impact of transgenic plants on natural enemies usually measure life history
variables such as growth, mortality, or development time. In a few experiments, behavioral [23]
or physiological [24] parameters were also measured. Conditions during development, and the fitness
of the emerging organism, could also be characterized by checking different morphological features.
Many insect body parts have two copies, and under ideal conditions, these should display perfect
symmetry. However, such features are rarely in perfect symmetry [25]. Deviations can be unidirectional
(directional asymmetry, [26]) or can deviate in either direction (fluctuating asymmetry). Fluctuating
asymmetry (FA) refers to random deviations from symmetry of otherwise bilaterally symmetric
traits, and is supposed to occur when an individual is unable to undergo identical development
on the two sides of a bilaterally symmetrical morphological trait [27]. Environmental stress can
cause an increase in the FA of morphological traits [27] and the degree of increase has been used
as a measure of the seriousness of such stress [27-29]. Extreme temperatures [30,31], exposure to
pesticides [32,33], and suboptimal food quality [34] or quantity [26] could increase FA in morphological
traits during development.

Generally, there is a negative correlation between the degree of FA and population fitness.
For instance, the lifespan of Malacosoma disstria Hubner (Lepidoptera: Lasiocampidae) was shortened
as the degree of FA of the first segment of foreleg tarsi increased [35]. Furthermore, there is a positive
association between adult body size and standard measures of fitness under both laboratory and
field conditions [36,37]. In Hymenoptera, antennal, forewing, and tibia length are good indicators of
quality /fitness [37].

Parasitoid size and fitness may be positively or negatively correlated to host condition, which,
in turn, can be strongly dependent on the quantity and quality of food [36]. Bt-intoxicated Eoreuma
loftini Dyar (Lepidoptera: Crambidae) had significant negative effects on certain fitness parameters of
the parasitoid Parallorhogas pyralophagus Marsh (Hymenoptera: Braconidae) [38], as did Bt-intoxicated
Spodoptera frugiperda (Lepidoptera: Noctuidae) on its braconid parasitoid Cotesia marginiventris Cresson
(Hymenoptera: Braconidae) [39].

In our laboratory experiments, we hypothesized that feeding on transgenic Bt maize would
constitute a feeding stress for lepidopteran larvae, and their quality as hosts for the parasitoid would
decrease. We expected that this would influence morphological parameters such as body size, as well
as cause an increase in FA.

We found that transient feeding on transgenic Bt maize had a negative effect on some body
size parameters and, to a lesser degree, on FA in two hymenopteran parasitoids kept on two species
of African stem borers, and these effects were stronger in the evolutionarily novel host—parasitoid
associations than in the evolutionarily older, native ones.



Insects 2018, 9, 38 3o0f12

2. Materials and Methods

2.1. Plant Material

Plant material was obtained from Event 216 (Bt maize) (described in [40]). The isogenic
line CML 216 [6] was used as a non-transgenic control. These plants were grown in 30 cm
diameter pots in a biosafety greenhouse at the Kenya Agricultural Research Institute (KARI), Nairobi,
Kenya, at temperatures of approximately 25 °C and natural light conditions of approximately
12L:12D photoperiod. Before use, pieces of plant material were washed in a 2% solution of commercially
available bleach (0.05% sodium hypochlorite) to kill any microbial contaminants originating from the
greenhouse, rinsed in distilled water, and dried.

2.1.1. Stem Borers

Two species of African stem borers were used as hosts: Chilo partellus Swinhoe
(Lepidoptera: Crambidae) and Sesamia calamistis Hampson (Lepidoptera: Noctuidae). Both are
among the most damaging stem borer species in Kenya [41]. C. partellus is an Asian species introduced to
East Africa in the early 1930s [42], while S. calamistis is a native stem borer species that occurs in all areas of
East Africa up to 2400 m above sea level [3].

The C. partellus and S. calamistis larvae used in this study were obtained as eggs from the insectaries
at the International Centre of Insect Physiology and Ecology (ICIPE), Nairobi, Kenya and KARI,
Katumani Centre, Machakos, Kenya. Both originated from colonies maintained on artificial diet of
Ochieng et al. [43]. The eggs were incubated in 700-mL jam jars in the laboratory at the National
Agricultural Research Laboratories of the Kenya Agricultural Research Institute (KARI), Kabete,
Nairobi, at 25 £ 1 °C and 12 h/12 h; light/dark photoperiod. Stem borer larvae were kept on pieces
of the non-transgenic plant material in a 700-mL jam jar, lined with moist filter paper and perforated
lids (to allow for air circulation) until fourth instar, when they were used for the experiment. First to
third instars were fed on maize leaf material, while later instars were fed on maize stems. Leaf pieces
were changed every two days, and stem pieces every 3—4 days, when the filter papers were also
re-moistened with distilled water. The moist filter paper was meant to keep the plant material fresh
for longer.

2.2. Parasitoids

Two larval parasitoids were selected as natural enemies. The gregarious larval endoparasitoid
Cotesia sesamige Cameron (Hymenoptera: Braconidae) is an indigenous species that attacks mid-
to late-instar stem borer larvae [44], and is the most widespread larval parasitoid in eastern parts
of Kenya [45]. Cotesia flavipes Cameron (Hymenoptera: Braconidae) is an introduced species, attacking
both C. partellus and S. calamistis [46,47]. This is also a gregarious species, and is closely related
to C. sesamiae [46]. Parasitized host larvae continue to feed during the development of the parasitoid
larvae, and thus the quality of the host diet can affect parasitoid development [48].

