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ABSTRACT

The extrafloral nectar (EFN) of sunflower, Helianthus annuus L., is an important
summer resource for many insects and represents a potential route of exposure to
systemic insecticides applied as seed treatments to cultivated varieties. Among the
many parasitoids that utilize sunflower EFN, Lysiphlebus testaceipes (Cresson)
(Hymenoptera: Braconidae) is an important generalist parasitoid of cereal aphids in
North America. This study evaluated the performance of adult wasps fed EFN of
sunflower plants grown from seed treated with chlorantraniliprole and thiamethoxam.
Consumption of EFN from treated sunflower seedings caused no lethal effects, but
reduced the numbers of greenbug nymphs, Schizaphis graminum Rondani, attacked
and parasitized when wasps foraged in Petri dish arenas. Whereas control females
self-superparasitized every fourth host, those exposed to chlorantraniliprole did not.
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Offspring developmental time and adult emergence were unaffected by either treatment,

but thiamethoxam greatly reduced the proportion of female offspring.

Keywords: conservation biological control, ecotoxicology, Lysiphlebus testaceipes

(Hymenoptera: Braconidae), Schizaphis graminum, systemic insecticides

1. Introduction

Plants have evolved multiple strategies to defend themselves against herbivores.
Aside from direct physical and chemical defences, nectar and pollen plants may attract
natural enemies of their herbivores in addition to pollinators (Pemberton and Lee 1996;
Nicolson et al. 2007). Both floral and extrafloral nectar (EFN) are an important source
of hydration and nutrition for parasitoids (Heimpel and Collier 1996; Heimpel et al.
1997). The composition of EFN differs from that of floral nectar in most plant species
(Baker et al. 1978). Although both are mostly sugar by weight, EFN usually contains a
full complement of essential amino acids, albeit in low concentrations, with sucrose the
dominant sugar, rather than glucose or fructose (Baker and Baker 1979; Rogers 1985).
Sugars can be essential for parasitoid survival (Lewis et al. 1998), longevity (Dyer and
Landis 1996) and fecundity (Olson and Andow 1998), and improve parasitoid
performance in biological control contexts (Gurr et al. 2004). Another benefit of EFN is
that it is available to natural enemies for a much longer period than floral nectar,
beginning early in plant development and continuing up to, and beyond, flowering

(Pacini et al. 2003; Rose et al. 2006).



On the High Plains of the USA, sunflower plants are an important source of EFN
for beneficial insects during the hot, dry summers (Royer and Walgenbach 1991).
Small nectaries that occur profusely along petioles and leaf veins secrete nectar from
the time the first true leaves expand until the plants senesce. A great diversity of
parasitoids feed on sunflower EFN (e.g., Charlet and Gavloski 2011) and the presence
of sunflowers has been shown to improve the area-wide survival of natural enemy
species important in the biological control of key pests in neighboring crops (e.g.,
Brewer et al. 2008), probably by supplying critical resources for natural enemies (Gurr
et al. 2004). Intercropping cultivated plants with EFN-producing companion plants has
even been proposed to supplementary food for natural enemies early in the growing
season before pests become abundant (Jamont et al. 2013).

Like many other row crops cultivated on the High Plains, the majority of
commercial sunflower seed is now planted with a systemic insecticide seed treatment
which poses a potential hazard to natural enemies. Seed treatments have been
promoted as more compatible with biological control than broadcast sprays of
insecticides, primarily because seed treatment involves a smaller amount of pesticide
applied in a more selective manner, with consequently reduced impacts on non-target
organisms (Hull and Beers 1985; Albajes et al. 2003) and lower levels of environmental
contamination (Taylor et al. 2001). Systemic insecticides typically show low lipophilicity
and exhibit a low octanol-water partition coefficient (log Poct) (Cloyd and Bethke 2011).
This property facilitates their translocation in plant tissues, and may lead to
contamination of pollen, floral and EFN (Maienfisch et al. 2001; Lahm et al. 2009) that,

in turn, can cause both lethal and sublethal effects on natural enemies over potentially



prolonged periods (Lundgren 2009; Li et al. 2012). EFN is produced in much earlier
stages of plant development than floral nectar and thus has the potential to bear higher
concentrations of systemic insecticides applied as seed treatments. For example,
residues of the neonicotinoid imidacloprid were 50 times more concentrated in
cotyledons than in the first true leaves of sunflower, and 800 times more concentrated
than in the apex of plant; concentrations were typically reduced by half in each
successive pair of leaves, reflecting progressive dilution as a function of plant growth
(Laurent and Rathahoa 2003).

