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ABSTRACT 

 
 

Management of western bean cutworm Striacosta 
albicosta (Lepidoptera: Noctuidae) and mycotoxins in 

Ontario maize 
 

 
 

Jocelyn Leigh Smith                                                                                                        Advisors: 
University of Guelph, 2017                                                                          Dr. A. W. Schaafsma 

Dr. R. H. Hallett 
 

Western bean cutworm, Striacosta albicosta (Smith) (Lepidoptera: Noctuidae), is a pest 

of maize, Zea mays (L.), that has recently established in Ontario, Canada following a range 

expansion from the western United States. In addition to yield loss, ear feeding by S. albicosta 

was expected to exacerbate infection of mycotoxigenic fungi in maize grain, especially in 

southern Ontario where environmental conditions frequently favour infection of maize by 

Fusarium spp. The objective of this research was to determine effective management strategies 

for S. albicosta in Ontario. Specifically, the efficacy of Cry1F Bacillus thuringiensis (Bt) 

transgenic maize was evaluated for control of S. albicosta injury in field experiments from 2011-

2015, and the susceptibility of Ontario field-collected S. albicosta to Cry1F was investigated 

using laboratory concentration-response bioassays. Non-Bt and Bt (Cry1F and Vip3A × Cry1Ab) 

maize hybrids in combination with insecticides and fungicides were evaluated for control of S. 

albicosta injury and accumulation of mycotoxins, particularly, deoxynivalenol (DON), under 

natural field infestation conditions from 2011-2014. The most effective application timing of 

pesticides was also investigated. Lastly, the relationship between S. albicosta injury and DON 

accumulation in maize was investigated based on field experiments in 2012-2014. A simple 

calculation for estimating the risk of F. graminearum infection during the silking and insect 



feeding periods was used to develop parameters to describe the relationship between S. albicosta 

injury and DON accumulation using multiple regression analysis.  

The results of this research provide evidence for field-evolved resistance to Cry1F within 

Ontario populations of S. albicosta and confirm the lack of efficacy of Cry1F-expressing hybrids 

for control of S. albicosta. Excellent control of S. albicosta injury was achieved with the Vip3A 

event and control of non-Bt and Cry1F maize was improved with insecticide application; 

however, low levels of DON were observed regardless of Bt event. A combined application of 

insecticide and fungicide at the full silking stage is recommended for maize hybrids lacking 

tolerance to F. graminearum infection. Lastly, these results confirm that injury by S. albicosta 

can increase the risk of DON accumulation in maize grain in Ontario; however, hybrid tolerance 

to F. graminearum and environmental conditions are predominant factors in DON accumulation.  
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CHAPTER 1 INTRODUCTION 

 Ontario is the largest maize Zea mays (L.) producing province in Canada where from 

2012-2016, 835,300 ha were harvested annually with an average yield of 10.1 T ha-1 valued at 

$1.8 billion Canadian dollars (CAD) annually (OMAFRA 2017c). Historically, the key insect 

pest of maize in North America, including Ontario, was the European corn borer, Ostrinia 

nubilalis (Hübner) (Lepidoptera: Crambidae) until the introduction of transgenic maize 

expressing insecticidal protein derived from Bacillus thuringiensis (Berliner) (Bt) in 1996 led to 

area wide suppression of O. nubilalis populations (Mason et al. 1996, Hutchison et al. 2010). 

Other ear-feeding lepidopteran maize pests such as Helicoverpa zea (Boddie) (Lepidoptera: 

Noctuidae) and Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae), are typically 

sporadic in Ontario and not considered economically important in grain maize production 

(OMAFRA 2017a). Striacosta albicosta (Smith) (Lepidoptera: Noctuidae) is an ear-feeding 

maize pest that is native to the Great Plains region of the western United States that has 

undergone a recent range expansion, reaching the U.S. Corn Belt in the early 2000’s (Michel et 

al. 2010). Monitoring for S. albicosta in Ontario began in 2007 and, since its first detection in 

2008, incidence of field infestations has steadily increased year over year in Ontario maize-

growing regions. 

1.1 DISTRIBUTION 

 The first record of the insect described as Agrotis albicosta (Smith) was based on a 

collection of moths from Arizona (Smith 1887). Specimens were collected in 1896 in Denver, 

Colorado and injury to dry edible beans Phaseolus vulgaris (L.) by Loxagrotis albicosta (Smith) 
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was also reported in Colorado in 1915, 1925, 1930, and 1941; additional collections were 

reported from Idaho, Kansas and Nebraska in the 1930’s and 40’s (Hoerner 1948). Significant 

infestation of S. albicosta in maize was reported in Idaho in 1956 (Douglass et al. 1957) and in 

Nebraska in 1960 (Hagen 1962). Before 1971, the reported distribution included Iowa, Utah, 

New Mexico, Texas, Wyoming, and Alberta, Canada (Crumb 1956). Between 1971 and 1980, S. 

albicosta was reported in South Dakota (Blickenstaff and Jolley 1982). The first report of S. 

albicosta in Minnesota followed the discovery of damaged sweet corn in 1999 (O'Rourke and 

Hutchison 2000). In 2000, multiple reports of S. albicosta injury in maize were reported in Iowa 

and South Dakota (Rice 2000, Catangui and Berg 2006). In 2004, S. albicosta moths were 

detected farther east into Illinois and Missouri using pheromone traps (Dorhout and Rice 2004). 

The first moths in Michigan and Ohio were captured in pheromone traps in 2006. In 2007, 

capture numbers increased north and eastward in both states and significant field injury was 

observed in maize in northwest Michigan (DiFonzo and Hammond 2008).   

Monitoring for S. albicosta in Canada was initiated in 2007 by the Ontario Ministry of 

Agriculture, Food and Rural Affairs (OMAFRA) using pheromone traps; no moths were 

captured that year (Baute et al. 2010). In 2008, the first moths were captured in southwestern 

Ontario in pheromone traps and were recorded in personal collections from Southampton and 

Manitoulin Island, ON; 152 moths were captured in total (Crolla 2009, Baute et al. 2010). In 

2009, 21 moths were captured per trap, on average, in Ontario and eastern Quebec; field injury to 

maize and dry edible beans was also observed for the first time in Ontario, although not at 

economically damaging levels (Baute et al. 2010, Crolla 2010). The first detection of S. albicosta 

in Pennsylvania was made in pheromone traps in 2009 (Tooker and Fleischer 2010). Numbers of 

S. albicosta in the Great Lakes region continued to increase in 2010 where 49 moths per trap 
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were collected on average in Ontario and Quebec; numbers also increased in Ohio, Pennsylvania, 

and New York over those in 2009 (Baute and Bruggeman 2011). Economic injury to maize was 

first observed in Lambton, Chatham-Kent and Norfolk counties in southwestern Ontario in 2010 

(Baute and Bruggeman 2011). Since 2010, the average number of moths captured per trap in 

Ontario has increased annually with the exception of 2014 (Baute and Smith, unpublished).  

The cause of the northeastern range expansion of S. albicosta is unknown. Miller et al. 

(2009) hypothesized that a genetic bottleneck may have occurred if a small founder population 

moved east from the Missouri River following removal of a physical barrier; however, genetic 

diversity was not different between moths from the two regions, which indicated that a large 

population had moved into the new range. It has been suggested that the widespread adoption of 

transgenic maize expressing Bt insecticidal proteins may have favored S. albicosta populations 

by reducing competition with pests controlled by Bt-maize or by reduction of insecticide use that 

previously limited their population growth (USEPA 1998, Hutchison et al. 2011). The increase in 

conservation tillage practices may have also led to lower overwinter mortality and the effects of 

changing climate may have influenced the range expansion of S. albicosta (Hutchison et al. 

2011).   

1.2 LIFE HISTORY 

 Striacosta albicosta has a univoltine life cycle. Adults are primarily brown-black in 

colour with a white longitudinal costal band framing the leading edge of the forewing which 

ranges from 15 to 21 mm in length (Lafontaine and Gill 2004). The middle of the forewings 

contain circular and kidney-shaped reddish-brown markings, both outlined with white scales 

(Lafontaine and Gill 2004). The hindwings are tan with light brown marginal shading.  
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In its native range, adult emergence typically occurred from mid-July until mid-August, 

peaking in late-July (Hoerner 1948, Douglass et al. 1957, Blickenstaff 1979). Antonelli (1974) 

calculated that peak emergence occurred after 1300 Celsius degree days (DD) had accumulated 

at a 10 cm soil depth based on developmental threshold of 4.4°C (DD4.4). A widely used degree 

day model developed in Nebraska estimated that 733, 790, and 853 DD10 beginning 1 May 

predicted 25, 50, and 75% moth emergence, respectively (Ahmad 1979, Seymour et al. 1998). 

Recently, Hanson et al. (2015) determined that DD calculation beginning 1 March with base and 

maximum developmental thresholds of 3.3 and 23.9°C, respectively, more accurately predicted 

flights monitored using black light traps in Nebraska. Females are the dominant sex during the 

first 5 to 6 days (d) of emergence with an average 1:1 sex ratio being established (Blickenstaff 

1979). Females reach sexual maturity 4-6 d after eclosion (Konopka 2013) and mate 3 times on 

average (Konopka and McNeil 2015). The oviposition period lasts for 8 d on average (Douglass 

et al. 1957, Blickenstaff 1979) and the average adult life span is reportedly 7 and 9 d for male 

and female moths, respectively (Blickenstaff 1979); however, 10-14 d survival under laboratory 

conditions is commonly observed (Smith and Farhan, unpublished). 

In maize, moths typically lay masses of approximately 50-85 (range 2-364) individual 

dome-shaped eggs on the upper surface of a leaf close to the whorl on random plants throughout 

a field (Hagen 1962, Blickenstaff 1979, Davidson et al. 2007, Paula-Moraes et al. 2011). Eggs 

are 0.01 cm in diameter, coarsely ribbed, and pearly white when laid but gradually darken to 

purple 5 to 7 d after oviposition (Hoerner 1948, Douglass et al. 1957, Hagen 1962, Blickenstaff 

1979, Paula-Moraes et al. 2013). Egg hatch begins after 130-140 DD10 under constant rearing 

conditions of 26.6ºC; however, egg development time decreases with increasing temperature 

(Dyer et al. 2013, Paula-Moraes et al. 2013). A female lays 3-400 eggs on average during her 
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lifetime (range 84-627) (Douglass et al. 1957, Blickenstaff and Jolley 1982). Typically 1-2 

masses are laid per plant; however, under heavy infestation this may be higher (Hagen 1962).  

 Larvae are light tan or pinkish with a faintly pigmented diamond-shaped pattern on the 

dorsum of the abdominal segments (Stehr et al. 1987). The head capsule is brown and the most 

distinctive identifying character is the presence of alternating dark and pale lines on the 

prothoracic shield (Stehr et al. 1987). Larvae undergo six instars (Antonelli 1974, Dyer et al. 

2013) over a period of 28-31 d (DiFonzo 2009, Dyer et al. 2013) or 514 DD10 (DiFonzo 2009). 

The mean head capsule width and body length from the 1st to 6th instar ranges from 0.33 ± 0.03-

3.49 ± 0.38 and 2.5 ± 0.2-29.1 ± 3.4 mm, respectively (Dyer et al. 2013). Temperature 

requirements for each instar have not been reported; however, Blickenstaff (1979) and Douglass 

et al. (1957) calculated that 1st to 5th instars generally took 5 d between each molt and 6-10 d 

before the final larval molt.  

Larval behaviour includes extensive intra- and inter-plant movement to access different 

food resources throughout their development (Paula-Moraes et al. 2012). First instar larvae 

remain clustered around the egg mass consuming the chorion for several hours after eclosion, 

then move upwards towards the whorl to feed on developing tassel and pollen for up to 5 d 

(Hagen 1962, DiFonzo 2009, Paula-Moraes et al. 2012). Survival of early instar larvae is very 

low on leaf tissue or pollen alone, therefore, tassel and silk tissue appear to provide crucial 

nutrition for their development (Paula-Moraes et al. 2012). By 10 d after eclosion, larvae move 

down the plant to feed on silk and remain in the ear zone for the duration of their development. 

Inter-plant movement from the natal plant may occur up to 3.5 m in any direction (Pannuti et al. 

2016). Sixth instar larvae descend to the ground where they burrow into the soil and overwinter 

as pre-pupae (Hagen 1962, DiFonzo 2009).  
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 In Nebraska, the majority of overwintering larvae were found between 7.5 and 15 cm 

deep in the fall (Hoerner 1948, Blickenstaff 1979). In Idaho, the average overwintering depth 

was 21.25 cm (Douglass et al. 1957). Approximately 90% mortality was measured among 

overwintering S. albicosta under field conditions in Idaho; 72.3% mortality was observed inside 

hibernation cages (Blickenstaff 1979). Greater infestations of S. albicosta were reported in areas 

of Idaho with sandy loam soil compared to finer soil textures (Douglass et al. 1957); however, 

overwintering success has not been compared among soil types. 