The parasitoids used in this study originated from a laboratory-reared population maintained
at the International Centre for Insect Physiology and Ecology, Nairobi, Kenya. These colonies
were periodically “refreshed” by introducing field collected adults to maintain genetic diversity
in the rearing. The parasitoids were reared on a combination of S. calamisits and Chilo partellus to
mimic what would prevail in nature, where they would be exposed to different parasitoids as the stem
borers occur in complexes with overlapping spatial and temporal distributions [41]. Parasitoids were
kept at approximately 27 °C, 65-70% RH and a 12 h:12 h L:D photoperiod [41]. Newly emerged adult
parasitoids were kept in 20 cm® Perspex cages and provided with a 20% honey solution; they were left
to mate for 24 h prior to host exposure.
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2.3. Experimental Setup

Fourth-instar larvae of each of the two stem borer species were subjected to transient feeding
on Bt maize for 24 h.To enhance feeding on Bt maize (toxin ingestion), the larvae were starved for
24 h prior to exposure to the treatments. The larvae were transferred individually onto pieces of plant
material in moist filter paper. After 24 h, the larvae were held individually using forceps and exposed
to 24 h-old mated female parasitoids in Perspex cages. The parasitoids readily attacked the host and
usually oviposited in a few seconds, after which the host larvae were individually placed on diet
containing non-transgenic plant material [41]. This treatment intended to simulate field situations
where stem borer larvae move off Bt maize after trial feeding. Such ‘transient shocks’ are suitable
because they bring out the possible impact of a stress factor on FA [49]. Bt-induced mortality of such
transient feeding on non-parasitized hosts was approximately 45% and 41% for C. partellus and S.
calamistis, respectively [50]. Each parasitoid species was exposed to i) each of the stem borer species
exposed to Bt maize and ii) each of the stem borer species reared on non-transgenic maize (Table 1).

Table 1. Antennal length, wing length, and hind tibia length (Mean =+ SE) of the parasitoids Cotesia
flavipes and Cotesia sesamine developed on the stem borers Chilo partellus and Sesamia calamistis on Bt
maize vs. non-Bt maize for 24 h (n = 20 each).

Parasitoid, Host, and Host Antennal Wing Hind Tibia
Feeding Regime Length (um) Length (um) Length (um)
C. flavipes on C. partellus
fed on non-Bt 1110.8 £ 15.0 # 7823 +£104° 486.8 £89°?
fed on Bt 954.7 +15.0° 678.8 +10.4° 466.4 +892
C. flavipes on S. calamistis
fed on non-Bt 1084.3 +28.4 2 7924 +£139° 547.6 £12.22
fed on Bt 1035.9 +£28.4° 720.0 +13.9P 4829 +122°
C. sesamiae on C. partellus
fed on non-Bt 995.2 £21.0° 7955 +£159° 5444 +9.0°
fed on Bt 10155 +21.0° 741.7 £ 159P 463.8+9.0P
C. sesamiae on S. calamistis
fed on non-Bt 989.0 +20.4 2 804.5 + 1442 469.8 £109?
fed on Bt 1068.9 +20.4 P 750.7 £ 1442 467.6 £8.22

# Within a column, values with different superscripts are significantly different at p < 0.05 using the
Student-Newman-Keuls test.

Parasitized larvae were reared in Petri dishes on pieces of fresh, non-transgenic control maize
stems (which were changed every 3—4 days) and inspected daily until parasitoid cocoon production.
Emerging cocoons were collected separately from each larva, and incubated in the laboratory in
transparent glass vials stopped with cotton wool.

Twenty female wasps were randomly selected from each treatment and measured using Leica
Application Suite Educational Zoom (LAS EZ, Microsoft Corporation) software. Three traits were
measured (£0.01 um) three times on both sides: hind tibia length (measured from the femur/tibia
joint to the tibia/tarsus joint), wing length, and antennal length. These traits are good indicators of the
field quality of hymenopteran wasps [37].

The FA value was calculated using the formula [51]:

FA=mean {(IL—R )/ (L+R)/2}, 1)

where L and R represent the left and right length of a trait, respectively.
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2.4. Data Evaluation

Analysis of variance was used to compare FA of C. flavipes and C. sesamige among the larvae
subjected to transient feeding on Bt maize and those reared exclusively on non-Bt maize. When ANOVA
indicated significant (p < 0.05) differences, Student-Newman—-Keuls (SNK) tests were used to identify
treatments that were different.

Additionally, in an approach akin to that adopted by Lovei et al. [14], we assessed the overall
response direction for each of the parameters across the host and parasitoid species tested.

3. Results

3.1. Antennal Length, Wing Length, and Hind Tibia Length

Wing length in parasitoids was sensitive to host plant effects: in all combinations but one, wing
lengths were significantly lower on parasitoids developing on hosts subjected to transient feeding on Bt
maize than on the control (F =49.3, d.f. = 1,38, p = 0.0005 for C. flavipes on C. partellus; F = 5.7, d.f. = 1.3,
p = 0.022 for C. sesamiae on C. partellus; F = 13.6, d.f. = 1.38, p = 0.001 for C. flavipes on S. calamistis).
The reduction in wing length in C. sesamiae developed in S. calamistis was non-significant (Table 1).

Only two of the host—parasitoid-host plant combinations caused significant changes in antennal
length: C. flavipes developing on Bt-fed C. partellus hosts had significantly reduced antennal length
(Table 1, F = 53.9, d.f. =1,38, p = 0.0005). Conversely, antennal length was significantly increased
in C. sesamiae developing on Bt-fed S. calamistis hosts (F = 7.7, d.f. = 1,38, p = 0.009). For the two
“evolutionarily novel host-parasitoid combinations” (C. flavipes on S. calamistis and C. sesamiae on
C. partellus), there was a non-significant decrease.

Hind tibia lengths were significantly reduced in the two evolutionarily novel combinations:
C. flavipes developing on Bt-fed S. calamistis (F = 14.1, d.f. =1, 38, p = 0.001) and in C. sesamiae
developing on Bt-fed C. partellus (F = 40.0, d.f. = 1,38, p = 0.0001, Table 1). Similarly to the antennal
length, non-significant reductions in tibia length were measured in the other two species combinations
as well (Table 1).

3.2. Fluctuating Asymmetry in Antennal Length, Wing Length, and Tibia Length

FA values of wing length was significantly different only in the C. flavipes/S. calamistis combination,
where wasps emerging from Bt-feeding hosts had significantly higher FA in wing length (F = 8.8,
d.f. =1,38, p = 0.005, Table 2). There was a non-significant increase for C. sesamiae/S. calamistis and
non-significant reductions for C. flavipes/C. partellus and C. sesamiae/C. partellus.

FA values for hind tibia length of C. flavipes developing on S. calamistis were not significantly
affected by transient feeding of the hosts on Bt maize. However, C. sesamiae developing on Bt-fed
C. partellus had significantly higher (F = 40.0, d.f. =1, 38, p = 0.0005) FA values compared to those
developing on non-Bt maize-fed hosts (Table 2). For C. flavipes / S. calamistis there was a non-significant
decrease, while for C. flavipes/C. partellus and C.sesamiae/S. calamistis there was a non-significant
increase on Bt maize-fed hosts.