Chlorantraniliprole and thiamethoxam represent two different systemic insecticide
groups used in seed treatment, diamides and neonicotinoids, respectively. Diamide
insecticides have a novel mode of action that acts exclusively on the ryanodine receptor
in insect neuromuscular junctions (Nauen 2006; Lahm et al. 2009). In contrast,
thiamethoxam is a neonicotinoid insecticide that targets nicotinic acetylcholine receptors
in the insect central nervous system (Tomizawa and Casida 2005) and can be
converted within the plant into highly toxic metabolites such as clothianidin (Casida
2011) which can increase its toxicity.

Lysiphlebus testaceipes (Cresson) (Hymenoptera: Braconidae) is a solitary
endoparasitoid that attacks more than 100 aphid species, mostly on grasses and
herbaceous plants (Pike et al., 2000). It is an important natural enemy of the greenbug,
Schizaphis graminum (Rondani) (Hemiptera: Aphididae) and helps to maintain
populations of this aphid below economic levels in both sorghum (Jones 2001) and
wheat (Giles et al., 2003). Without nectar, many parasitoids show a dramatic reduction

in their ability to parasitize insect pests (Stapel et al.1997; Lewis et al.1998), and adult



L. testaceipes can often be observed feeding on sunflower EFN in the High Plains
environment (J.P.M. unpublished observations). Therefore, the objectives of this study
were to assess whether either chlorantraniliprole or thiamethoxam would have any
impacts on the survival of adult wasps, their foraging behavior, or the development of
their offspring, when the adults fed on EFN of sunflower seedings grown from treated

seed.

2. MATERIALS AND METHODS
2.1 Insect colonies

All insect colonies were held in growth chambers under the same physical
conditions: 21 + 1°C and a L:D 16:8 photoperiod. The colony of S. graminum was
initiated from aphids naturally infesting sorghum in a greenhouse at the Agricultural
Research Center-Hays, in Hays, KS, USA. The aphids were established on seedlings
of a greenbug-susceptible sorghum variety (cv. P8500) planted in metal trays (8.0 cm x
51.0 cm x 36.0 cm) filled with a mixture of soil, peat moss and perlite (1:1:1) and
germinated in a greenhouse at 25 + 2 °C. A colony of L. testaceipes was established
from material obtained from a laboratory culture that had been maintained on
Rhopalosiphum padi (L.) (Hemiptera: Aphididae) at the Department of Entomology,
University of Minnesota, MN, USA for many generations. The colony was reared on S.
graminum for three generations prior to use in bioassays. For each generation, mated
parasitoid females (2-3 d old, n = 20) were each provided ca. 50 2nd and 3rd instar
aphids in a Petri dish (5.5 cm diam) for a period of 50 min tallied from the time the first

aphid was stung. Following removal of wasps, the aphids were transferred to sorghum



seedlings in plastic pots (15.0 cm diam x 14.0 cm ht), ca. 250 aphids per pot. The
seedlings had been germinated in a mixture of soil, peat moss and perlite (1:1:1) in a
greenhouse at 25 £ 2 °C. The pots were placed in a growth chamber and, once
mummification of parasitized aphids occurred, mummies were removed from the plants
and placed in a wax paper cup (8.5 cm diam x 12.5 ht) covered with a plastic Petri lid
until adult emergence. Emergent adults were fed with a solution of diluted honey (50%)
streaked onto the plastic lid. Males and females were held together for ca. 48 h to

permit mating before females were removed and used to produce the next generation.