1.3 HOST RANGE 

 Maize and dry edible beans are the primary host crops of S. albicosta (Michel et al. 

2010). Larval feeding on solanaceous plants such as ground cherry (Physalis spp.), nightshade 

(Solanum spp.), and tomato (Solanum lycopersicum L.) has been reported (Hoerner 1948, 

Douglass et al. 1957, Blickenstaff 1979); however, larval development was only completed on 

these hosts in one experiment (Blickenstaff 1979, Blickenstaff and Jolley 1982). Blickenstaff 

(1982) also infested ancestral relatives of maize such as teosinte and millet resulting in low larval 

survival. Survival and development of S. albicosta on legumes such as garden pea (Pisum 

sativum L.), cowpea (Vigna sinensis (L.) Savi), and horse bean (Vicia faba L.), was similar to 

that of Phaseolus spp.; however, very little survival occurred on soybean (Glycine max (L.) 

Merr.) and development was greatly inhibited (Blickenstaff and Jolley 1982). 

1.4 PEST STATUS IN MAIZE 

 In its established range, S. albicosta is occasionally a severe pest of maize resulting in 

both yield and grain quality loss. Early instar larvae feed on developing tassel tissue inside the 

whorl before tassel emergence (Hagen 1962) which does not cause economic injury (Michel et 
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al. 2010). After tassel emergence, larvae feed on pollen in leaf sheaths and axils until silks begin 

to develop on young ears (Hagen 1962). Once silks are available, larval feeding is concentrated 

in the ear until kernels reach physiological maturity (Hagen 1962). Ear feeding may occur on the 

tip or side of the ear as larvae move within and outside of the husk (Seymour et al. 1998, Michel 

et al. 2010). Larval feeding may result in premature dry-down of kernels and misshapen ears 

(Hagen 1962). Feeding wounds may also act as entry points for mycotoxigenic fungal pathogens 

contributing to grain quality loss (Hagen 1962, Eichenseer et al. 2008). 

In maize, yield loss of 0.25 Tonnes per ha (T ha-1) was measured with one larva per plant 

at the dent stage of kernel development in artificially infested field experiments in Nebraska 

(Appel et al. 1993). Based on this relationship, the economic injury level was 0.7-0.8 larvae per 

plant if the market value of maize was $4 United States Dollar (USD) bushel-1 and control costs 

were $25-30 USD ha-1 which is reflective of current prices (Appel et al. 1993). With more recent 

hybrids, grain yield loss of 0.95 T ha-1 was estimated with infestation of one larva per ear during 

the milk stage which would be the economic injury level using the same crop value and 

management costs as above (Paula-Moraes et al. 2013). When insecticide application was 

assumed to be 80% effective, the economic threshold for this scenario was 5-7% of plants with at 

least one egg mass (Paula-Moraes et al. 2013). 

1.5 INSECT INJURY AND MYCOTOXINS IN MAIZE 

  Wounds created by insect feeding on maize ears increase the risk of infection of fungi 

that produce mycotoxins in grain. Deoxynivalenol (DON) and zearalenone (ZEN) mycotoxins 

are produced by Fusarium graminearum (Schwabe), an ascomycete that is extremely common in 

the Great Lakes region (Schaafsma et al. 2008). Specifically within the concentrated maize and 
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wheat growing region of southwestern Ontario, infections occur frequently resulting in 

contamination of grain by DON and significant financial losses to maize producers due to 

downgraded grain quality (Campbell et al. 2002, Hooker and Schaafsma 2005, Mueller et al. 

2016). Deoxynivalenol causes emetic, immunotoxic, neurotoxic, and reproductive effects in 

swine, including reduced feed consumption, weight loss, and abortion (Pestka 2007, Miller et al. 

2014). Canadian regulatory guidelines state that DON not exceed 1.0 µg g-1 in feed for swine and 

lactating dairy cattle and 2.0 µg g-1 in wheat grain for human consumption (FAO 2004, CFIA 

2015). ZEN causes hyperestrogenism and other reproductive effects such as infertility, abortion, 

and vaginal prolapses in swine and cattle (Kuiper-Goodman et al. 1987). The recommended 

tolerance level for ZEN in swine feed is 1-3.0 µg g-1 (CFIA 2015). F. graminearum infection 

primarily occurs via the silk channel under favourable environmental conditions; however, insect 

damage may provide additional entry routes (Sutton 1982, Schaafsma et al. 1997). When O. 

nubilalis were controlled with Cry1Ab Bt-maize, DON contamination in grain was reduced by 

50 and 59% in Ontario and France, respectively (Schaafsma et al. 2002, Folcher et al. 2010). 

Parker et al. (2016) observed greater ear rot severity due to F. graminearum with artificial 

infestation of S. albicosta. 

Fumonisin (FB) mycotoxins are produced by F. verticilloides (Saccardo) (Nirenberg) and 

F. proliferatum (Matsushima) (Nirenberg) and cause equine neurotoxicity and hepatotoxicity, 

porcine pulmonary edema, liver cancer in rats, horses, and swine, and are classified as potential 

carcinogens in humans (Marasas 1995, World Health Organization 2002, Ahangarkani et al. 

2014). Damage to maize by many lepidopteran pests including S. albicosta, S. frugiperda, H. 

zea, O. nubilalis, Diatraea saccharalis (Fabricius), and Sesamia nonagroides (Lefebvre) has 

been associated with FB contamination (Munkvold et al. 1997, Munkvold et al. 1999, Hammond 
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et al. 2004, de la Campa et al. 2005, Folcher et al. 2010, Bowers et al. 2013, 2014). Regulatory 

guidelines recommend that FB concentration not exceed 1.0, 3.0, and 10.0 µg g-1 in feed for 

horses, cattle, and swine, respectively, and 2.0-4.0 µg g-1 in grain products for human 

consumption (CFIA 2015). In Ontario surveys, total FB concentration in maize grain has 

historically remained below 1.0 µg g-1 (Schaafsma et al. 2008); however, in 2012, the mean 

concentration was 1.1 µg g-1 and 4 samples were greater than 5.0 µg g-1 when damage from S. 

albicosta was present (Limay-Rios, V. personal communication).  

For control of infection by Fusarium spp. in Ontario maize, application of a triazole 

fungicide is recommended at full silk emergence and before silk browning (OMAFRA 2017a). 

Application of prothioconazole to maize in Ontario experiments resulted in approximately 60% 

lower DON concentration in grain (Limay-Rios and Schaafsma 2013). Application of the 

strobilurin fungicide pyraclostrobin had no impact on ear rot severity or DON concentration in 

the presence of S. albicosta (Parker et al. 2016). Further research on the compatibility of 

management strategies for both S. albicosta and mycotoxigenic fungi has not been reported. 

1.6 MANAGEMENT IN MAIZE 

1.6.1 Cultural Control 

 Disturbance of the overwintering habitat by primary tillage may increase mortality of S. 

albicosta pre-pupae (Blickenstaff 1979). However, this is not a recommended control practice 

due to lack of experimental data and the unknown role of factors such as soil texture on 

overwintering success (Michel et al. 2010). Anecdotally, crop rotation is not thought to impact S. 

albicosta control as it is assumed that adults fly to attractive mating or oviposition sites within 

their local overwintering range after emergence; however, the flight capability of S. albicosta is 
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unknown. Maize plants nearing tassel emergence are preferentially attractive to S. albicosta for 

oviposition; plants without a developing tassel inside the whorl or those that have completed 

anthesis typically have lower damage (Blickenstaff 1979, Holtzer 1983, Eichenseer et al. 2008). 

The phenology of the maize crop and S. albicosta emergence influenced by environmental 

conditions, planting date, and hybrid maturity may have some effect on field infestation and 

injury levels; however, manipulation of planting is not considered a reliable management 

strategy due to the highly variable maize development that can occur within a field (Michel et al. 

2010). 

1.6.2 Biological Control 

 Many predators and pathogens of S. albicosta have been observed; however, their overall 

impact on populations is not known. Generalist insect predators commonly found in 

agroecosystems such as Coccinellidae, Carabidae, Anthocoridae, Nabidae, Chrysopidae, and 

spiders consume eggs and larvae of S. albicosta (Blickenstaff 1979, Seymour et al. 2004, 

DiFonzo 2009, Krupke et al. 2009). In maize, larvae are also preyed upon by birds causing 

physical damage to ears that may also lead to increased fungal infection (Seymour et al. 2004, 

Krupke et al. 2009). Vertebrate predators such as skunks or raccoons may dig through the soil for 

overwintering larvae or pre-pupae (Krupke et al. 2009). Parasitism of S. albicosta eggs by 

Trichogramma ostriniae (Hymenoptera: Trichogrammatidae) was observed in maize at 

Bothwell, ON in 2011 (R. Hallett, personal communication) and in preliminary experiments in 

Nebraska (Bradshaw 2016); however, further surveys of egg or larval parasitism have not been 

reported. 
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 The microsporidian pathogen Nosema sp. was found to infect the midgut of S. albicosta 

(Helms and Wedberg 1976, Seymour et al. 2004) which can cause chronic and debilitating 

effects such as reduced fecundity, reduced egg hatch, increased early instar mortality, delayed 

larval development, reduced adult lifespan, and high overwintering mortality (Lewis et al. 2009). 

Larval mortality in bean fields due to unidentified fungal pathogens have been reported 

(DiFonzo 2009).  

1.6.3 Chemical Control 

Early records of S. albicosta control in maize with organochlorine (DDT and endosulfan) 

and carbamate (carbaryl) insecticides at approximately 95% tassel emergence resulted in 12-32% 

greater yield than non-treated maize (Hagen 1962). A summary of experimental data from 1976-

80 in Idaho on sweet corn found permethrin and carbaryl to be highly effective against S. 

albicosta when applied aerially (Blickenstaff and Peckenpaugh 1981). Very little recent data are 

available on the efficacy of chemical control of S. albicosta in maize. In Ontario, limited 

insecticide options are available for S. albicosta control including only two synthetic pyrethroid 

active ingredients (a.i.) and one anthranilic diamide (OMAFRA 2017a). The pyrethroids, £-

cyhalothrin and deltamethrin, are non-systemic in plants, but cause neuroexcitatory symptoms as 

sodium channel modulators resulting in immobility which may be lethal or increase target 

susceptibility to desiccation or predation (Khambay and Jewess 2010, IRAC 2017). 

Chlorantraniliprole, an anthranilic diamide, activates ryanodine receptors within the 

sarcoplasmic reticulum of muscle cells resulting in depletion of calcium stores which leads to 

rapid feeding cessation, lethargy, paralysis, sustained muscle contraction, and death (Lahm et al. 

2007). These compounds are xylem-mobile with limited systemic and translaminar movement.  
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Chemical control is recommended based on the percentage of plants with egg masses and 

to synchronize application with 95% tassel emergence and the majority of egg hatching before 

larvae move into the whorl or ear where they are less accessible with insecticides (Seymour et al. 

2004, Michel et al. 2010). Scouting is recommended once moth flights are detected, scouting 

pre-tassel stage maize first. Historically, treatment was advised when egg masses or larvae were 

observed on 1 in 7 or 20 plants for grain and sweet corn, respectively (Blickenstaff et al. 1975). 

The widely recommended nominal action threshold used in the Great Plains region was 5-8% of 

plants with an egg mass or small larvae which agrees with simple economic thresholds recently 

determined in Nebraska (Seymour et al. 1998, Paula-Moraes et al. 2013). In the newly inhabited 

Great Lakes region, extension entomologists recommended a lower nominal threshold of 4-5% 

of plants with an egg mass based on field experience (Rice 2007, DiFonzo 2010). 

1.6.4 Monitoring 

Adult monitoring has traditionally been done using black light traps that produce 

ultraviolet light during scotophase as an insect attractant. Pheromone traps containing a synthetic 

lure impregnated with the female sex pheromone composed of (Z)-5-dodecenyl acetate, (Z)-7-

dodecenyl acetate and 11-dodecenyl acetate in a 5:1:5 ratio (Kuhn et al. 1983) are also widely 

used. Pheromone traps are generally preferred due to their species specificity and ease of use, 

whereas black light traps require an electrical power source and trap catches require sorting. 

Pheromone traps placed at a height of 1.2 to 1.8 m are most effective for S. albicosta moth 

attraction (Mahrt et al. 1987, Dorhout and Rice 2008) which is similar in height to a standard 

black light trap (~1.4 m). Pheromone trap efficiency may be influenced by abiotic factors 

including temperature, relative humidity, wind speed, and height of trap placement (McNeil 
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1991). Pheromone trap type has not been shown to affect moth captures, but placement of traps 

within an area dominated by the preferred host crop (i.e. maize or dry edible beans) resulted in 

greater moth captures than when placed among non-host crops (Mahrt et al. 1987, Dorhout and 

Rice 2008).   