C. flavipes did not demonstrate significant differences in antennal FA in response to host feeding
(Table 2). C. sesamiae was more sensitive: when developing on Bt-fed novel host, C. partellus, emerging
adult wasps had significantly higher FA in antennal length (F = 54.0, d.f. =1, 38, p = 0.0005) compared to
those developing on the non-transgenic control. Conversely, when the same parasitoid was developing
on its Bt-fed original host, S. calamistis, the adult parasitoids had significantly lower FA values (F = 82.5,
d.f. = 1,38, p = 0.0005) compared to the non-transgenic control (Table 2).
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Table 2. Fluctuating asymmetry (Mean =+ SE) in antennal length, wing length, and hind tibia length of
the parasitoids Cotesia flavipes and Cotesia sesamiae developed on stem borer hosts Chilo partellus and
Sesamia calamistis subjected to transient feeding on Bt maize (1 = 20 in each combination).

Fluctuating Asymmetry Values

Parasitoid, Host, and Host Feeding Regime

Antennal Length

Wing Length

Hind Tibia Length

C. flavipes on C. partellus
fed on non-Bt maize
fed on Bt maize

0.039 £ 0.0112 #
0.078 £ 0.019 2

0.051 +0.013 2
0.024 +0.013 2

0.105 4+ 0.026 @
0.173 £ 0.026 2

C. flavipes on S. calamistis
fed on non-Bt maize
fed on Bt maize

0.078 +0.019 2
0.090 £+ 0.0192

0.018 + 0.003 2
0.032 + 0.003 P

0.097 + 0.016 2
0.054 £+ 0.016 2

C. sesamiae on C. partellus
fed on non-Bt maize
fed on Bt maize

0.038 + 0.008 b
0.122 4 0.008 2

0.072 +£0.014 2
0.048 4+ 0.014 2

0.055 + 0.013 P
0.092 +0.013 2

C. sesamiae on S. calamistis
fed on non-Bt maize
fed on Bt maize

0.124 £ 0.007 2
0.032 + 0.007 b

0.070 +0.019 2
0.072 £ 0.0192

0.055+0.013 2
0.091 +0.0132

# Within a column, numbers with different superscripts indicate a significant difference at p < 0.05 using the
Student-Newman-Keuls test.

Most response parameters were negatively affected by feeding on Bt transgenic maize, except for
antennal measurements, which exhibited a significantly positive response in terms of both length and
FA in two cases (Table 3).

Table 3. Summary of the response parameters (percentages) of the effects of transgenic maize containing
CrylAb on parasitoids of two African stem borer species. Increase in fluctuating asymmetry was
considered a negative consequence (number of cases in parentheses).

Trait Measurement Negative, Negative, Not Positive, Not Positive,
v Significant Significant Significant Significant
Win Length (um) 75 (3) 25 (1) 0 0
& Fluctuating Asymmetry 25 (1) 50(2) 0 25 (1)
Tibi Length (um) 50 (2) 50 (2) 0 0
1b1a Fluctuating Asymmetry 25 (1) 50 (2) 0 25 (1)
Length (um) 25 (1) 25 (1) 25 (1) 25 (1)
Antennae Fluctuating Asymmetry 25 (1) 50 (2) 25 (1) 0

4. Discussion

The experimental setup with the hosts was intended to simulate field situations where stem
borer larvae move between different maize plants, or leave Bt maize plants after trial feeding.
Previous studies have mainly used sublethal Bt toxin concentrations with continuous, rather than
partial exposure [52]. In reality, susceptible insects exposed continuously to Bt plants invariably
suffer complete mortality; only those insects subjected to partial feeding on the Bt plants have high
chances of survival. Target arthropods tend to avoid the toxins present in GM crops and display
escape behavior [53]. Continuous exposure to sublethal Bt toxin concentrations therefore does not
capture the actual situation in the field. Due to resistance management practices [54], patches of
non-transgenic maize plants coexist alongside genetically modified (GM) plants. Several maize
herbivores, such as stem borer larvae, especially later instars, can move between host plants [55-58].

Overall, our results confirmed the importance of host quality for parasitoids. They also indicate
that host feeding on transgenic Bt constitutes an additional stress for parasitoids, and more so in
evolutionarily novel parasitoid-host combinations than in evolutionarily older, native ones. This stress
manifested itself in several morphological characteristics that are related to fitness.
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Wing length is extremely important in hymenopterans as it affects flight ability [59]. Hind tibia
and antennal length are reliable estimators of body size in insects [37,60,61]. There is often a positive
association between adult body size and standard laboratory and field fitness measures [36,37].
Wing asymmetry could influence flight ability, which could affect the ability of parasitoids to reach
hosts [37]. Since hind tibia length and antennal length are correlated to insect size and hence fitness,
asymmetry in these traits could also possibly affect insect fitness.

Wing length in all host—parasitoid combinations was reduced following transient host feeding
on Bt maize. The reduction was not significant for C. sesamiae developing on S. calamistis hosts. C.
sesamiae and S. calamistis are both native species in East Africa, and it is feasible that S. calamistis has,
as a result of its long association with the parasitoid, developed mechanisms to overcome attack by
the parasitoid. Encapsulation of C. sesamiae eggs in S. calamistis occurs [62,63] but success of such
defense depends on herbivore vigor [64], which can be reduced by host-plant-induced stresses [65-67].
The usual successful prasitisation (cocoon formation) of C. sesamiae on S. calamistis is 55% [68].
The observed positive effects of Bt intoxicated S. calamistis larvae on C. sesamiae [69] were attributed to
a weakened host immune system, resulting in a lower encapsulation rate of the parasitoids’ eggs by
the host larva. The parasitoid Cotesia kazak Telenga (Hymenoptera: Braconidae) has more success on
its host Helicoverpa armigera Hubner (Lepidoptera: Noctuidae), fed on less toxic Bt-amended diets [70],
as does Tranosema rostrale Brishke (Hymenoptera: Ichneumonidae) developing on the Bt-fed spruce
budworm Choristoneura fumiferana Clemens (Lepidoptera: Tortricidae) [71].