2.2 Sunflower plants

Seeds of Pioneer 63N82 sunflower treated with chlorantraniliprole (1800 mg a.i.
100 kgt) were provided by DuPont Crop Protection (division of E.I. du Pont de Nemours
and Co., Wilmington, DE). Seeds of Triumph Nusun cv. 810CL were obtained from
Triumph Seed Corp. (division of Dow Agrosciences, Indianapolis, ID) both with and
without treatment with Cruiser 5FS® (thiamethoxam, 50 mg a.i. 100 kg, Syngenta
Crop Protection, Greensboro, NC); untreated Triumph seed served as the experimental
control. Seeds for each treatment were planted in separate metal trays (8.0 cm x 51.0
cm x 36.0 cm) filled with a mixture of soil, peat moss and perlite (1:1:1) and germinated
in a greenhouse at 25 *+ 2 °C under natural light supplemented during daylight hours
with metal halide lamps (L:D = 12:12).. Plants were watered daily, but sparingly, to
avoid excessive leaching of insecticide. Sunflower stalks were harvested beginning at
the V2 stage (two true leaves expanded) and every two days thereafter throughout each

period of parasitoid exposure in experimental treatments. This growth stage

6



corresponded to 14-15 d-old plants, post-emergence, under the prevailing temperature
conditions. Sunflower plants begin secreting extrafloral nectar shortly about two weeks
after germination, the first nectaries developing on the main stem between the
cotyledons and the first true leaves. These small nectaries are invisible to the naked
eye, but they occur profusely over the surface of stems, leaf petioles and leaf veins. The

nectar is exuded in very small amounts from these tiny pores and it appears to require

considerable feeding effort on the part of insects to obtain the EFN. For provisioning to
insects, stem segments (ca. 10.0 cm long) were excised from seedlings and the cut
ends dipped in liquid paraffin to seal vascular tissues and maintain turgor, while at the
same time preventing the exudation of any resinous materials that might pose a hazard

to the insects.

2.3 Experimental procedure

In order to test for lethal and sublethal effects of exposure to EFN form treated
and untreated seedlings, mummies of L. testaceipes (n = 30) were placed in wax paper
cups (n = 4 cups per treatment), each containing two sunflower stem segments and
sealed with a plastic Petri dish lid. Upon emergence, the adult wasps were exposed to
the sunflower stems as their only food source for a period of 48 h, with all stems
replaced after 24 h. Mortality was then tallied after 48 h with cup as the experimental
unit. Sublethal effects on behavior were assessed by aspirating individual females (n =
16 per treatment) into Petri dishes (5.5 cm diam), each containing 40 2nd and 3rd instar
aphids. Following release of each female wasp, the time to first sting (attack latency)

was recorded and the wasp was left to forage for 30 min, whereupon the female was



removed. All aphids from each dish were then transferred with a fine brush to a single
sorghum seedling (one per replicate) that had been germinated in a 16.0 cm plastic
cone (Stuewe & Sons, Corvallis, OR) filled with a mixture of soil, peat moss and perlite
(1:1:1). Wasps that did not sting an aphid within 10 min of release were replaced. Each
cone was then covered with a custom-made, clear plastic cylinder (30 cm length),
sealed at the top with a plastic plug and ventilated on the sides by means of a series of
screened holes. The cones were inserted into a supporting rack and transferred to a
growth chamber. Plants were watered every 48 h by submerging the rack of cones in a
water bath for 30 min. Four days after parasitism, a sample of aphids from each plant
(n = 10) were dissected in saline under a stereo microscope (40 x magnification) to
verify the presence/absence of parasitoid larvae. The attack rate was estimated as the
sum of parasitized aphids (those containing a parasitoid larvae) and pseudoparasitized
aphids (those with teratocytes present and evident deterioration of aphid embryos, but
no parasitoid larva). Aphids containing more than one wasp larva were tallied as self-
superparasitized. As mummies formed, they were carefully removed from plants and

transferred to a wax paper cup (as above) until emergence of adults.

2.4 Data analysis

Data were subjected to one-way ANOVA and, when significant, means were
separated using Fisher's LSD test (o = 0.05) (PROC GLM; SAS Institute, 2008).
Exposure cups were considered replicates for analysis of mortality during exposure;
individual females as replicates for analysis of attack behavior, and sorghum seedlings

each bearing the aphids exposed to a single female as replicates for analysis of
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progeny fitness. Attack latency data were log(x+1) transformed, whereas percentage
data (percent hosts attacked, parasitized, and offspring emergence) were arcsine
square root transformed to fit requirements for normality and homoscedasticity (PROC
UNIVARIATE; SAS Institute, 2008); untransformed means are presented in figures and
tables. Proportional data (self-superparasitism, mummification, and sex ratio (£ / Z(9
+ ') were analyzed using the Chi-square, Goodness of Fit test (o = 0.05) (PROC

FREQ; SAS Institute, 2008).