Monitoring flights of S. albicosta is a useful indicator for timely scouting of maize or dry 

edible beans for the presence of egg masses. Flights were detected slightly earlier by black light 

traps which captures both sexes, compared to pheromone traps which only capture males 

(Blickenstaff 1979, Mahrt et al. 1987). A consistent relationship between black light trap 

captures and the timing and density of oviposition in maize was observed in Nebraska although 

crop phenology was believed to play an important role in attractiveness to female moths (Holtzer 

1983). Although pheromone traps are useful mainly as a warning system for crop scouting, their 

utility for predicting economic crop injury varies by species. Scouting for S. albicosta egg 

masses can be challenging and they are often easily missed in maize and dry edible bean fields. 

Therefore, producers rely on pheromone traps to provide an indication of the infestation level or 

risk to their fields. Marht et al. (1987) found the relationship between catches of S. albicosta with 

either black light or pheromone traps, and economic injury to dry edible beans to be correlated 

prior to peak flight. The correlation was most significant with pheromone traps when moth 

populations were high in the area of dry bean production, whereas low populations were more 

variable and difficult to associate with field injury in dry edible beans (Blickenstaff 1983, Mahrt 

et al. 1987). 
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1.6.5 Transgenic Maize 

Since the commercial introduction of maize hybrids transformed to express crystalline 

(Cry) insecticidal proteins derived from the gram-positive Bt bacterium in 1996, control of O. 

nubilalis and other lepidopteran maize pests has been achieved in North America (Baute et al. 

2002, Catangui and Berg 2006). Similar levels of control have not been observed for S. 

albicosta, however. In Canada, the first transgenic events expressing Cry1Ab (Event Bt11; 

Northrup King Seeds Ltd., the Canadian subsidiary of Northrup King Co, USA and event 

MON810; Monsanto Canada Inc.) were approved for unconfined environmental release in 1996 

and 1997, respectively (CFIA 1996, 1997) and Cry1F (Event TC1507; co-developed by Dow 

AgroSciences LLC, Indianapolis, IN and Pioneer Hi-Bred International, Johnston, IA) in 2002 

(CFIA 2002). Striacosta albicosta was considered tolerant to Cry1Ab and moderately susceptible 

to Cry1F based on early observations in the U.S. Corn Belt (Catangui and Berg 2006, Eichenseer 

et al. 2008, Rule et al. 2014). Feeding was observed on Cry1Ab sweet corn in Minnesota 

(O'Rourke and Hutchison 2000). Cry1Ab and Cry9C maize hybrids sustained up to 20% 

infestation with up to 7.5 cm2 ear damage by S. albicosta in 2000 (Catangui and Berg 2006). In 

2003 and 2004, up to 70 and 34% of Cry1Ab plants were damaged by S. albicosta, respectively 

and the greatest mean area of damage was 9.3 and 5.7 cm2, respectively, while no ear damage 

was attributed to O. nubilalis (Catangui and Berg 2006). In bioassays with Cry1Ab, Cry1Aa, and 

Cry1Ac, the mortality of S. albicosta after exposure to concentrations as high as 25,000 ng cm-2 

was not different from non-treated controls and no developmental delays were noted indicating 

lack of sensitivity to these proteins (Dyer et al. 2013). 

 Although Cry1Ab maize sustained significant kernel damage, Cry1F-expressing hybrids 

were not infested with S. albicosta in South Dakota experiments (Catangui and Berg 2006). In 
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artificially-infested field experiments comparing Cry1F and non-Bt isoline hybrids, infestation 

and ear feeding was significantly lower on Cry1F hybrids; however, Cry1F ears were not free 

from S. albicosta injury (Eichenseer et al. 2008). Up to 17% of larvae were able to develop to 6th 

instar on the Cry1F hybrid which was not different from survival on non-Bt ears (Eichenseer et 

al. 2008). In naturally-infested experiments in Iowa in 2002 and 2004, the incidence and severity 

of ear injury by S. albicosta was lower on Cry1F hybrids than Cry1Ab or non-Bt hybrids 

(Eichenseer et al. 2008). Across multiple U.S. locations from 2002 to 2006, where >75% of 

Cry1Ab and non-Bt hybrids sustained >20% S. albicosta infestation naturally, >75% of Cry1F-

expressing hybrids had <15% injured area (Eichenseer et al. 2008). Maize hybrids containing the 

pyramided Bt proteins Cry1F and Cry1A.105 + Cry2Ab2 (Event MON89034; Monsanto 

Company Inc.) (CFIA 2008) sustained less feeding damage from S. albicosta in artificially-

infested experiments than hybrids expressing only Cry1A.105 + Cry2Ab2, however, mean ear 

damage in the range of 0.2-0.7 cm2 was present on hybrids expressing Cry1F (Rule et al. 2014). 

Susceptibility of S. albicosta collected in Nebraska and Iowa in 2003-2004 and Nebraska, 

Texas, New Mexico, and Colorado in 2013-2014 to Cry1F was moderate and highly variable in 

diet-incorporated concentration-response bioassays (Ostrem et al. 2016). The LC50 

(concentration of Bt protein estimated to cause 50% mortality of the individuals in a population) 

estimates ranged from 5.3-391.5 and 2.7-5645.5 µg mL-1 in 2003-4 and 2013-4, respectively and 

were not obtained for some collections for which mortality was very low (Ostrem et al. 2016). 

Collections of S. albicosta from Nebraska in 2009 reared for multiple generations in the 

laboratory were tested for Bt susceptibility using trypsinized native Cry1F applied as a diet-

overlay in concentration-response bioassays (Dyer et al. 2013). For Cry1F, LC50 values could not 

be determined because 100% mortality was not achieved at the top concentration of 25,000 ng 
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cm-2, however, an effective concentration where 50 and 95% (EC50 and EC95) of the test 

population exhibited growth inhibition was measured at approximately 730 and 10,000 ng cm-2 

(Dyer et al. 2013). 

Event MIR162 (Syngenta Seeds Canada Inc.) expresses vegetative insecticidal protein 

Vip3Aa20 (hereinafter referred to as Vip3A) from Bt and was approved for unconfined release in 

Canada in 2010 (CFIA 2010). Vip3A is effective in controlling multiple noctuid maize pests 

such as Agrotis ipsilon (Hufnagel), S. frudiperda, and H. zea (Estruch et al. 1996, Burkness et al. 

2010). This event also provided excellent control of S. albicosta in artificially-infested field 

experiments (Burkness et al. 2010, Bowers et al. 2013). Susceptibility of S. albicosta to purified 

Vip3A has not yet been reported using laboratory bioassays. 

1.7 CONCLUSIONS AND RESEARCH OBJECTIVES 

Due to the relatively rapid establishment of S. albicosta in its new range, management 

recommendations in Ontario were primarily based on those from the western U.S. Initially, 

producers were assured that adequate protection from S. albicosta was available to them via 

maize hybrids expressing Cry1F Bt insecticidal protein. However, in a relatively short time, 

producers observed significant injury to Cry1F hybrids and reverted to reliance on insecticide 

applications for effective control of this pest. Although insecticide treatments were effective in 

reducing injury when application timing coincided with the susceptible larval stage, control was 

elusive for some producers. Furthermore, in a region where infection of maize by mycotoxigenic 

pathogens is frequently encountered, the presence of S. albicosta injury appeared to worsen 

infection symptoms and higher mycotoxin levels detected in grain were thought to be associated 

with this injury. 
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Although S. albicosta has been an occasional maize pest in its native range for decades, 

there are many unknown aspects of its biology that are relevant to pest management. 

Furthermore, it is unknown whether management strategies developed in the western U.S. are 

effective in the Great Lakes region where different abiotic factors could impact the life history of 

S. albicosta, phenology with maize, and associated risk factors such as mycotoxigenic fungi. The 

ultimate goal of the following research was to determine the best management strategies for S. 

albicosta for Ontario maize producers. The specific objectives of this research were to: 1) 

determine the susceptibility of S. albicosta in Ontario to Cry1F insecticidal protein and evaluate 

efficacy of Cry1F hybrids for control of S. albicosta injury; 2) determine the best management 

practices for control of S. albicosta injury and mycotoxins in maize in Ontario; and 3) understand 

the relationship between injury by S. albicosta and mycotoxin accumulation in maize grain. 
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CHAPTER 2  EVIDENCE FOR FIELD-EVOLVED RESISTANCE OF 

STRIACOSTA ALBICOSTA (LEPIDOPTERA: NOCTUIDAE) TO CRY1F BACILLUS 

THURINGIENSIS PROTEIN AND TRANSGENIC CORN HYBRIDS IN ONTARIO, 

CANADA 

2.1 ABSTRACT 

Western bean cutworm, Striacosta albicosta (Smith) (Lepidoptera: Noctuidae), is a native 

pest of corn, Zea mays (L.), that has recently expanded its range into Ontario, Canada. Control of 

S. albicosta damage to corn hybrids containing event TC1507 expressing Cry1F Bt protein alone 

or pyramided with event MON 89034 expressing Cry1A.105 and Cry2Ab2 Bt proteins was 

tested in 2011-2015 in Ontario in small and large-scale field plots with natural infestation. In 

2011, significantly lower incidence and severity of kernel damage was sustained by Cry1F × 

Cry1A.105 + Cry2Ab2 corn compared with a non-Bt near-isogenic hybrid. However, from 2012 

to 2015, there was no difference in incidence or severity of damage comparing non-Bt hybrids 

with Cry1F hybrids alone or pyramided with Cry1A.105 and Cry2Ab2 planted as a pure stand or 

with an integrated refuge (95% Bt: 5% non-Bt seeds). In 2015, neonate larvae derived from 

Ontario field-collections were tested in concentration-response diet-overlay bioassays with 

lyophilized Cry1F protein at concentrations up to 75 µg cm-2. The concentrations at which 

mortality of 50% (LC50) of the collections occurred ranged from approximately 10 µg cm-2 (F0) 

to greater than 28 µg cm-2 (F1) in a seven day bioassay, indicating relative insensitivity to Cry1F. 

Results from field experiments, laboratory bioassays, and the history of exposure to Cry1F in 

corn show that S. albicosta in Ontario are not controlled by Cry1F-expressing corn hybrids and 

provide evidence for the conclusion that evolution of resistance to Cry1F has occurred.  
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2.2 INTRODUCTION 

 Western bean cutworm, Striacosta albicosta (Smith) (Lepidoptera: Noctuidae), is a pest 

of corn, Zea mays (L.), and dry edible beans, Phaseolus vulgaris (L.), native to the southwestern 

United States (Smith 1887, Hoerner 1948, Hagen 1962, Michel et al. 2010). In the last 15 years, 

its geographic range has expanded throughout the major corn-producing regions of North 

America (O'Rourke and Hutchison 2000, Rice 2000, Catangui and Berg 2006, DiFonzo and 

Hammond 2008). Range expansion by S. albicosta was likely facilitated by a combination of 

factors, including: greater overwintering survival in areas where reduced-tillage practices have 

become the standard to improve soil quality; reduced use of broad-spectrum insecticides 

following adoption of Bt corn; and biological attributes such as long-distance dispersal ability, 

among others (Hutchison et al. 2011). In Ontario, Canada, S. albicosta was first detected in 2008 

(Baute et al. 2010) and economic injury in corn was first reported in 2010 (Baute and 

Bruggeman 2011). In corn, yield loss by infestation of one larva per ear has been estimated to be 

0.23-0.95 T ha-1 (Appel et al. 1993) (Paula-Moraes et al. 2013). Ear feeding by S. albicosta can 

also result in reduced quality and increased mycotoxin contamination of grain (Catangui and 

Berg 2006, Parker et al. 2016). Such toxins are highly regulated in livestock feed and human 

food due to serious health risks (Marasas 1995, World Health Organization 2002, Miller 2008, 

CFIA 2015). 

 Based on yield loss estimates, foliar insecticide application in corn is recommended at a 

nominal action threshold of 5-8% of plants infested with at least one S. albicosta egg mass 

(Seymour et al. 2004, Rice 2007, Michel et al. 2010, OMAFRA 2017b). Transgenic corn hybrids 

that express Bt insecticidal proteins are also recommended for control of S. albicosta (DiFonzo 
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2010, Michel et al. 2010, OMAFRA 2017b); however, the susceptibility of S. albicosta to 

current commercially available Bt proteins that target lepidopteran pests is variable and not 

thoroughly quantified throughout its recent range. Field and laboratory studies demonstrated that 

Cry1Aa, Cry1Ab, Cry1Ac and Cry9C Bt proteins did not cause lethal or developmental effects 

on S. albicosta and infestation levels on Cry1Ab corn were similar to or higher than those on 

non-Bt corn in the field (O'Rourke and Hutchison 2000, Catangui and Berg 2006, Eichenseer et 

al. 2008, Dyer et al. 2013). In contrast, corn hybrids expressing the Vip3A protein (event 

MIR162, Syngenta Seeds LLC, Research Triangle Park, NC) exhibited significantly less kernel 

damage by S. albicosta than non-Bt hybrids (Bowers et al. 2013). 