The shorter parasitoid wings in the other host—parasitoid combinations were possibly
due to the novelty of these associations. The ichneumonid Venturia canescens Gravenhorst
(Hymenoptera: Ichneumonidae), when developing in Bt fed Plodia interpunctells Hubner
(Pyralidae: Phyctinae), also develops shorter wings [72]. C. flavipes developing on S. calamistis was most
affected: both wing length and its FA were significantly and negatively affected when the parasitoid
was on Bt-fed hosts. S. calamistis is not a very good host for C. flavipes [73,74] and, apparently, Bt-feeding
makes it even less suitable.

Hind tibia lengths in parasitoids were reduced following host exposure to Bt maize, with the
reduction being significant for the evolutionarily novel combinations: C. flavipes developing on
S. calamistis and C. sesamiae developing on C. partellus. The lack of significant effects on tibial length,
as well as FA in C. sesamiae developing on S. calamistis, could have resulted from the weakening of the
host’s defenses by the Bt toxin. As S. calamistis is not a very suitable host for C. flavipes, the additional
stressor, whether in the form of the Bt toxin or biochemical changes in the host, could contribute to the
negative impact. The changes in FA for tibia were not significant in any host—parasitoid combinations,
indicating that hind tibia symmetry is either unaffected or not sensitive to stress factors emerging from
hosts feeding on Bt maize.

Antennal length was significantly increased in C. sesamine developing on S. calamistis larvae
(possibly due to the reasons mentioned earlier). In the C. flavipes/C. partellus combination, it was
significantly reduced, possibly due to the evolutionarily novel host-parasitoid association.

The lack of consistency in FA responses across traits may reflect the variation between trait types
in their susceptibility to environmental stress [75]. In most cases, the effect of Bt-fed hosts on these
parasitoids was negative. This reinforces the higher sensitivity of parasitoids to host quality than that
of predators to prey quality [15]. Our experiments used realistic scenarios (variable temperatures and
host plant, not diet used), and overcame many of the traditional problems of previous “non-target”
tests [14]. However, the studied parameters, while related to fitness, do not predict the amount of
fitness change. They, however, have the potential to more sensitively indicate the effects of potential
stressors and merit further consideration and more detailed study. In assessing the risks posed to
non-target organisms by transgenic plants, it would be desirable to quantify the relationship between
the FA values and fitness parameters of the studied organisms.

By studying evolutionarily “old” vs. “novel” host—parasitoid associations, we found that
parasitoids in novel associations were more sensitive to host quality, lowered by the Bt treatment,
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and can be negatively affected. These results underline the importance of considering multiple
factors when assessing the impact of genetically modified plants on ecosystem service providers [76].
The parameters used here reflect parasitoid quality well, have shorter time lags than other, traditional
population parameters, and have the potential to move pre-release risk assessment tests to become
more realistic ecologically [14].

Factors that negatively impact on fitness of such biocontrol agents could result in a lower level of
ecosystem services. The effect on these ecological processes, which operate on vast scales and from
which we derive substantial benefits, should be evaluated when harmonization of the GM technology
and biological control is sought [77].

Acknowledgments: The authors thank the KARI Biotechnology Centre, its director, Simon Gichuki, and the
Danish International Development Agency (DANIDA) for support under the BiosafeTrain Project, Maurice Okomo
and Mary Nduguli for help with the laboratory work; Stephen Mugo for access to plant materials; Joseph Owino
and Francis Onyango (ICIPE, Nairobi) for the supply of insects; Fabian Haas (ICIPE, Nairobi) for advice on
measurement techniques; Elias Thuranira for assistance with the data analysis; Ruth Amata, Dorothy Nanzala,
Bernard Mware, Catherine Taracha, Bonaventure Aman, Murenga Mwimali, and Muthoni Muta for support; and
David Andow, Andreas. Lang and two anonymous reviewers for helpful comments. This is publication no. 20 of
the BiosafeTrain Project. Author sequence follows the “first-and-last” principle.

Author Contributions: Experimental design: Gébor L. Lovei, Josephine M. Songa, and Dennis O. Ndolo;
experimental work: Dennis O. Ndolo; data evaluation: Dennis O. Ndolo and Gabor L. Lévei, writing: Gabor L.
Lovei and Dennis O. Ndolo, with comments from Josephine M. Songa. This work is in partial fulfillment of the
PhD requirements of the University of Nairobi, Kenya (Dennis O. Ndolo). Dennis O. Ndolo thanks F. Oyieke and
G. Nyamasyo for supervision.

Conflicts of Interest: The authors declare no conflict of interest.

Disclaimer

The views expressed in this article are those of the individual authors and do not necessarily
reflect the views and policies of their respective institutions.

References

1. Koziel, M.G.; Beland, G.L.; Bowman, C.; Carozzi, N.B.; Crewshaw, R.; Crossland, L.; Dawson, J.; Desai, N.;
Hill, M.; Kadwell, S.; et al. Field performance of elite transgenic maize plants expressing an insecticidal
protein derived from Bacillus thuringiensis. Biotechnology 1993, 11, 194-200. [CrossRef]

2. De Nardo, E.A.B.; Hopper, K.R. Using the literature to evaluate parasitoid host ranges: A case study of
Macrocentrus grandii (Hymenoptera: Braconidae) introduced into North America to control Ostrinia nubilalis
(Lepidoptera: Crambidae). Biol. Cont. 2004, 31, 280-295. [CrossRef]

3. Fernandez-Cornejo, J.; McBride, W.D. Adoption of Bioengineered Crops; Agricultural Economic Report (AER810);
United States Department of Agriculture (USDA) Economic Research Service: Washington, DC, USA, 2002.

4. Muhammad, L.; Underwood, E. The Maize Agricultural Context in Kenya. In Environmental Risk Assessment
of Genetically Modified Organisms. A Case Study of Bt-Maize in Kenya; Hilbeck, A., Andow, D.A., Eds.;
CABI Publishing: Wallingford, UK, 2004; Volume 1, pp. 21-56.