3. RESULTS

Neither chlorantraniliprole nor thiamethoxam seed treatments produced mortality
of L. testaceipes any higher than controls after 48 h when adults consumed the EFN of
excised sunflower stem segments (percent mortality + SE: control = 20.8 = 5.0;
chlorantraniliprole = 18.3 £ 7.5; thiamethoxam = 19.2 + 6.4; F2,9 = 0.04, P = 0.961).
However, both insecticide treatments reduced the latent period to first sting, number of
aphids stung, and number of aphids parasitized (Table 1). Self-superparasitism was
reduced by the chlorantraniliprole treatment, indicating lower levels of oviposition, and
thiamethoxam reduced the offspring sex ratio (proportion female). Neither the
proportion of remaining aphids forming mummies, adult emergence, nor development
time from parasitism to emergence, were significantly affected by either treatment

(Table 2).

4. DISCUSSION



Although no direct wasp mortality was observed in this study, the consumption of
EFN from sunflower seedlings treated with chlorantraniliprole and thiamethoxam caused
various sublethal effects on L. testaceipes behavior and biological performance.
Female wasps exposed to either material were faster to attack their first aphid
compared to control females, although they attacked fewer aphids within the test period.
These females displayed various combinations of erratic behavior, disorientated
movements, and extended periods of antennation and ovipositor probing on the same
host, suggesting impaired host acceptance behavior. We suspect that the time to first
host encounter was faster for treated females because they moved randomly within the
dish from time of introduction, whereas control wasps spent an initial period evaluating
sensory cues asssociated with their surrounding environment prior to initiating search
behavior. For example, Hopkinson et al. (2013) observed that female L. testaceipes
foraging for Aphis gossypii Glover and Aphis craccivora (Koch) (Hemiptera: Aphididae)
on cotton leaf discs required a mean of 14.7 and 16.4 min, respectively, to attack their
first host, illustrating how much time may be expended by these insects exploring a leaf
surface prior to an initial host encounter. Therefore, it is reasonable to expect that other
behavioral impairments might be evident in a more complex, natural environment, that
would not be observed in the experimental arenas. The relatively short latent periods
observed in the present study are likely the result of presenting hosts in a small arena in
the absence of plant material or other cues such as honeydew. Residues of various
insecticides are known to trigger changes in parasitoid mobility, orientation, feeding and
parasitism ability (Desneux et al. 2007; Garcia 2011). Changes in foraging behavior

and rates of parasitism were observed after Anagrus nilaparvatae (Pang and Wang)
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(Hymenoptera: Mymaridae) fed on a mixture of honey and imidacloprid (Liu et al. 2010)
and subsequent work found similar effects of chlorantraniliprole on the same species
(Liu et al. 2012). Both a bracon and an encyrtid parasitoid that fed on floral nectar of
Eucalyptus trees treated with an imidacloprid soil drench suffered reduced survival and
reproductive performance (Paine et al. 2011), although in this case the concentrations
detected in nectar were more than double the LC50 values for these species. In a three
year field study, cotton seeds treated with either imidicloprid or thiamethoxam reduced
the season-long rate of whitefly, Bemisia tabaci (Hemiptera: Aleyrodidae), parasitism by
a complex of three aphelinid parasitoids (Naveed 2010).

The similar reductions in parasitoid performance caused by the
chlorantraniliprole and thiamethoxam treatments likely result from entirely different
effects on the insects, as the former material interferes with muscle contraction, and the
latter with neurotransmission. Chlorantraniliprole induces the ryanodine receptors to
release stored calcium ions from the sarcoplasmic reticulum, causing impaired
regulation of muscle contraction, paralysis and ultimately death in sensitive species
(Cordova et al. 2006; Lahm et al. 2007). In contrast, thiamethoxam targets nicotinic
acetylcholine receptors on the post-synaptic membranes of nerve cell junctions
producing both lethal and sublethal neurological effects (Tomizawa and Casida 2005).
Both materials appeared to lower the overall mobility of females, resulting in fewer host
encounters during the test period, and consequently less parasitism. This can be
construed to result entirely from impaired muscle function in the chlorantraniliprole
treatment. However, the neurotoxic activity of thiamethoxam has the potential to both