 Event TC1507 (co-developed by Dow AgroSciences LLC, Indianapolis, IN and Pioneer 

Hi-Bred International, Johnston, IA) expressing Cry1F Bt protein was approved for unconfined 

release in Canada in 2002 (CFIA 2002) with stated protection against feeding damage from pests 

including the European corn borer Ostrinia nubilalis (Hübner) (Lepidoptera: Crambidae), corn 

earworm Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), fall armyworm Spodoptera 

frugiperda (J. E. Smith) (Lepidoptera: Noctuidae), and black cutworm Agrotis ipsilon (Hufnagel) 

(Lepidoptera: Noctuidae). While the current labels for Cry1F Bt corn products include S. 

albicosta in the spectrum of activity, TC1507 was not developed to target this species. Efficacy 

of Cry1F hybrids against S. albicosta was discovered upon commercialization and recognized as 

a complementary tool for managing this pest. Observations included significantly lower 

infestation levels and ear damage by S. albicosta on Cry1F hybrids compared with Cry1Ab or 

non-Bt corn hybrids in field studies in South Dakota and Iowa (Catangui and Berg 2006, 

Eichenseer et al. 2008). Similarly, corn hybrids containing Cry1F alone, or in a pyramid 

comprising event MON 89034 (Monsanto Company, St. Louis, MO), which expresses the 
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Cry1A.105 and Cry2Ab2 proteins, sustained significantly less feeding damage by S. albicosta in 

field trials compared with those with Cry1A.105 and Cry2Ab2 proteins or non-Bt hybrids (Rule 

et al. 2014). These results demonstrated a moderate level of Cry1F protection from damage by S. 

albicosta, however, the proportion of S. albicosta larvae that developed to final instar on Cry1F 

hybrids was not different from non-Bt corn (Eichenseer et al. 2008).  

The lethal concentration, LC50 (concentration of Bt protein estimated to cause mortality 

in 50% of the individuals in a population) of Cry1F for progeny of field-collected S. albicosta 

from Nebraska could not be estimated due to low mortality levels in diet-overlay bioassays at 

concentrations up to 25 µg cm-2; however, growth inhibition effects were noted (Dyer et al. 

2013). Furthermore, highly variable susceptibility was measured among field collections of S. 

albicosta from Nebraska and Iowa in 2003-2004 and Nebraska, Texas, New Mexico, and 

Colorado in 2013-2014 using diet-incorporated concentration-response bioassays with purified 

truncated Cry1F protein (Ostrem et al. 2016). Across time, geographies, and bioassay formats, 

results from previous laboratory and field studies have emphasized the variability in S. albicosta 

response to Cry1F. 

The resistance management program for TC1507 was based on the high dose-refuge 

strategy which was developed and has been successful for O. nubilalis as the key target pest in 

North America (Georghiou and Taylor 1977, CFIA 2002, Tabashnik et al. 2003, Siegfried et al. 

2007, Siegfried et al. 2014). Field-evolved resistance has been observed in some species and Bt 

protein combinations for which the high dose assumption is not met, including: S. frugiperda and 

Cry1F in South America, H. zea and Cry1Ab, and Diabrotica virgifera virgifera (LeConte) 

(Coleoptera: Chrysomelidae) and Cry3Bb1 and mCry3A in the U.S. (Storer et al. 2010, 
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Gassmann et al. 2011, Gassmann et al. 2014, Reisig and Reay-Jones 2015). Considering the 

limited transgenic options for S. albicosta control, the objectives of this study were to evaluate 

the efficacy of corn hybrids expressing Cry1F protein for control of S. albicosta damage under 

natural field infestation levels in Ontario, Canada and to determine the susceptibility of five 

independent field collections of S. albicosta in Ontario to Cry1F protein in laboratory bioassays.  

2.3 MATERIALS AND METHODS 

 To examine Bt-corn efficacy, S. albicosta damage to corn hybrids expressing Cry1F 

protein was measured for several years at multiple locations in small and large-scale field plots 

following natural infestation. These trials were augmented by a naturally infested large strip trial 

in the last year of study. In 2015, S. albicosta were collected in the field and tested for their 

susceptibility to Cry1F protein using an artificial diet bioassay in the laboratory. 

2.3.1 Field Trials 

Field trials were conducted at three commercial farms in Ontario, Canada: Bothwell in 

2011-2015, and Rodney and Shetland in 2012-2014. Experimental locations were selected based 

on their history of naturally occurring S. albicosta infestations; each location had sandy loam soil 

texture. Small plots (4 rows × 10 m) of a SmartStax®1 hybrid containing events TC1507 (Cry1F) 

and MON 89034 (Cry1A.105 and Cry2Ab2) and its near-isogenic hybrid that did not contain any 

Bt events were compared at Bothwell in 2011-2014 (Table A.1). Plots were planted in a 

randomized complete block design with 4 replications at a row spacing of 0.76 m and a seeding 

rate of 83,750 seeds ha-1 using a two-row cone seeder. Plots were separated by a 1.5 m non-
                                                           
1 SmartStax® multi-event technology developed by Dow AgroSciences and Monsanto.  

  SmartStax® is a trademark of Monsanto Technology LLC.  
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planted buffer around all sides and were fertilized and maintained according to provincial 

recommendations. In 2011 and 2012, treatments included a pure stand of a SmartStax hybrid 

compared with its non-Bt near-isogenic hybrid. In 2013 and 2015, an integrated refuge (seed 

blend) treatment of SmartStax hybrids containing 95% Bt: 5% non-Bt seed (SmartStax Refuge 

Advanced®2) was compared with a non-Bt near-isogenic hybrid. In 2014, three treatments were 

compared: 1) a pure stand of a non-Bt near-isogenic hybrid, 2) a pure stand of a SmartStax 

hybrid, and 3) a stand planted to a SmartStax Refuge Advanced hybrid (Table A.1). 

Additional large-scale efficacy plots (8 rows × 30.5 m) comparing a TC1507 hybrid 

(Herculex®3 I, Pioneer Hi-Bred Limited, Johnston, IA) expressing Cry1F, and its non-Bt near-

isogenic hybrid were planted as part of a larger experiment at Bothwell, Shetland, and Rodney in 

2012-2014 (Table A.1). Plots were planted in a randomized complete block design with 4 

replications at a row spacing of 0.76 m and a seeding rate of 79,000 seeds ha-1 using a 4-row 

John Deere 7200 Max-Emerge corn planter (Deere and Co., Moline, IL; 2012-2013) or an 8-row 

Kinze 3500 Edge Vac Twin Line planter (KINZE Manufacturing Inc., Williamsburg, IA; 2014). 

At Bothwell only in 2015, a strip trial comparing pairs of Refuge Advanced hybrids and non-Bt 

near-isogenic hybrids from two different relative maturity (RM) groups was planted using the 

Kinze machine. Row spacing and seeding rates were similar to the large-scale plots; however, 

the strips were 270 m in length. The trial was planted on two dates and these were considered as 

                                                           
2 Refuge Advanced® is a trademark of The Dow Chemical Company (“Dow”) or an affiliated company of 
Dow. Always follow IRM, grain marketing and all other stewardship practices and pesticide label 
directions.  
 
3 Herculex Insect Protection technology by Dow AgroSciences and Pioneer Hi-Bred. 
  Herculex® is a registered trademark of Dow AgroSciences LLC. 
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two replicates. Hybrids, the lepidopteran-active Bt proteins expressed therein, as well as planting 

and harvesting dates are listed in Table A.1. 

Moth flights were monitored weekly at each field site using a commercial bucket style 

pheromone trap (Universal moth trap, Great Lakes IPM, Vestaburg, MI) baited with S. albicosta 

pheromone lures (Scentry Biologicals, Inc. Billings, MT) placed within 5 m of the field edge. A 

diclorvos-impregnated resin strip (No-Pest, Ditchling Corp. Ltd., Cobourg, ON) was placed in 

the bottom of the trap to kill captured moths. During peak flight, the proportion of plants with S. 

albicosta egg masses was assessed 1-3 times by counting the number of egg masses on sets of 

consecutive plants. For small plots, all plants within the central two rows were scouted for egg 

masses. For large plots, egg masses were counted on an average of 36 ± 4 consecutive plants in a 

5.3 m length of the central row (1/1000th of an acre (Lauer 2002)) (2012) or 10 consecutive 

plants per plot in two central rows (2013-2014). For the strip trial, five 5.3 m lengths were 

scouted from the three central rows of each plot.  

Larval infestation levels at the R3 or R4 stage (Abendroth et al. 2011) were assessed in 

situ in small plot experiments by careful inspection of the ear tip with minimal disturbance of the 

husk. In 2011-2013, the primary ear on each plant within the central two rows was inspected. In 

2014, 6 consecutive primary ears from the center of each outside row were inspected. In strip 

plots, 25 consecutive plants within two central rows were inspected. In situ larval infestation was 

not assessed in large plot experiments. 

The incidence and severity of damage by S. albicosta was assessed on destructively 

sampled ears transferred from the field to the laboratory at the R5 or R6 stage. Incidence of 

damage was calculated as the proportion of ears within the subsample with >0 cm2 damage by S. 
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albicosta. Severity of damage was calculated as the quotient of the mean surface area of 

damaged kernels and the mean surface area of each ear measured using a transparent square-

centimeter grid overlaid on the husked ear. Kernel damage attributed to S. albicosta included 

partial or entire kernel consumption at the ear tip or on the side of the ear. Tip feeding is 

characteristic of both early and late instar feeding, while side damage is done by late instar larvae 

through creating new entry points on the side of the ear (Hagen 1962, Michel et al. 2010) (Fig. 

2.1A, B). Kernels with feeding scars (Fig. 2.1C) were recorded because we have previously 

observed this symptom when small feeding sites were initiated during the R2-R4 stages and 

abandoned. Kernels with a scraped pericarp (Fig. 2.1D) due to late instar S. albicosta feeding on 

dry kernels were also included as damage. Kernels on the ear tip that were hollowed out by 

secondary pests such as sap beetles (Coleoptera: Nitidulidae) or damaged by bird feeding were 

not included in the estimate of total kernel damage. For small plots, 3 (2013), 6 (2014), or 10 

(2011-2012) consecutive ears were sampled from each outer row; for large plots, 12 (2012) or 10 

(2013-2014) consecutive ears were sampled from the central row of each plot. In the strip trial, 

15 consecutive ears were sampled from two central rows. In 2013 and 2014, S. albicosta larvae 

were still actively feeding in destructively sampled ears and were counted.  

Expression of Cry1F protein was confirmed for each trial in situ using leaf tissue and/or 

harvested kernels within treatments via QuickStix (EnviroLogix Portland, ME), with the 

exception of 2011 small plots in which no testing was conducted. Grain yield was measured at 

maturity by machine-harvesting the two central rows of each small plot and the three central 

rows of each large plot. Grain yield of strip trials was estimated from the shelled hand-harvested 

samples. Yields were corrected to 15.5% moisture prior to statistical analysis.  
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Figure 2.1 Kernel damage attributed to Striacosta albicosta included: (A) partial or entire 

consumption at the ear tip, (B) partial or entire consumption on the side of the ear, C) 

feeding scars, and D) scraped pericarp. 

2.3.2 Laboratory Bioassays 

In 2015, S. albicosta egg masses were collected directly from commercial field corn and 

sweet corn or from live adults captured in black light traps which were allowed to mate and 

oviposit in the laboratory (Table A.2). Field collections were selected based upon the presence of 

S. albicosta infestations regardless of non-Bt or Bt corn origin and were assumed to represent the 
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wider population of S. albicosta in Ontario likely with previous Bt corn exposure. Corn leaves 

with egg masses were collected in the field and placed in ice-chilled coolers until transferred to 

the laboratory on the day of collection. Egg masses were cut from a portion of the leaf and 

placed on moistened filter paper inside petri plates and held under rearing conditions described 

below. Moths were collected daily from traps at Bothwell and Ridgetown and transferred to the 

laboratory. Moths were placed into rearing cages containing pinto bean (P. vulgaris) plants as an 

oviposition substrate; cages were supplied with a 5% sucrose solution ad libitum for drinking 

(Dyer et al. 2013). Egg masses laid by moths were collected every other day, incubated, and 

monitored daily for hatch. Neonate larvae (< 24 h) (F0) were used in bioassays. Progeny of field-

collected moths not used in bioassay were reared following the methods of Dyer et al. (2013) and 

offspring of the subsequent generation (F1) were used in bioassays. All stages of S. albicosta 

were maintained under the same environmental conditions for rearing and bioassay (26ºC, 60-

70% RH, photoperiod of 16:8 (L: D) h). 