5. Gouse, M.; Pray, C.E,; Kirtsen, J.; Schimmelpfennig, D. A GM subsistence crop in Africa: The case of Bt white
maize in South Africa. Int. J. Biotechnol. 2005, 7, 84-94. [CrossRef]

6. Mugo, S.; DeGroote, H.; Bergvinson, D.; Mulaa, M.; Songa, ]J.; Gichuki, S. Developing Bt maize for
resource-poor farmers—Recent advances in the IRMA project. Afr. ]. Biotechnol. 2005, 4, 1490-1504.
[CrossRef]

7. Andow, D.A.; Hilbeck, A. Bt maize, risk assessment and the Kenya case study. In Environmental Risk
Assessment of Genetically Modified Organisms. A Case Study of Bt-Maize in Kenya; Hilbeck, A., Andow, D.A., Eds.;
CABI Publishing: Wallingford, UK, 2004; Volume 1, pp. 1-20.

8.  Kingiri, A.; Ayele, S. Towards a smart biosafety regulation: The case of Kenya. Environ. Biosafety Res. 2009, 8,
133-139. [CrossRef] [PubMed]

9. Lovei, G.L. Ecological risks and benefits of transgenic plants. N. Z. Plant Prot. 2001, 54, 93-100.


http://dx.doi.org/10.1038/nbt0293-194
http://dx.doi.org/10.1016/j.biocontrol.2004.07.003
http://dx.doi.org/10.1504/IJBT.2005.006447
http://dx.doi.org/10.4314/ajfand.v4i13.71814
http://dx.doi.org/10.1051/ebr/2009014
http://www.ncbi.nlm.nih.gov/pubmed/20028615

Insects 2018, 9, 38 90f12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.
27.
28.

29.

30.

31.

32.

MEA (Millennium Ecosystem Assessment) Ecosystems and Human Well-Being: A Framework for Assessment;
Island Press: Washington, DC, USA, 2003.

Carpenter, S.R.; Mooney, H.A.; Agard, ].; Capistrano, D.; DeFries, R.S.; Diaz, S.; Dietz, T.; Duraiappah, A.K,;
Oteng-Yeboah, A.; Pereira, H.M.; et al. Science for managing ecosystem services: Beyond the millennium
ecosystem assessment. Proc. Natl. Acad. Sci. USA 2009, 106, 1305-1312. [CrossRef] [PubMed]

Mertz, O.; Ravnborg, H-M.; Lovei, G.L.; Nielsen, I.; Konijnendijk, C.C. Ecosystem services and biodiversity
in developing countries. Biodiv. Conserv. 2007, 16, 2729-2737. [CrossRef]

Andow, D.A; Lovei, G.L.; Arpaia, S. Bt transgenic crops, natural enemies and implications for environmental
risk assessment. Nat. Biotechnol. 2006, 24, 749-751. [CrossRef] [PubMed]

Lovei, G.L.; Arpaia, S. The impact of transgenic plants on natural enemies: A critical review of
laboratory studies. Entomol. Exp. Appl. 2005, 114, 1-14. [CrossRef]

Lovei, G.L.; Andow, D.A.; Arpaia, S. Transgenic insecticidal crops and natural enemies: A detailed review of
laboratory studies. Environ. Entomol. 2009, 38, 293-306. [CrossRef] [PubMed]

Schuler, TH.; Denholm, I; Jouanin, L.; Clark, S.J.; Clark, A.].; Poppy, G.M. Parasitoid behaviour and Bt plants.
Nature 1999, 400, 825-826. [CrossRef] [PubMed]

Wang, Z.-X.; Li, Y.-H.; He, K.-L.; Bai, S.-X.; Zhang, T.-T.; Cai, W.-Z.; Wang, Z.-Y. Does Bt maize expressing
Cry1Ac protein have adverse effects on the parasitoid Macrocentrus cingulum (Hymenoptera: Braconidae)?
Insect Sci. 2017, 24, 599-612. [CrossRef] [PubMed]

Tompkins, ]-M.L.; Wratten, S.D.; Wackers, F.L. Nectar to improve parasitoid fitness in biological control:
Does the sucrose:hexose ratio matter? Basic Appl. Ecol. 2010, 11, 264-271.

Dicke, M.; Sabelis, M.W. How plants obtain predatory mites as bodyguards. Neth. J. Zool. 1988, 38, 148-165.
[CrossRef]

Turlings, T.C.J.; Tumlinson, ].H.; Eller, EJ.; Lewis, W.J. Larval-damaged plants: Source of volatile synomones
that guide the parasitoid Cotesia marginiventris to the microhabitat of its hosts. Entomol. Exp. Appl. 1991, 58,
75-82. [CrossRef]

Price, PW.; Bouton, C.E.; Gross, P.; McPherson, B.A.; Thompson, ].N.; Weis, A.E. Interactions among three
trophic levels: Influence of plants on interactions between insect herbivores and natural enemies. Annu. Rev.
Ecol. Syst. 1980, 11, 41-65. [CrossRef]

Hansen, L.S.; Lovei, G.L.; Székacs, A. Survival and development of a stored product pest, Sitophilus zeamais
(Coleoptera: Curculionidae) and its natural enemy, the parasitoid Lariophagus distinguendus (Hymenoptera:
Pteromalidae) on transgenic Bt-maize. Pest Manag. Sci. 2013, 69, 602-606. [CrossRef] [PubMed]

Beale, M.H.; Birkett, M.A_; Bruce, T.J.A.; Chamberlain, K.; Field, L.M.; Huttly, A.K.; Martin, J.L.; Parker, R.;
Phillips, A.L.; Pickett, ].A.; et al. Aphid alarm pheromone produced by transgenic plants affect aphid and
parasitoid behavior. Proc. Natl. Acad. Sci. USA 2006, 103, 10509-10513. [CrossRef] [PubMed]

Burgess, E.PJ.; Lovei, G.L.; Malone, L.A.; Nielsen, ].W.; Gatehouse, H.S.; Christeller, ].T. Prey-mediated
effects of the protease inhibitor aprotinin on the predatory carabid beetle Nebria brevicollis. J. Insect Physiol.
2002, 4, 1093-1101. [CrossRef]

Pelabon, C.; Hansen, T.F. On the adaptive accuracy of directional asymmetry in insect wing size. Evolution
2008, 62, 2855-2867. [CrossRef] [PubMed]