impede wasp motor functions and their sensory perception of cues involved in host
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evaluation and acceptance. Disruption of parasitoid sensory perception and motor
function as a function of sublethal exposure to neurotoxic insecticides is well
documented (Haynes 1988; Garcia 2011). For example, Komeza et al. (2001), studied
Leptopilina boulardi (Hymenoptera: Figitidae) females exposed to the LD20 of the
organophosphate chlorpyrifos and found them to be less efficient in finding host patches
marked with kairomones, and exhibit longer patch residence times. In contrast,
Delpuech et al. (2005) found that the congeneric Leptopilina heterotoma Thomson
females responded to kairomones of Drosophila with greater arrestment following
contact with chlorpyrifos and deltamethrin at LD20. Thus, either inhibitive or stimulative
(hormoligosis) effects of neurotoxic insecticides may be observed at sublethal doses,
depending on the insecticide and species of insect.

Self-superparasitism occurs when a female lays eggs in a host that she has
previously parasitized (Waage, 1986). In contrast to control females that laid an
additional egg in almost every fourth host, L. testaceipes females exposed to
chlorantraniliprole did not engage in this behavior (Table 1). Although L. testaceipes is
a solitary parasitoid and only one offspring can survive per host, there exist several
potential payoffs for self-superparasitism. Aphid parasitoids such as L. testaceipes
emerge with hundreds of eggs ready to lay and laying an additional egg in some hosts
can improve a female's probability of host possession for her offspring if there is a risk
of superparasitism by conspecific females (Michaud and Mackaeur, 1995). Although
supernumerary larvae are eliminated, upon hatching, additional eggs release additional
teratocytes critical to selective digestion of host tissues (Falabella et al 2000; Caccia et

al 2012) and these may improve the survival of neonate parasitoids in their
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physiological struggle against host resistance mechanisms. For example, Bai and
Mackaeur (1992) found that Aphidius ervi Halliday developing in superparasitized pea
aphids, Acyrthosiphum pisum Harris, gained 14% more dry mass compared to those in
singly-parasitized hosts, with no cost in additional developmental time. Similarly, Zhang
et al. (2010) reported that oviposition of multiple eggs increased parasitism success of
the solitary parasitoid Campoletis chlorideae Uchida (Hymenoptera: Ichneumonidae) in
larvae of Mythimna separata Walker (Noctuidae: Lepidoptera). In keeping with the
inference that self-superparasitism of some fraction of hosts is an adaptive 'insurance'
strategy for solitary parasitoids, its absence in females exposed to chlorantraniliprole
can be considered an abnormality likely to have adverse effects on female fitness, for
example if the behavior is adaptive for improving offspring survival in hosts of marginal
suitability.

The lack of any significant difference among treatments in the proportion of
aphids mummified appears somewhat inconsistent with the results obtained from
dissected subsamples, and likely reflects a bias toward sampling parasitized aphids
during removal of these subsamples. In order to minimize disturbance of the remaining
aphids, subsamples were removed from sorghum seedlings by gently tapping them over
a sheet of paper and collecting the first ten aphids so dislodged. Many factors can
potentially influence the dropping propensity of aphids from a plant, including parasitism
(e.g. McAllister and Roitberg 1987). Thus, we suspect that parasitized aphids had
greater dropping propensity than unparasitized aphids and were thus over-represented
in the dissected samples and under-represented in the remaining fraction that was

reared to mummification.
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Neither offspring survival nor their developmental time was affected by either
seed treatment (Table 2), but the sex ratio (proportion female) was significantly reduced
by the thiamethoxam treatment. In arrhenotokous Hymenoptera such as L. testaceipes,
unfertilized eggs become males, so egg fertilization (and thus sex ratio) is actively
controlled, and females may even selectively place fertilized eggs in better hosts (e.g.
Srivastava and Singh 1995a). In aphidiine wasps, sex ratio can be diminished by
various stressors such as high temperature (Deng and Tsai 1998; Matin et al. 2009),
low temperature (Sigsgaard 2000; Mahi et al. 2014), multiple matings (Kant et al. 2012)
and aging (Srivastava and Singh 1995b; Kant et al. 2013). Since the rate of
mumification among aphids not harvested for dissection was similar across treatments,
the lower sex ratio in the thiamethoxam treatment is most likely attributable to
neurologic impairment of females that interfered to some extent with their ability to
fertilize eggs. Since both parasitoid population growth and biological control efficacy
hinge on numbers of parasitoid females, a reduction in sex ratio to only 11% female can
be considered a highly adverse result.