Diet used for bioassays was prepared in the same manner as that used for rearing 

following the method described by Dyer et al. (2013). Diet was dispensed into 128-well bioassay 

trays (Bio-16, CD International, Pitman, NJ) using a repeater pipette; 1 mL per well. The diet 

surface area in each well was 2.0 cm2. After diet had solidified, adhesive ventilated covers were 

placed over the wells. Trays were stored at 4°C until required, at which point they were 

acclimated to room temperature before application of treatments.  

Lyophilized protein powder containing 530 µg mg-1 truncated Cry1F (53% a.i.) was 

provided by Dow AgroSciences (Indianapolis, IN). Protein powder was stored at 4ºC inside a 

desiccator (Desi-Vac Container, Thermo Fisher Scientific, Hampton, NH) containing indicating 
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Drierite (W. A. Hammond Drierite Co. Ltd., Xenia, OH). Bt solutions were diluted in series from 

the stock solution using 10 mM CAPS (3-(cyclohexylamino)-1-propane sulfonic acid) buffer 

solution with pH adjusted to 10.5 using 10 N NaOH. The concentrations tested were 0, 3.75, 7.5, 

15, and 30 μg a.i. cm-2 and 0, 9.375, 18.75, 37.5, and 75 μg a.i. cm-2 for F0 and F1 generation 

larvae, respectively. Each well was administered 30 µL of Bt protein solution; control wells were 

treated with 30 µL of 10-mM CAPS buffer solution that did not contain any Bt protein. After 

application, trays were tilted in all directions to cover the entire surface area of the diet with 

treatment solutions and left in a fume hood until the liquid components of the solutions 

evaporated.  

One neonate larva was transferred to each well of a bioassay tray using a fine-tipped 

paintbrush and tray covers were replaced following infestation. Infested trays were placed into 

the rearing room and covered with cardboard to block overhead light; this encouraged feeding 

through reducing phototaxis by larvae and prevented condensation build-up on tray covers. For 

each bioassay, 24 larvae were treated per concentration. Each bioassay was repeated at least 3 

times. Mortality of larvae in F0 bioassays was assessed by visual inspection 7 d after infestation. 

At 14 d after infestation, mortality was assessed and surviving larvae were weighed. For F1 

bioassays, mortality and weight of surviving larvae was measured 7 d after infestation. Larvae 

that did not move when prodded with a fine-tipped paintbrush or weighed ≤0.1 mg were 

considered dead. 

2.3.3 Statistical Analyses 

2.3.3.1 Field Trials 
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Analysis of variance (ANOVA) was conducted for the fixed effect of treatment on the 

proportion of plants with egg masses, the incidence of in situ larvae, incidence and severity of 

damage by S. albicosta, and grain yield in field trials using PROC GLIMMIX in SAS 9.4 (SAS 

Institute, Cary, NC). Random effects included replication for all dependent variables and 

subsample (e.g. ear) within replication for egg mass counts, incidence of larvae and damage, and 

severity of damage in small plot and strip trials. Proportion data followed a beta distribution with 

a complimentary log-link (Bowley 2015, Stroup 2015). Zero and one values for proportion data 

were replaced with 0.0001 and 0.9999, respectively before analysis (Bowley 2015). The 

quadrature method was used for analysis of the proportion of plants with egg masses, incidence 

of larvae and damage for small plot trials; the Laplace method was used for these dependent 

variables in large plot and strip trials, and for severity of damage for all trials (Bowley 2015). 

Grain yield followed a Gaussian distribution. PROC UNIVARIATE and the Shapiro-Wilk 

statistic were used to test residuals for normal distribution and studentized residuals were 

calculated to test for outliers using Lund’s test (Bowley 2015). No outliers were removed from 

the field trial data. Least squares means (LSMEANS) were estimated using the inverse link 

option and pairwise comparisons were made using Tukey-Kramer tests to limit experimentwise 

error rates (α = 0.05) (Bowley 2015). 

2.3.3.2 Laboratory Bioassays 

Only bioassays with ≥75% survival in the control were used in the analysis. Mortality 

data for the collections were analyzed to determine the LC50 values, corresponding 95% 

confidence limits and slope of the concentration-response curves using PROC PROBIT with the 

OPTC option which accounted for the response of larvae in the control (2008). The Pearson chi-

square goodness-of-fit test was used to test whether observed values followed the predicted 
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probit regression model where results were rejected for probabilities below the 0.10 level 

(Bowley 2015). 

Mean weight per surviving larva was calculated as the quotient of the pooled weight of 

surviving larvae and the number of larvae infested. Percent growth inhibition relative to the 

control was calculated as the quotient of the mean larval weight in the control minus the mean 

larval weight at the concentration of interest and the mean larval weight in the control × 100. To 

determine the EC50 (effective concentration of Bt protein estimated to inhibit growth in 50% of 

the individuals in a population) for each collection, growth inhibition from all bioassays was 

analyzed using nonlinear regression (PROC NLIN) fitted to a probit model (SAS 9.4, SAS 

Institute, Cary, NC) described in Marcon et al. (1999). Pairwise comparisons between 

populations were made for LC50 and EC50 estimates for F0 or F1 bioassays and deemed 

significantly different if 95% confidence intervals did not overlap. 

Analysis of variance was conducted on the mean mortality and weight of larvae at the 

highest concentration of Cry1F tested (30 and 75 μg a.i. cm-2 for F0 and F1 larvae, respectively) 

across F0 or F1 replicates from each collection using PROC MIXED and Tukey-Kramer tests to 

limit experimentwise error rates (α = 0.05). Collection was considered a fixed effect and 

replicate a random effect. To confirm that assumptions of ANOVA were met, PROC 

UNIVARIATE was used to test residuals. The Shapiro-Wilk statistic was used to test residuals 

for normal distribution and studentized residuals were calculated to test for outliers using Lund’s 

test (Bowley 2015); no outliers were detected or removed. 
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2.4 RESULTS 

2.4.1 Field Trials 

 For small plot trials at Bothwell, the proportion of plants with egg masses during peak 

oviposition did not differ among treatments from 2011-2013; however, in 2014 significantly 

more egg masses were laid in the SmartStax Refuge Advanced (95:5 Bt: non-Bt seed blend) 

treatment than the non-Bt treatment (Table 2.1). In 2011-2013, there was no difference in the 

infestation level of S. albicosta larvae between non-Bt and SmartStax treatments. The incidence 

and severity of damage was significantly lower on SmartStax than non-Bt hybrids in 2011 (Table 

2.1). In 2012 and 2013, there were no differences in the incidence or severity of damage (Table 

2.1; Fig. 2.2). Similarly, in 2014, damage levels at the R6 stage were not different between non-

Bt, SmartStax, or SmartStax Refuge Advanced hybrids although the percentage of infested plants 

at the R3 stage was significantly lower on the SmartStax hybrid and SmartStax Refuge 

Advanced hybrids (Table 2.1). No difference in grain yield was measured among non-Bt, 

SmartStax, and SmartStax Refuge Advanced treatments in any small plot trial at Bothwell from 

2011-2014 (Table 2.1). 
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Table 2.1 Incidence and severity of damage and yield of non-Bt and Cry1F-expressing corn hybrids in small plot experiments 

under natural infestation of Striacosta albicosta, Bothwell, Ontario, 2011-2014. 

Year Treatment Plants infested (% ± SE) Kernel damage (% ± SE) Grain yield 

(T ha-1 ± SE)   Egg massesa Larvaeb Incidencec Severityd 

2011 Non-Bt 1.2 ± 0.52 11.1 ± 4.01 88.9 ± 3.16bg 3.1 ± 0.31b 10.1 ± 1.15 

 Cry1F × Cry1A.105 + Cry2Ab2e 1.0 ± 0.47 10.2 ± 3.80 54.5 ± 5.45a 1.4 ± 0.19a 10.6 ± 1.15 

 P value 0.7601 0.8538 0.0010 <0.0001 0.7656 

2012 Non-Bt 2.9 ± 1.08 75.0 ± 2.85 85.5 ± 7.95 5.3 ± 0.63 10.2 ± 1.93 

 Cry1F × Cry1A.105 + Cry2Ab2e 5.6 ± 1.60 67.7 ± 3.03 84.5 ± 8.18 6.2 ± 0.68 9.5 ± 1.93 

 P value 0.1555 0.0539 0.9197 0.2078 0.1103 

2013 Non-Bt 3.4 ± 0.57 71.9 ± 6.50 100.0 ± 0.00 5.3 ± 0.69 6.6 ± 1.08 

 Cry1F × Cry1A.105 + Cry2Ab2f 4.2 ± 0.63 52.9 ± 7.25 100.0 ± 0.00 7.9 ± 0.53 7.3 ± 1.08 

 P value 0.3355 0.0521 . 0.1016 0.2536 

2014 Non-Bt 16.0 ± 1.82a 35.6 ± 8.91b 47.9 ± 7.55 2.4 ± 0.45 6.3 ± 0.47 

 Cry1F × Cry1A.105 + Cry2Ab2e 19.9 ± 2.13ab 6.1 ± 3.69a 50.0 ± 7.56 2.5 ± 0.46 6.6 ± 0.47 

 Cry1F × Cry1A.105 + Cry2Ab2f 23.1 ± 2.35b 12.3 ± 5.30a 56.3 ± 7.50 2.7 ± 0.50 6.1 ± 0.47 
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 P value 0.0093 0.0326 0.7284 0.8123 0.8202 

a Percentage of plants (± SE) containing at least one S. albicosta egg mass at peak oviposition.  
b Percentage of plants with at least one S. albicosta larva present in the primary ear at the R3-4 stage. 
c Percentage of plants with >0 cm2 of kernel damage by S. albicosta. 
d Percentage of total ear area with kernel damage by S. albicosta.  
e SmartStax hybrid containing events TC1507 which expresses Cry1F protein (Dow AgroSciences, Indianapolis, IN) and MON 89034 

which expresses Cry1A.105 and Cry2Ab2 Bt proteins (Monsanto Company, St. Louis, MO). 
f SmartStax Refuge Advanced integrated refuge hybrid which included 5% non-Bt seeds. Ears assessed for incidence and severity of S. 

albicosta damage were all positive for expression of Cry1F protein as determined using QuickStix (EnviroLogix Portland, ME).  
g Means followed by the same letter are not significantly different (P<0.05) as determined by ANOVA and Tukey-Kramer tests. 
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Figure 2.2 Example of corn ears assessed for damage severity by natural infestation of 

Striacosta albicosta in a small plot experiment at Bothwell, Ontario, Canada in 2013. A) 

Non-Bt corn, B) corn expressing Cry1F × Cry1A.105 + Cry2Ab2. 

In 2013 small plots, the number of larvae recovered from destructively sampled ears at 

the R5 stage was not significantly different among treatments (F1, 41=1.24, P=0.2717). On 

average, 1.0 ± 0.17 SE and 0.7 ± 0.13 larvae per ear were recovered from non-Bt and SmartStax 

ears, respectively. Again, in 2014, there was no difference in the average number of larvae per 
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destructively sampled ear at the R5 stage (F2, 6=3.45, P=0.1007) from non-Bt (0.4 ± 0.11), 

SmartStax (0.1 ± 0.04), and SmartStax Refuge Advanced (0.2 ± 0.10) treatments. 

 For large plots, the Bothwell location had egg mass counts above the action threshold of 

5% in each year of study (Table 2.2). Egg mass counts at Rodney were above threshold in 2014, 

and at Shetland only in 2014 (Table 2.2). The number of egg masses did not differ between 

Cry1F and non-Bt hybrids in 2013 or 2014, but in 2012 were significantly higher on the non-Bt 

hybrid at Shetland (Table 2.2). There was no difference in damage incidence between non-Bt and 

Cry1F hybrids at any location in 2013 and 2014 or at Bothwell in 2012 (Table 2.2). At Shetland 

in 2012, the incidence of damage was higher on non-Bt than Cry1F corn; however, at Rodney 

damage incidence was higher on Cry1F corn (Table 2.2). Damage severity did not differ between 

Cry1F and non-Bt hybrids in any location-years (Table 2.2). Grain yield did not differ between 

Cry1F and non-Bt hybrids in 2012 (Table 2.2). In 2013, yield of the non-Bt hybrid was 10% 

greater than the Cry1F hybrid at Bothwell. At Shetland, yield of the Cry1F hybrid was 12% 

higher than the non-Bt near-isogenic hybrid (Table 2.2). In 2014, yield of the non-Bt hybrid was 

14% higher than the Cry1F hybrid at Bothwell; no yield differences were measured between 

treatments at Shetland or Rodney (Table 2.2).  
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Table 2.2 Incidence and severity of damage and yield of non-Bt and Cry1F-expressing corn hybrids in large plot experiments 

under natural infestation of Striacosta albicosta, Ontario, Canada, 2012-2014. 