Kark, S. Shifts in bilateral asymmetry within a distribution range: The case of the chukar partridge. Evolution
2001, 55, 2088-96. [CrossRef] [PubMed]

Parsons, P.A. Fluctuating asymmetry: An epigenetic measure of stress. Biol. Rev. 1990, 65, 31-145. [CrossRef]
Jones, J.5. An asymmetrical view of fitness. Nature 1989, 325, 298-299. [CrossRef]

Leary, RE; Allendorf, EW. Fluctuating asymmetry as an indicator of stress: Implications for
conservation biology. Trends Ecol. Evol. 1989, 4, 214-217. [CrossRef]

Sciulli, PW.; Doyle, WJ.; Kelley, C.; Siegel, P; Siegel, M.I. The interaction of stressors in the induction of
increased levels of fluctuating asymmetry in the laboratory rat. Am. J. Physiol. Anthropol. 1979, 50, 279-284.
[CrossRef] [PubMed]

Mpho, M.; Callaghan, A.; Holloway, G.J. Temperature and genotypic effects on life history and fluctuating
asymmetry in a field strain of Culex pipiens. Heredity 2002, 88, 307-312. [CrossRef] [PubMed]

Valentine, D.W.; Soule, MLE. Effect of p,p-DDT on developmental stability of pectoral fin rays in the grunion,
Leuresthes tenius. Fish. Bull. 1973, 71, 920-921.


http://dx.doi.org/10.1073/pnas.0808772106
http://www.ncbi.nlm.nih.gov/pubmed/19179280
http://dx.doi.org/10.1007/s10531-007-9216-0
http://dx.doi.org/10.1038/nbt0706-749
http://www.ncbi.nlm.nih.gov/pubmed/16841050
http://dx.doi.org/10.1111/j.0013-8703.2005.00235.x
http://dx.doi.org/10.1603/022.038.0201
http://www.ncbi.nlm.nih.gov/pubmed/19389277
http://dx.doi.org/10.1038/23605
http://www.ncbi.nlm.nih.gov/pubmed/10476957
http://dx.doi.org/10.1111/1744-7917.12352
http://www.ncbi.nlm.nih.gov/pubmed/27126195
http://dx.doi.org/10.1163/156854288X00111
http://dx.doi.org/10.1111/j.1570-7458.1991.tb01454.x
http://dx.doi.org/10.1146/annurev.es.11.110180.000353
http://dx.doi.org/10.1002/ps.3410
http://www.ncbi.nlm.nih.gov/pubmed/23044867
http://dx.doi.org/10.1073/pnas.0603998103
http://www.ncbi.nlm.nih.gov/pubmed/16798877
http://dx.doi.org/10.1016/S0022-1910(02)00202-0
http://dx.doi.org/10.1111/j.1558-5646.2008.00495.x
http://www.ncbi.nlm.nih.gov/pubmed/18752614
http://dx.doi.org/10.1111/j.0014-3820.2001.tb01323.x
http://www.ncbi.nlm.nih.gov/pubmed/11761067
http://dx.doi.org/10.1111/j.1469-185X.1990.tb01186.x
http://dx.doi.org/10.1038/325298a0
http://dx.doi.org/10.1016/0169-5347(89)90077-3
http://dx.doi.org/10.1002/ajpa.1330500218
http://www.ncbi.nlm.nih.gov/pubmed/443361
http://dx.doi.org/10.1038/sj.hdy.6800045
http://www.ncbi.nlm.nih.gov/pubmed/11920140

Insects 2018, 9, 38 10 of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Hoffmann, A.A.; Parsons, P.A. An integrated approach to environmental stress tolerance and life history
variation: Desiccation tolerance in Drosophila. Biol. ]. Linn. Soc. 1989, 37, 117-136. [CrossRef]

Liu, X.D.; Zhai, B.P; Zhang, X.X.; Zong, ].M. Impact of transgenic cotton plants on a non-target pest,
Aphis gossypii Glover. Ecol. Entomol. 2005, 30, 307-316. [CrossRef]

Naugler, C.T.; Leech, S.M. Fluctuating asymmetry and survival ability in the forest tent caterpillar moth
Malacosoma disstria: Implications for pest management. Entomol. Exp. Appl. 1994, 70, 295-298. [CrossRef]
Godfray, H.C.J. Parasitoids:  Behavioral and Evolutionary Ecology;, Princeton University Press:
Princeton, NJ, USA, 1994.

Bennett, D.M.; Hoffmann, A.A. Effects of size and fluctuating asymmetry on field fitness of the parasitoid
Trichogramma carverae (Hymenoptera: Trichogrammatidae). J. Chem. Ecol. 1998, 67, 580-591. [CrossRef]
Bernal, J.S.; Griset, ].G.; Gillogly, P.O. Impacts of developing on Bt maize intoxicated hosts on fitness
parameters of a stem borer parasitoid. J. Entomol. Sci. 2002, 37, 27-40. [CrossRef]

Ramirez-Romero, R.; Bernal, ].S.; Chaufaux, J.; Kaiser, L. Impact assessment of Bt-maize on a moth parasitoid,
Cotesia marginiventris (Hymenoptera: Braconidae), via host exposure to purified CrylAb protein or Bt-plants.
Crop Prot. 2007, 26, 953-962. [CrossRef]

Obonyo, D.N.; Songa, ].M.; Oyieke, FA.; Nyamasyo, G.H.N.; Mugo, S.N. Bt-transgenic maize does not deter
oviposition by two important African cereal stem borers, Chilo partellus Swinhoe (Lepidoptera: Crambidae)
and Sesamia calamistis Hampson (Lepidoptera: Noctuidae). J. Appl. Biosci. 2008, 10, 424—433.

Overholt, W.A.; Ngi-Song, A.J.; Kimani, S.W.; Mbapila, J.; Lammers, P.M.; Kioko, E. Ecological considerations
of the introduction of Cotesia flavipes Cameron (Hymenoptera: Braconidae) for biological control of Chilo
partellus Swinhoe (Lepidoptera: Pyralidae) in Africa. Biocont. News Inf. 1994, 15, 19-24.

Tams, W.H.T. New species of African Heterocera. Entomology 1932, 65, 1241-1249.