In summary, many studies have emphasized that systemic insecticides used in
seed treatments pose risks to beneficial species such as parasitoids (Prabhaker et al.
2011), predators (Al-Deeb et al. 2001; Moser and Obrycki 2009), and pollinators
(Girolami et al. 2009) due to their translocation within plants and their potential
contamination of pollen and nectar (Cloyd and Bethke, 2011). The treatment of seed
with such insecticides is now a widespread practice in production agriculture because it
can improve stand establishment in row crops by protecting germinating seeds and

young seedlings. However, neonicotinoids are notoriously incompatible with integrated
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pest management (IPM) (Hutchins 2010), can accumulate in soils, and are prone to
leaching into waterways (Goulson 2013). Furthermore, there are risks to pollinators
associated with improper handling or disposal of residues during planting operations
(Nuyttens et al. 2013). Work in soybean has questioned whether producers gain any
significant benefits from seed treatments (Seagraves and Lundgren 2012). Producers
buying factory-treated seed incur a control cost prior to suffering any pest infestation, an
expense that is not recouped if economically damaging pests do not attack plants in
early growth stages. Because seed treatments constitute a prophylactic control, they
are not consistent with IPM principles that require assessment of pest numbers and
projection of an economic impact prior to resorting to pesticide application (Stern et al.
1959). Further studies are warranted to determine just how compatible seed treatments
are with IPM programs that rely on conservation biological control to any significant

extent.
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Table 1. Mean (x SE) parameters of Lysiphlebus testaceipes parasitism behavior when females were subjected to three
treatments (wasps fed for 48h on extrafloral nectar of sunflower stems excised from seedlings grown from seed treated
with either chlorantraniliprole or thiamethoxam, or controls) prior to foraging as individuals on 40 second and third instar
nymphs of Schizaphis graminum in a plastic Petri dish for 30 min. Ten aphids were dissected from each replicate to

determine percentages attacked and parasitized, and the proportion self-superparasitized.

Seed treatment Attack latency! (min) Percent attacked! Percent parasitized! Self-superparasitism?*
Control 3.0+0.7a 431+74a 38.8+x79a 0.24+0.05a
Chlorantraniliprole 1.5+£040b 21.9+£6.0b 19.4+£57Db 0.00+0.00b
Thiamethoxam 1.1£03b 24.4+52b 206 £5.0b 0.09 £ 0.05 ab

F or 2 4.55 4.39 3.56 10.86

d.f. 2,45 2,45 2,45 2

P 0.016 0.018 0.037 0.004

Analysis by one-way ANOVA (1), or Chi-square (?).

Means (+ SE) and proportions followed by different letters were significantly different within columns (Fisher's LSD, or
Chi-square, o = 0.05).

*Proportion of dissected hosts that contained two larvae.

24



Table 2. Mean (x SE) developmental parameters of Lysiphlebus testaceipes progeny whose mothers were subjected

to three treatments (wasps fed for 48h on extrafloral nectar of sunflower stems excised from seedlings grown from

seed treated with either chlorantraniliprole or thiamethoxam, or controls) prior to parasitizing second and third instar

nymphs of Schizaphis graminum in a plastic Petri dish.

Seed treatment Prorg(::;l?nr:ﬁae%kznds Adult emergence?! (%) Development time? (d) (propsoergc:r?t;(e?:nale)
Control 0.25+0.02a 822+52a 15.7+x0.2a 0.41+0.05a
Chlorantraniliprole  0.19 £0.02 a 79.3x79a 158+0.2a 0.40 +0.06 a
Thiamethoxam 0.21+£0.02 a 726+t4.2a 155+0.1a 0.11+0.04b
Fory? 4.19 0.71 0.74 20.15

d.f. 2 2,35 2,35 2

P 0.123 0.498 0.485 <0.001

Data were analyzed by one-way ANOVA (%), or Chi-square (?).

Values followed by different letters were significantly different within columns (Chi-square, a = 0.05).
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