Year Location Treatment Plants infested (% ± SE) Kernel damage (% ± SE) Grain yield 

   Egg massesa Incidenceb Severityc (T ha-1 ± SE) 

2012 Bothwell Non-Bt 6.2 ± 0.94 7.1 ± 1.94 0.10 ± 0.007 10.4 ± 0.73 

  Cry1F 5.8 ± 0.92 10.7 ± 2.61 0.11 ± 0.008 9.6 ± 0.73 

  P value 0.7927 0.1003 0.1722 0.0505 

 Shetland Non-Bt 3.2 ± 0.51bd 34.8 ± 3.88b 0.90 ± 0.087 11.1 ± 0.26 

  Cry1F 1.5 ± 0.36a 23.5 ± 3.31a 1.07 ± 0.096 11.2 ± 0.26 

  P value 0.0153 0.0272 0.0757 0.7718 

 Rodney Non-Bt 2.8 ± 0.52 18.9 ± 3.02a 0.16 ± 0.011 11.1 ± 0.29 

  Cry1F 3.4 ± 0.58 32.5 ± 3.93b 0.17 ± 0.011 11.6 ± 0.29 

  P value 0.4283 0.0041 0.4251 0.1130 

2013 Bothwell Non-Bt 18.3 ± 4.77 16.1 ± 3.46 0.31 ± 0.026 9.9 ± 1.50a 

  Cry1F 17.0 ± 4.52 17.1 ± 3.65 0.32 ± 0.027 8.9 ± 1.50b 

  P value 0.7239 0.8073 0.8145 0.0466 
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 Shetland Non-Bt 2.5 ± 0.82 25.0 ± 4.53 0.55 ± 0.046 13.0 ± 0.51b 

  Cry1F 1.6 ± 0.64 24.3 ± 4.45 0.52 ± 0.045 14.6 ± 0.51a 

  P value 0.3616 0.9033 0.4717 0.0020 

 Rodney Non-Bt 4.4 ± 1.13 13.8 ± 3.05 0.31 ± 0.027 9.1 ± 0.44 

  Cry1F 3.8 ± 1.05 12.1 ± 2.78 0.29 ± 0.025 9.8 ± 0.45 

  P value 0.6864 0.5792 0.2397 0.1763 

2014 Bothwell Non-Bt 22.5 ± 3.51 10.3 ± 2.39 0.41 ± 0.037 9.8 ± 0.67a 

  Cry1F 23.4 ± 3.58 9.3 ± 2.20 0.41 ± 0.037 8.4 ± 0.67b 

  P value 0.8518 0.6520 0.9357 <0.0001 

 Shetland Non-Bt 3.8 ± 1.14 12.9 ± 2.87 0.35 ± 0.031 12.7 ± 0.21 

  Cry1F 6.3 ± 1.46 12.2 ± 2.73 0.35 ± 0.031 12.1 ± 0.20 

  P value 0.1880 0.7930 0.8994 0.0526 

 Rodney Non-Bt 4.4 ± 1.18 34.2 ± 7.14 1.52 ± 0.159 8.1 ± 0.36 

  Cry1F 6.9 ± 1.30 37.6 ± 7.51 1.37 ± 0.148 8.1 ± 0.36 

  P value 0.1510 0.5752 0.1754 0.9724 

a Percentage of plants containing at least one S. albicosta egg mass at peak oviposition.  
b Percentage of plants with >0 cm2 of kernel damage by S. albicosta. 
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c Percentage of total ear area with kernel damage by S. albicosta.  
d Means followed by the same letter are not significantly different (P<0.05) as determined by ANOVA and Tukey-Kramer tests. 
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In the strip trial in 2015, more egg masses were found within the SmartStax Refuge 

Advanced strip than the non-Bt strip for 94 RM hybrids; however, there was no difference 

between treatments for 105 RM hybrids (Table 2.3). There was no difference between treatments 

in the percentage of infested plants at the R3 stage (Table 2.3). No difference in damage 

incidence was found between treatments from either RM group (Table 2.3). Severity of damage 

was not different between non-Bt and SmartStax Refuge Advanced for the 94 RM hybrids, 

however, within the 105 RM hybrids, significantly more damage was measured on the SmartStax 

Refuge Advanced hybrid than the non-Bt (Table 2.3). No difference in grain yield was found 

among treatments from either RM group (Table 2.3).  

2.4.2 Laboratory Bioassays 

All chi-squared values for the LC50 estimates at 7 and 14 d were significant, indicating 

poor model fit and that absolute values should be interpreted with caution (Table 2.4). Although 

mortality increased with increasing concentrations, 100% mortality was not achieved for any of 

the F0 or F1 collections at the highest concentrations tested (Fig. 2.3, Table 2.5). The LC50 

estimates for those S. albicosta collected at the Melbourne and Dresden locations were higher 

than the concentration range tested and reliable 95% confidence limits could not be estimated; 

therefore, these were not reported (Table 2.4). Based on overlapping confidence limits, there was 

no difference in the LC50 estimates for the Bothwell, Ridgetown, and Springford F0 collections at 

7 or 14 d (Table 2.4). At 7 d after infestation, LC50 values for F1 larvae collected from 

Ridgetown and Springford were 72.11 and 28.93 µg cm-2, respectively (Table 2.4). The LC50 

values for F1 collections were not significantly different based on non-overlapping 95% 

confidence limits; however, the upper 95% confidence limit exceeded the highest concentration 
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tested for both collections (Table 2.4). No difference in mean mortality at the highest 

concentration tested was observed for F0 collections at 7 or 14 d or for F1 collections at 7 d 

(Table 2.5). 

Effective concentrations (EC50) for F0 collections ranged from 1.10 to 4.88 µg cm-2 

(Table 2.5). An EC50 value could not be estimated for the Dresden collection because the model 

failed to converge (Table 2.5). For F1 collections, EC50 values were 12.87 and 19.79 µg cm-2, for 

the collections from Springford and Ridgetown, respectively (Table 2.5). No significant 

differences between EC50 values were detected for F0 or F1 collections (Table 2.5). At 30 µg cm-

2, the mean weight per larva from the Bothwell and Springford F0 collections was significantly 

lower than for those from Ridgetown and Melbourne. Larval weights from the Dresden 

collection were intermediate (Table 2.5). The mean weight per larva was not different for 

Ridgetown and Springford F1 collections at the highest Cry1F concentration of 75 µg cm-2 

(Table 2.5).  
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Table 2.3 Incidence and severity of damage and yield of non-Bt and Cry1F-expressing corn hybrids in strip trials under 

natural infestation of Striacosta albicosta, Bothwell, Ontario, 2015. 

RMa Treatment Plants infested (% ± SE) Kernel damage (% ± SE) Grain yield 

  Egg massesb Infestedc Incidenced Severitye (T ha-1 ± SE) 

94 Non-Bt 0.7 ± 0.60a 33.4 ± 13.32 58.6 ± 22.93 2.24 ± 0.369 12.6 ± 0.83 

 Cry1F × Cry1A.105 + Cry2Ab2g 3.1 ± 1.66b 45.5 ± 15.80 73.2 ± 19.30 1.69 ± 0.298 12.8 ± 0.83 

 Pr>F 0.0305 0.3565 0.6936 0.1017 0.8624 

105 Non-Bt 2.6 ± 1.22 70.4 ± 5.78 87.6 ± 25.72a 1.21 ± 0.216a 16.3 ± 0.85 

 Cry1F × Cry1A.105 + Cry2Ab2g 3.8 ± 1.63 55.0 ± 6.34 95.5 ± 13.87b 1.88 ± 0.277b 10.7 ± 0.85 

 Pr>F 0.4069 0.1009 0.0312 0.0088 0.0703 

a Relative maturity. 
b Percentage of plants containing at least one S. albicosta egg mass at peak oviposition.  
c Percentage of plants with at least one S. albicosta larva present in the primary ear at the R3 stage. 
d Percentage of plants with >0 cm2 of kernel damage by S. albicosta. 
e Percentage of total ear area with kernel damage by S. albicosta.  
f Means followed by the same letter are not significantly different (P<0.05) as determined by ANOVA and Tukey-Kramer tests. 
f SmartStax Refuge Advanced integrated refuge hybrid which included 5% non-Bt seeds. Ears assessed for incidence and severity of S. 

albicosta damage were all positive for expression of Cry1F protein as determined using QuickStix (EnviroLogix Portland, ME). 
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Table 2.4 Susceptibility of Striacosta albicosta neonate larvae collected from field and sweet corn in Ontario, Canada in 2015 to 

Cry1F in diet-overlay bioassays expressed as the lethal concentration (LC50) at 7 and 14 d after infestation.  

Collection na Slope ± SE 
LC50 (95% CL) 7 d 

 (μg a.i. cm-2) 
χ2d Slope ± SE 

LC50 (95% CL) 14 d 

(μg a.i. cm-2)  
χ2d 

Bothwell F0
b 360 2.30 ± 0.609 13.03 (6.69-20.09) 25.39* 2.32 ± 0.638 12.74 (5.76-19.57) 22.25* 

Ridgetown F0
b 360 1.52 ± 0.428 21.20 (12.83-56.66) 21.95* 1.48 ± 0.442 17.71 (9.93-39.47) 19.41* 

Dresden F0
b 360 1.80 ± 0.801 .e 25.77* 2.25 ± 1.069 .e 39.32* 

Springford F0
b 360 2.45 ± 0.704 11.64 (5.58-19.53) 45.76* 2.22 ± 0.677 10.73 (4.27-19.18) 47.17* 

Melbourne F0
b 360 0.53 ± 0.795 .e 109.73* 0.49 ± 0.781 .e 106.86* 

Ridgetown F1
c 357 1.86 ± 0.769 72.11 (35.99-39,441) 49.69* - - - 

Springford F1
c 480 1.12 ± 0.408 28.93 (8.49-77.06) 49.93* - - - 

a n = total number of larvae infested in the bioassay. 
b Concentrations tested: 0, 3.75, 7.5, 15, and 30 μg a.i. cm-2. 
c Concentrations tested: 0, 9.38, 18.75, 37.5, and 75 μg a.i. cm-2. 
d Value of the Pearson Chi-square goodness-of-fit test; * P<0.1000. 
e Estimate exceeds the highest concentration tested.  
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Table 2.5 Growth inhibition of Striacosta albicosta neonate larvae collected from field and sweet corn in Ontario, Canada in 

2015 to Cry1F in diet-overlay bioassays expressed as the effective concentration (EC50), mortality, and larval weight at the 

highest concentration at 7 and 14 d after infestation. 

Collection na EC50 (95% CL) (μg a.i. cm-2) 
Mean mortality at highest 

concentrationb (% ± SE) 

Mean weight per larva at highest 

concentrationb (mg ± SE) 

  14 d 7 d 14 d 7 d 14 d 

Ridgetown F0 360 4.88 (4.54-5.21) 63.9 ± 1.39 68.1 ± 3.67 - 328.1± 75.56ac 

Bothwell F0 360 3.13 (0-5.79) 84.7 ± 5.56 86.1 ± 5.01 - 110.2 ± 35.64b 

Melbourne F0 360 2.36 (1.03-3.62) 47.2 ± 21.83 47.2 ± 21.83 - 368.6 ± 29.57a 

Springford F0 360 1.10 (0-5.15) 86.1 ± 3.67 84.7 ± 5.01 - 135.6 ± 17.79b 

Dresden F0
3 360 -d 40.3 ± 16.02 44.4 ± 18.06 - 298.8 ± 36.07ab 

  P value 0.1088 0.1543 - 0.0061 

  7 d     

Ridgetown F1 357 19.79 (0-25.43) 51.4 ± 18.69 - 33.6 ± 6.80 - 

Springford F1 480 12.87 (7.93-2.39×1039) 76.0 ± 11.71 - 39.2 ± 6.95 - 

  P value 0.3593 - 0.2181 - 



 

44 

 

a n = total number of larvae infested in the bioassay. 
b Concentrations tested for F0 collections: 0, 3.75, 7.5, 15, and 30 μg a.i. cm-2; concentrations tested for F1 collections: 0, 9.38, 18.75, 

37.5, and 75 μg a.i. cm-2. 
c Means followed by the same letter are not significantly different (P<0.05) as determined by ANOVA and Tukey-Kramer tests. 
d Could not be estimated; model failed to converge. 
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Figure 2.3 Mortality of Striacosta albicosta larvae collected from field and sweet corn in 

Ontario, Canada in 2015 exposed to Cry1F in diet-overlay bioassays 7 d after infestation.
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2.5 DISCUSSION 

Although efficacy of Cry1F corn against S. albicosta was observed early in its range 

expansion into Canada, accounts of ear damage have been received by extension personnel in 

Ontario and neighbouring states in the Great Lakes region in recent years (DiFonzo 2016, Michel 

et al. 2016). Small plot trials were conducted from 2011-2015 at Bothwell because this region 

was identified as one of the first in Ontario to experience economic damage by S. albicosta 

(Baute et al. 2010). Also, adult emergence was first observed in this region in 2011 (J. L. Smith, 

unpublished data). The Bothwell area has predominantly sandy-loam textured soil which is 

thought to be most favourable for overwintering prepupal survival and moth emergence 

(Seymour et al. 2004, Michel et al. 2010). We assume that results generated from this part of 

southwestern Ontario are relevant throughout most of the corn growing regions of Ontario which 

have similar corn production and agronomic practices and Bt corn hybrid availability. 