Ochieng, R.S; Onyango, FO. Bungu, M.D.O. Improvement of techniques for mass culture of
Chilo partellus Swinhoe. Insect Sci. Appl. 1985, 6, 425-428. [CrossRef]

Bonhof, M.].; Overholt, W.A.; van Huis, A.; Polaszek, A. Natural enemies of cereal stem borers in East Africa:
A review. Insect Sci. Appl. 1997, 17, 19-35.

Songa, J.M.; Overholt, W.A.; Okello, R.O.; Mueke, ].M. Farmers perceptions of aspects of maize production
systems and pests in a semi-arid eastern Kenya: Factors influencing occurrence and control of stem borers.
Int. ]. Pest Manag. 2002, 48, 1-11. [CrossRef]

Overholt, WA ; Ngi-Song, A.J.; Omwega, C.O.; Kimani-Njogu, S.W.; Mbapila, J.; Sallam, M.N.; Ofomata, V. A
review of the introduction and establishment of Cofesia flavipes Cameron (Hymenoptera: Braconidae) in East
Africa for biological control of cereal stem borers. Insect Sci. Appl. 1997, 17, 79-88.

Zhou, G.; Overholt, W.A.; Mochiah, M.B. Changes in the distribution of lepidopteran maize stemborers
in Kenya from the 1950s to 1990s. Insect Sci. Appl. 2001, 21, 395-402.

Setamou, M.; Jiang, N.; Schulthess, E. Effect of the host plant on the survivorship of parasitized Chilo partellus
Swinhoe (Lepidoptera: Crambidae) larvae and performance of its larval parasitoid Cotesia flavipes Cameron
(Hymenoptera: Braconidae). Biol. Cont. 2005, 32, 13-190. [CrossRef]

Bjorksten, T.A.; Pomiankowski, A.; Fowler, K. Temperature shock during development fails to increase the
fluctuating asymmetry of a sexual trait in stalk-eyed flies. Proc. R. Soc. Lond. 2001, 268, 1501-1510. [CrossRef]
[PubMed]

Obonyo, D.N. Tri-Trophic interactions between parasitoids, lepidopteran stem borers and Bt Maize.
Ph.D. Thesis, University of Nairobi, Nairobi, Kenya, 2009.

Palmer, A.R,; Strobeck, C. Fluctuating asymmetry: Measurement, analysis, patterns. Annu. Rev. Ecol. Syst.
1986, 17, 91-421. [CrossRef]

Eizaguirre, M; Tort, S.; Lopez, C.; Albajes, R. Effects of sublethal concentrations of Bacillus thuringiensis on
larval development of Sesamia nonagroides. J. Econ. Entomol. 2005, 98, 464—470. [CrossRef] [PubMed]

Han, P; Velasco-Hernandez, M.; Ramirez-Romero, R.; Desneux, N. Behavioral effects of insect-resistant
genetically modified crops on phytophagous and beneficial arthropods: A review. ]. Pest Sci. 2016, 89,
859-883. [CrossRef]

Ives, AR.; Andow, D.A. Evolution of resistance to Bt crops: Directional selection in structured environments.
Ecol. Lett. 2002, 5, 792-801. [CrossRef]

Ingram, W.R. Biological control of graminaceous stem borers and legume pod borers. Insect Sci. Appl. 1983, 4,
205-209. [CrossRef]


http://dx.doi.org/10.1111/j.1095-8312.1989.tb02098.x
http://dx.doi.org/10.1111/j.0307-6946.2005.00690.x
http://dx.doi.org/10.1111/j.1570-7458.1994.tb00758.x
http://dx.doi.org/10.1046/j.1365-2656.1998.00218.x
http://dx.doi.org/10.18474/0749-8004-37.1.27
http://dx.doi.org/10.1016/j.cropro.2006.09.001
http://dx.doi.org/10.1017/S1742758400004744
http://dx.doi.org/10.1080/09670870110052077
http://dx.doi.org/10.1016/j.biocontrol.2004.09.008
http://dx.doi.org/10.1098/rspb.2001.1575
http://www.ncbi.nlm.nih.gov/pubmed/11454295
http://dx.doi.org/10.1146/annurev.es.17.110186.002135
http://dx.doi.org/10.1093/jee/98.2.464
http://www.ncbi.nlm.nih.gov/pubmed/15889739
http://dx.doi.org/10.1007/s10340-016-0791-2
http://dx.doi.org/10.1046/j.1461-0248.2002.00392.x
http://dx.doi.org/10.1017/S1742758400004240

Insects 2018, 9, 38 11 of 12

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Berger, A. Larval movements of Chilo partellus (Lepidoptera: Pyralidae) within and between plants: Timing,
density responses and survival. Bull. Entomol. Res. 1992, 82, 441-448. [CrossRef]

Van Rensburg, ].B.]. Seasonal moth flight activity of the maize stalk borer, Busseola fusca Fuller (Lepidoptera:
Noctuidae) in small farming areas of South Africa. Appl. Plant Sci. 1997, 11, 20-23.

Mohamed, H.M.; Khan, Z.R.; Overholt, W.A.; Elizabeth, D.K. Behaviour and biology of Chilo partellus
(Lepidoptera: Pyralidae) on maize and wild gramineous plants. Int. J. Trop. Insect Sci. 2004, 24, 287-297.
[CrossRef]

Kolliker-Ott, U.M.; Blows, M.W.; Hoffmann, A.A. Are wing size, wing shape and asymmetry related to field
fitness of Trichogramma egg parasitoids? Oikos 2003, 100, 563-573. [CrossRef]

Kazmer, D.J.; Luck, R.F. Field tests of the size fitness hypothesis in the egg parasitoid Trichogramma pretiosum.
Ecology 1995, 76, 412-425. [CrossRef]

West, S.A.; Flanagan, K.E.; Godfray, H.C.J. The relationship between parasitoid size and fitness in the field,
a study of Achrysocharoides zwoelferi (Hymenoptera: Eulophidae). J. Anim. Ecol. 1996, 65, 631-639. [CrossRef]
Hailemichael, Y. Comparative evaluation of Cotesia chilonis, Cotesia flavipes and Cotesia sesamiae
(Hymenoptera: Braconidae) as potential biological control agents against gramineous stemborers in
West Africa. Unpublished. Ph.D. Thesis, Texas A&M University, College Station, TX, USA, 1998.