Furthermore, pheromone trap monitoring continues to show increasing numbers of S. albicosta 

captures further into Eastern Ontario and Quebec year after year (Bruggeman et al. 2015) and we 

assume that these insects originate from the same population now overwintering in the Great 

Lakes region. 

Significant infestations of S. albicosta occurred consistently across years and hybrids in 

the field trials. Egg mass counts in 2011 did not reach the action threshold of 5% of plants 

infested at the Bothwell location. However, this low level of egg mass deposition resulted in 10-

11% of plants infested with larvae, which in turn resulted in 89% (non-Bt) and 55% (SmartStax) 

of ears with kernel damage. In 2011, the SmartStax hybrid had 39% lower incidence and 61% 

less damage than the non-Bt control. However, in each subsequent year of testing at this location, 
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SmartStax hybrids sustained equivalent infestation, incidence and damage severity levels as their 

non-Bt near-isogenic hybrids in small plot trials. When egg mass counts were close to or 

exceeded threshold in 2012 and 2013, damage incidence ranged from 84-100% on both Cry1F 

and non-Bt corn and damage severity ranged from 5-8 cm2 of kernel tissue affected. The 

percentage of plants with egg masses was highest in 2014, ranging from 8-32%. However, this 

trial was planted much later than normal due to wet soil conditions in the spring; therefore, we 

assume that plants were infested before tassel development and mortality of newly hatched 

larvae was high with only leaf tissue to feed on, resulting in low damage levels (Paula-Moraes et 

al. 2012). In most large plot trials, there were no differences in incidence or severity of damage 

between non-Bt and Cry1F hybrids. Only in 2012 were differences observed whereby lower 

incidence was sustained by the Cry1F hybrid at Shetland; however, incidence was greater on the 

Cry1F hybrid than the non-Bt hybrid at Rodney. 

In the majority of our experiments, the percentage of plants with egg masses did not 

differ between Bt and non-Bt hybrids, which agrees with previous reports of random egg mass 

distribution in strips of non-Bt and Cry1F corn (Paula-Moraes et al. 2011). However, there were 

exceptions where oviposition was higher on the SmartStax Refuge Advanced hybrids in 2014, 

within the 94 RM hybrid group in 2015, and on the non-Bt hybrid in 2012. Oviposition and 

incidence were higher on the 105 RM hybrids compared to the 94 RM hybrids in 2015. These 

exceptions may have been related to plant stage (greater attractiveness) of hybrids during peak 

moth flight (Seymour et al. 2004). Regardless of whether the recommended egg mass thresholds 

were met in these trials, significant insect damage, resulting ear mould infection, and reduced 

grain quality were observed each year (e.g. Fig. 2.2).  
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In strip trials in 2015, damage incidence was higher on SmartStax Refuge Advanced 

hybrids compared to their non-Bt near-isogenic hybrids, and severity of damage was greater on 

the SmartStax Refuge Advanced hybrid within the 105 RM pair. The percentage of plants 

infested by at least one larva per ear in the 94 RM pair and the severity of damage in the 105 RM 

pair was higher for SmartStax Refuge Advanced than for the non-Bt near-isogenic hybrid. 

Furthermore, no consistent increase in grain yield was measured for SmartStax hybrids 

compared to their non-Bt near-isogenic hybrids in these studies; yield of the Cry1F hybrid was 

only greater than its non-Bt isogenic hybrid in 1 of 14 location-years.  

Based on data from most years of this study in which Bt expression in the field was 

confirmed, Cry1F expression was present among hybrids assumed to contain event TC1507; 

therefore, because the same seed preparation and planting protocols were followed each year, we 

assume that plants sampled in years with limited expression testing were correctly identified. 

Positive Cry1F expression was found in some non-Bt samples in 2012 which may have been due 

to cross-pollination by neighbouring Cry1F plots. Furthermore, cross-pollination within 

integrated refuge plots of pyramided Bt events may result in a mosaic of expression ranging from 

none to multiple Bt events within single kernels on an ear of corn (Chilcutt and Tabashnik 2004). 

Lack of Cry1F expression could result in lower plant efficacy against S. albicosta feeding 

damage; however, high tolerance to the protein was confirmed in our laboratory studies, thus 

some variation in Bt protein expression would not likely have influenced the field findings. 

Our diet-overlay bioassay method was similar to that of Dyer et al. (2013) but with wider 

concentration ranges. However, our data did not fit the probit model and ≈100% mortality was 

not obtained with the highest concentration for any of the field collections. These results 
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underscore the relative insensitivity of S. albicosta to Cry1F lethality and identify variation in 

sub-lethal effects for Ontario populations. Field collections from Nebraska and Iowa in 2003 and 

2004 were tested by Ostrem et al. (2016) using a diet-incorporated bioassay with purified, 

truncated Cry1F protein concentrations ranging from 0.5 to 100 µg mL-1. Using this range, a 

mean LC50 value of 42.2 and 39.7 µg mL-1 was estimated for each year; however, the LC50 for 

approximately 40% of the collections was greater than the highest concentration tested (Ostrem 

et al. 2016). Additional collections made in 2013-14 from Nebraska, Texas, New Mexico and 

Colorado were tested with a wider concentration range of 0.5 to 800 µg mL-1 and mean LC50 

values were approximately 5-fold greater than in 2003-4 (116.9 to 514.4 µg mL-1) (Ostrem et al. 

2016). Direct comparisons between diet-overlay and diet-incorporated bioassays cannot be made 

due to the differences in method and the use of different Cry1F protein sources. However, 

similar outcomes were achieved with all of these studies, including predominantly sub-lethal 

effects over mortality as an endpoint, suggesting tolerance to Cry1F in all of the collections 

tested from recent years. 

Baseline susceptibility of S. albicosta was also not determined prior to deployment of 

Cry1F hybrids in the US or Canada. The first report of susceptibility monitoring of S. albicosta 

occurred after the deployment of Cry1F in the US (Ostrem et al. 2016). Furthermore, S. albicosta 

was likely exposed to commercially planted Cry1F hybrids during its range expansion into 

Ontario, so the populations sampled reflect that prior exposure. Significant differences in genetic 

diversity have not been found between S. albicosta populations from the historical range and 

those within the recent expansion range (Miller et al. 2009). Moreover, tolerance of collections 

made by Ostrem et al. (2016) in 2013 and 2014 that was 5-fold higher than those collected in 
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2003 and 2004 was likely due to selection pressure from widespread exposure to Cry1F. It is 

important to consider that LC50 values reported for Cry1F against S. albicosta in 2003 and 2004 

bioassays (Ostrem et al. 2016) indicated that this species exhibited low susceptibility to Cry1F 

compared to other species which were highly susceptible to Cry1F, including O. nubilalis, O. 

furnacalis (Guenée) (Lepidoptera: Crambidae), and D. grandiosella (Dyar) (Lepidoptera: 

Crambidae (Tan et al. 2011, Siebert et al. 2012). The natural tolerance to Cry1F in S. albicosta is 

similar to the natural tolerance exhibited by S. frugiperda against Cry1Ab and Cry1F. Events 

expressing Cry1Ab had not been developed to control S. frugiperda and the moderate level of 

efficacy against this pest quickly disappeared under field conditions (Omoto et al. 2015). 

Although Cry1F was initially highly effective in reducing injury by S. frugiperda to corn, low 

injury levels were observed (Buntin 2008, Siebert et al. 2008). Population-level resistance to 

Cry1F has since developed in Puerto Rico and South America under conditions that combined 

less than high-dose efficacy with factors that are known to accelerate resistance: intense selection 

pressure and a lack of refuge (Storer et al. 2010, Farias et al. 2014). 

Similar to the trend observed in Ostrem et al. (2016), our results indicate a reduction in 

efficacy of Cry1F against S. albicosta, raising the question of the potential for field-evolved 

resistance. A Cry1F-susceptible collection of S. albicosta was not available for use as a 

comparator to Ontario field collections. Although very little sweet corn grown in Canada 

expresses Bt proteins, we could not assume that egg masses collected from sweet corn were not 

progeny of S. albicosta that have previously been exposed to Cry1F hybrids, given a high level 

of regional Bt corn adoption has occurred to manage O. nubilalis populations (Dunlop 2015). In 

the absence of a Cry1F susceptibility baseline or susceptible S. albicosta strain for comparison, 

and given the consistent high variability in S. albicosta response to Cry1F during initial product 
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adoption and observed after a decade of deployment (Ostrem et al. 2016), the results presented 

here fall short of proof that resistance to Cry1F has developed. Nonetheless, the weight of 

evidence presented here supports a general conclusion of putative field-evolved resistance to 

Cry1F for S. albicosta in Ontario based on laboratory and field components of this study. 

Striacosta albicosta survival was observed to be similar on Cry1F and non-Bt hybrids at several 

locations and S. albicosta survival in diet-overlay bioassay was not significantly affected at high 

concentrations of Cry1F protein. 

In addition to the inherent tolerance of Cry1F by S. albicosta, other factors that may have 

contributed to a decline in efficacy of TC1507 against S. albicosta include multiple generations 

of exposure to Cry1F since initial cultivation of TC1507 corn (Ostrem et al. 2016), the potential 

for cross-pollination (Chilcutt and Tabashnik 2004) and extensive larval movement between 

plants with and without Cry1F expression within integrated refuges (Paula-Moraes et al. 2012, 

Pannuti et al. 2016), all of which are predicted to hasten resistance development (Mallet and 

Porter 1992, Onstad et al. 2011). In 2015, 86% of the 1.47 million hectares of Bt corn grown in 

Canada expressed events that targeted lepidopteran pests of which 91% included an integrated 

refuge (Dunlop 2015). Event MON 89034 was approved in Canada in 2008 with a reduced 

refuge requirement of 5% due to the lower risk of cross-resistance between two novel, unrelated 

proteins (Cry1A.105, Cry2Ab2) targeting O. nubilalis (CFIA 2008). Most recently, integrated 

refuge seed blends of 95% pyramided hybrids expressing Cry1F × Cry1A.105 + Cry2Ab2 and 

5% non-Bt seeds (e.g. SmartStax Refuge Advanced) were approved for above-ground 

lepidopteran control to ensure refuge compliance. Extensive plant-to-plant movement by S. 

albicosta within and across rows in Cry1Ab corn was shown by Pannuti et al. (2016). Similar 
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behaviour likely occurs with Cry1F corn since our results show no difference in infestation and 

damage rates compared to non-Bt corn in the field sites examined since 2013.  

Following the recent range expansion of S. albicosta, and in the absence of large 

populations of O. nubilalis as a result of population suppression attributed to Bt-corn adoption 

(Hutchison et al. 2010), S. albicosta have surpassed O. nubilalis as the most important corn pest 

in Ontario through threatening yield and contributing to mycotoxin contamination of grain. 