Gitau, C.W.; Gundersen-Rindal, D.; Pedroni, M.; Mbugi, PJ.; Dupas, S. Differential expression of the CrV1
haemocyte inactivation-associated polydnavirus gene in the African maize stem borer Busseola fusca Fuller
parasitized by two biotypes of the endoparasitoid Cotesia sesamiae Cameron. . Insect Physiol. 2007, 53,
676—684. [CrossRef] [PubMed]

Siva-Jothy, M.T.; Thompson, ].J.W. Short-term nutrient deprivation affects immune function. Physiol. Entomol.
2002, 27,206-212. [CrossRef]

Blumberg, D. Parasitoid encapsulation as a defense mechanism in the Coccoidea (Homoptera) and its
importance in biological control. Biol. Cont. 1997, 8, 225-236. [CrossRef]

Souissi, R.; Le Ru, B. Influence of the host plant of the cassava mealybug Phenacoccus manihoti (Hemiptera:
Pseudococcidae) on biological characteristics of its parasitoid Apoanagyrus lopezi (Hymenoptera: Encrytidae).
Bull. Entomol. Res. 1998, 88, 75-82. [CrossRef]

Turlings, T.C.]J.; Benrey, B. Effects of plant metabolites on the behaviour and development of parasitic wasps.
Ecoscience 1998, 5, 321-333. [CrossRef]

Ngi-Song, A.D.; Overholt, W.A.; Ayertey, ].N. Suitability of African gramineous stemborers for development
of Cotesia flavipes and C. sesamine (Hymenoptera: Braconidae). Environ. Entomol. 1995, 24, 978-984. [CrossRef]
Tounou, A.-K,; Gounou, S.; Borgemeister, C.; Goumedzoe, YM.D.; Schulthess, F. Susceptibility of
Eldana saccharina (Lepidoptera: Pyralidae), Busseola fusca and Sesamia calamistis (Lepidoptera: Noctuidae)
to Bacillus thuringiensis Cry toxins and potential side effects on the larval parasitoid Cotesia sesamiae
(Hymenoptera: Braconidae). Biocont. Sci. Technol. 2007, 15, 127-137. [CrossRef]

Walker, G.P; Cameron, PJ,; MacDonald, FM.; Madhusudhan, V.V, Wallace, A.R. Impacts of
Bacillus thuringiensis toxins on parasitoids (Hymenoptera: Braconidae) of Spodoptera litura and Helicoverpa
armigera (Lepidoptera: Noctuidae). Biol. Cont. 2007, 40, 142-151. [CrossRef]

Schoenmaker, A.; Cusson, M.; van Frankenhuyzen, K. Interactions between Bacillus thuringiensis and
parasitoids of late-instar larvae of the spruce budworm (Lepidoptera: Tortricidae). Can. J. Zool. 2001, 79,
1697-1703. [CrossRef]

Polgar, L.A.; Vajdics, G.; Juracsek, J.; Szekacs, A.; Fekete, G.; Darvas, B. Effects of transgenic maize
(DK-440-BTY) in host/parasitoid (Plodia interpunctella/Ventura canescens) system. In Proceedings of the
49th PL. Prot. Days, Budapest, Hungary, 25-26 February 2002; p. 65.

Mohyuddin, A.I. Comparative biology and ecology of Apanteles flavipes Cam. and sesamiae as parasites of
graminaceous borers. Bull. Entomol. Res. 1972, 61, 33-39. [CrossRef]

Rajabalee, M.A.; Govendasamy, M. Host specificity of Apanteles flavipes Cam. and Apanteles sesamige Cam.
(Hymenoptera: Braconidae) parasites of sugarcane moth borers in Mauritius. Rev. Agric. Sucr. Maurice
1988, 67, 78-80.

Woods, R.E.; Sgro, C.M.; Hercus, M.].; Hoffmann, A.A. The association between fluctuating asymmetry,
trait variability and stress: A multiply replicated experiment on combined stress in Drosophila melanogaster.
Evolution 1999, 53, 493-505. [CrossRef] [PubMed]


http://dx.doi.org/10.1017/S0007485300042498
http://dx.doi.org/10.1079/IJT200440
http://dx.doi.org/10.1034/j.1600-0706.2003.12063.x
http://dx.doi.org/10.2307/1941200
http://dx.doi.org/10.2307/5742
http://dx.doi.org/10.1016/j.jinsphys.2007.04.008
http://www.ncbi.nlm.nih.gov/pubmed/17570392
http://dx.doi.org/10.1046/j.1365-3032.2002.00286.x
http://dx.doi.org/10.1006/bcon.1997.0502
http://dx.doi.org/10.1017/S0007485300041572
http://dx.doi.org/10.1080/11956860.1998.11682472
http://dx.doi.org/10.1093/ee/24.4.978
http://dx.doi.org/10.1080/09583150400015995
http://dx.doi.org/10.1016/j.biocontrol.2006.09.008
http://dx.doi.org/10.1139/z01-127
http://dx.doi.org/10.1017/S0007485300057424
http://dx.doi.org/10.1111/j.1558-5646.1999.tb03784.x
http://www.ncbi.nlm.nih.gov/pubmed/28565415

Insects 2018, 9, 38 12 of 12

76. Andow, D.A.; Lovei, G.L.; Arpaia, S. Cry toxins and proteinase inhibitors in transgenic plants do have
non-zero effects on natural enemies in the laboratory. Environ. Entomol. 2009, 38, 1528-1532. [CrossRef]
[PubMed]

77. Lovei, G.L.; Bohn, T.; Hillbeck, A. Biodiversity, ecosystem services and genetically modified organisms.
In Biosafety First. Holistic Approaches to Risk and Uncertainty in Genetic Engineering and Genetically
Modified Organisms; Traavik, T., Ching, L.L., Eds.; Tapir Academic Press: Trondheim, Norway, 2007;
pp. 169-188.

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1603/022.038.0602
http://www.ncbi.nlm.nih.gov/pubmed/20021745
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Material 
	Stem Borers 

	Parasitoids 
	Experimental Setup 
	Data Evaluation 

	Results 
	Antennal Length, Wing Length, and Hind Tibia Length 
	Fluctuating Asymmetry in Antennal Length, Wing Length, and Tibia Length 

	Discussion 
	References