While IRM strategies have successfully delayed resistance in O. nubilalis (Siegfried et al. 2014), 

they were not intended to address challenges due to range expansion of a non-high-dose pest into 

new territory or replacement of a primary pest by one with secondary pest status. The emergence 

of S. albicosta emphasizes the need for considering IRM strategies that manage the dynamics of 

multiple pests in the corn production system. To inform decision making, Ontario corn producers 

can no longer rely on Cry1F for control of S. albicosta, yet it is still a valuable component of 

pyramided transgenic solutions to manage O. nubilalis. For S. albicosta, monitoring moth flights, 

diligent scouting for egg masses, and insecticide application is now highly recommended for 

most commercially available transgenic hybrids until more effective transgenic solutions become 

widely available.  
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CHAPTER 3  MANAGEMENT OF INJURY AND FUSARIUM GRAMINEARUM 

MYCOTOXINS IN MAIZE ASSOCIATED WITH STRIACOSTA ALBICOSTA 

(LEPIDOPTERA: NOCTUIDAE) 

3.1 ABSTRACT 

The western bean cutworm, Striacosta albicosta (Smith) (Lepidoptera, Noctuidae) has 

recently become a key ear-feeding pest of maize, Zea mays (L.), in Ontario, Canada that is 

challenging to control due to its dynamic on-plant behaviour and lack of susceptibility to 

commonly used transgenic Bt maize events. Infection by Fusarium graminearum (Schwabe) 

frequently occurs in Ontario maize resulting in contamination of grain by mycotoxins, 

particularly deoxynivalenol (DON). Regulatory tolerance of DON in grain is very low due to 

detrimental health effects on livestock, particularly swine. The presence of ear injury by S. 

albicosta may exacerbate infection of F. graminearum through feeding wounds created on the 

ear. Therefore, the objectives of this study were to evaluate Bt-maize events, alone, or in 

combination with insecticides and fungicides and the optimal application timing for control of S. 

albicosta injury and DON accumulation under naturally-infested field settings. The Vip3A × 

Cry1Ab event provided superior protection from S. albicosta injury over non-Bt or Cry1F 

hybrids. Insecticide treatment of the Vip3A × Cry1Ab hybrid did not improve efficacy. Injury by 

S. albicosta was significantly reduced with application of the pyrethroid insecticides, lambda-

cyhalothrin and deltamethrin, the diamides, chlorantraniliprole and flubendiamide, or a pre-mix 

of chlorantraniliprole + lambda-cyhalothrin whether applied at the early VT or R1 stages to non-

Bt and Cry1F hybrids. For all Bt events, lower DON concentrations were observed with 

insecticide applied as a tank-mix with the triazole fungicide, prothiconazole at the late VT/early 
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R1 stages (i.e. full tassel emergence, full silk emergence, before silk browning) or at early VT 

followed by prothiconazole at R1. These results indicate that a combined insecticide/fungicide 

treatment applied at full silk emergence before silk browning is likely the most effective 

approach for maize producers in regions with frequent incidence of this pest complex in the 

absence of F. graminearum-tolerant maize hybrids expressing high-dose insecticidal proteins 

against S. albicosta. 

3.2 INTRODUCTION 

Western bean cutworm, Striacosta albicosta (Smith) (Lepidoptera: Noctuidae), is a 

univoltine pest of maize, Zea mays (L.) and dry edible beans, Phaseolus vulgaris, (L.). Although 

native to the Great Plains region of North America (Smith 1887), it has recently expanded its 

range to the north-east arriving in Ontario, Canada in 2008 (Baute et al. 2010, Michel et al. 

2010). Moths oviposit on pre-tassel plants and larvae feed on tassel tissue, pollen, silk and 

kernels (Hagen 1962, Paula-Moraes et al. 2012). With an infestation of one larvae per ear, yield 

loss of 0.23-0.95 T ha-1 was estimated (Appel et al. 1993, Paula-Moraes et al. 2013). Grain 

quality may also be reduced as larval feeding within and outside the husk creates entry points for 

mycotoxigenic pathogens such as Fusarium graminearum (Schwabe) (Hagen 1962, Parker et al. 

2016). In Ontario, environmental conditions frequently support infection by F. graminearum and 

contamination of grain by mycotoxins, particularly DON (Campbell et al. 2002, Hooker and 

Schaafsma 2005, Schaafsma et al. 2008, Mueller et al. 2016). Mycotoxin contamination of grain 

in Ontario occurred in 0.5-2.2% of the total maize produced from 2012-2015 which can be 

downgraded and rejected from the market (Mueller et al. 2016). The Canadian Food Inspection 

Agency has established a regulatory guideline of 1.0 µg g-1 DON in livestock feed grain and 
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grain by-products due to the risks of emetic, immunotoxic, neurotoxic, and reproductive effects, 

mainly in swine (FAO 2004, Miller 2008, CFIA 2015).  

To control mycotoxigenic fungi in maize, application of a triazole fungicide such as 

prothioconazole (Dutzmann and Suty-Heinze 2004) is recommended at full silk emergence and 

before silk browning (senescence) (OMAFRA 2017a). This practice resulted in approximately 

60% reduction of DON in maize grain in Ontario field experiments (Limay-Rios and Schaafsma 

2013). Foliar application of strobilurin fungicides such as pyraclostrobin (Bartlett et al. 2002) is 

increasingly a common practice in Canada and the U.S. Corn Belt to manage foliar maize 

pathogens, increase plant health and stress tolerance; however, this class of fungicides has little 

effect on mycotoxigenic fungal infection of maize ears (Paul et al. 2011, Wise and Mueller 2011, 

Farm and Food Care Ontario 2015, Parker et al. 2016). 

Carbamate, organophosphate, pyrethroid, and more recently, diamide insecticides have 

been recommended for control of S. albicosta (Seymour et al. 2004, Rice 2007, Michel et al. 

2010, OMAFRA 2017a), but specific data on insecticide efficacy are limited. The action 

threshold to time sprays is a minimum of 5-8% of plants infested with one egg mass when the 

field is at 95% tassel emergence (Seymour et al. 2004, Michel et al. 2010, OMAFRA 2017b). 

The timing decision for a field-scale insecticide application can be difficult because of variable 

plant development within a field and intra-plant movement of S. albicosta larvae which can limit 

their accessibility to insecticide treatment (Paula-Moraes et al. 2012).  

Transgenic maize hybrids expressing genes for δ-endotoxins produced by Cry proteins 

from Bt provide limited control of S. albicosta. Striacosta albicosta larvae are not susceptible to 

Cry1Aa, Cry1Ab, or Cry1Ac Bt proteins (O'Rourke and Hutchison 2000, Catangui and Berg 
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2006, Eichenseer et al. 2008, Dyer et al. 2013, Bowers et al. 2014). Cry1F (event TC1507 co-

developed by Dow AgroSciences LLC, Indianapolis, IN and Pioneer Hi-Bred International, 

Johnston, IA) was labeled for S. albicosta control during its eastward expansion due to 

observations of field efficacy (Eichenseer et al. 2008, Rule et al. 2014). However, S. albicosta 

infestation and injury has increased on Cry1F hybrids across the Great Lakes region, and there is 

recent evidence for field-evolved resistance (Ostrem et al. 2016, Smith et al. 2017). The MIR162 

Bt event expressing Vip3Aa20, hereinafter referred to as Vip3A (Syngenta Seeds LLC, Research 

Triangle Park, NC), is highly effective against other ear-feeding lepidoptera such as Agrotis 

ipsilon (Hufnagel), Helicoverpa zea (Boddie) and Spodoptera frugiperda (J. E. Smith) (Estruch 

et al. 1996, Burkness et al. 2010), and provided excellent control of S. albicosta in artificially-

infested field experiments (Burkness et al. 2010, Bowers et al. 2013). However, foliar insecticide 

application is currently relied upon for control of S. albicosta in Ontario due to limited 

availability of Vip3A hybrids. 

Lepidopteran control using Bt-maize has been shown to reduce mycotoxin accumulation. 

Control of Ostrinia nubilalis (Hübner) with Bt-maize reduced DON and ZEN mycotoxins by 59 

and 50%, respectively (Schaafsma et al. 2002, Folcher et al. 2010). In field studies of S. 

albicosta-infested maize infected with F. verticillioides (Saccardo) Nirenberg and F. 

proliferatum (Matsushima) Nirenberg, fumonisin mycotoxin concentrations in grain from Cry1F 

and Vip3A × Cry1Ab maize hybrids were below current US Food and Drug Administration 

guidelines compared to non-Bt or Cry1Ab hybrids (Bowers et al. 2013, 2014). Limited data on 

DON accumulation in Cry1F or Vip3A Bt-maize events infested with S. albicosta have been 

reported. 
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As the incidence of S. albicosta injury has increased annually in Ontario since the first 

detection in 2008 (Bruggeman et al. 2015), combined with the frequent risk of infection by F. 

graminearum, the risk of low grain quality to maize producers is high. Compatible management 

strategies are needed to target both pests in a timely and cost-effective manner. While it was 

speculated that the optimal timing of insecticide and fungicide application for both pests would 

coincide, supporting data were limited. The first objective of this study was to evaluate Bt-maize 

events, alone, and in combination with insecticides and fungicides, for reducing injury caused by 

S. albicosta and DON accumulation under naturally-infested field conditions. The second 

objective was to determine the most effective application timing of insecticides and fungicides to 

achieve the greatest control of the pest complex as part of an integrated pest management 

strategy.  

3.3 MATERIALS AND METHODS 

The efficacy of commercially available candidate insecticides for control of S. albicosta 

injury and DON was tested in preliminary screening experiments at two field sites in the first 

year of the study. The efficacy of non-Bt and Bt-maize hybrids with or without selected 

insecticides and fungicides at various application timings was evaluated at three field sites during 

the second to fourth years of the study. All experiments were conducted on commercial farms 

with naturally-occurring S. albicosta and F. graminearum infection. 

3.3.1 Preliminary Insecticide Screening Experiments 

 Preliminary insecticide comparisons were conducted at two field sites in 2011: Bothwell 

and Clachan, ON. Both sites were planted by grower co-operators. The Bothwell site was planted 

on 7 May with the non-Bt hybrid N53W-3000GT (Syngenta Canada Inc. Guelph, ON) with 0.76 
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m row spacing. The Clachan site was planted on 4 June with the hybrid DKC 43-61 expressing 

Cry1Ab (event MON810, Monsanto Company Inc., St. Louis, MO) with 0.95 m row spacing. 

Plots (3.6 × 18 m) were arranged in a randomized complete block design with four replications. 

3.3.2 Bt-maize, Insecticide, and Fungicide Efficacy Experiments  

Combined Bt-maize, insecticide, and fungicide efficacy experiments were conducted at 

three field sites (Bothwell, Shetland, Rodney, ON) in 2012-2014 (Table B.1). Treatments were 

arranged in a two-factor factorial, completely randomized split-block design, with Bt event as the 

whole-plot factor and insecticide/fungicide spray treatment as the sub-plot factor. All treatments 

were replicated four times at each site. One family of hybrids expressing the desired suite of Bt 

events was not available for all years, therefore seeds from two providers were selected based on 

similarity of silking date and susceptibility to F. graminearum as recommended by seed 

providers. The hybrids 35F37 (non-Bt) and 35F40 (Cry1F) (2012), and P0621R (non-Bt) and 

P0621HR (Cry1F) (2013-2014) were near-isolines obtained from Pioneer Hi-Bred Production LP 

(Mississauga, ON). The hybrid N46U-3111 (Vip3A × Cry1Ab) (Syngenta Canada Inc. Guelph, 

ON) was used in all three years; a non-Bt near-isogenic hybrid without Vip3A was not available. 

Each plot was a pure stand of the prescribed hybrid, therefore, non-Bt refuge seeds were not 

planted within Bt plots. Plots (8 rows × 7.6 m; 0.76 m row spacing) were planted using a 4-row 

John Deere 7200 Max-Emerge™ corn planter (Deere and Co., Moline, IL) in 2012 and 2013, and 

an 8-row Kinze 3500 Edge Vac Twin Line planter (KINZE Manufacturing Inc., Williamsburg, 

IA) in 2014, at a seeding rate of 79,000 seeds ha-1. Both planters were equipped with row unit-

mounted fluted coulters and trash whippers for no-till planting. Field experiments were planted 

1-3 weeks later than normal to increase the likelihood of S. albicosta infestation and Fusarium 
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spp. infection (Table B.1). Fertilizer and herbicides were applied according to provincial 

recommendations (OMAFRA 2017b). 

3.3.3 Insecticide and Fungicide Application 

Spray treatments were applied using a high clearance, commercial John Deere 4730 

sprayer (Deere and Company, Moline, IL) equipped with a modified 18-m spray boom divided 

into five, independent 3.6-m-wide sections for spraying multiple plots per pass. Each section had 

its own pressurized tank using on-board compressed air and was equipped with Teejet TT11004 

nozzle tips (Spraying Systems Co. Wheaton, IL) spaced 50 cm apart. The boom was positioned 

at tassel height, approximately 280 cm above the ground, directing the spray solution into the 

plant canopy. Spray treatments were delivered in 190 L ha-1 of water at 276 kPa at a ground 

speed of 8.0 km h-1.  

In 2011, treatments were applied at the early VT stage (~90% tassel emergence, modified 

from Abendroth et al. 2011) on 26 and 27 July at Clachan and Bothwell, respectively. 

Treatments included the synthetic pyrethroid insecticides: lambda-cyhalothrin at rates of 10 and 

22.4 g active ingredient (a.i.) ha-1 (Matador® 120 EC, Syngenta Canada Inc., Guelph, ON) and 

deltamethrin (15 g a.i. ha-1) (decis® 5 EC, Bayer CropScience Inc., Calgary, AB); the diamide 

insecticides: chlorantraniliprole at rates of 25, 50, and 75 g a.i. ha-1 (DuPont™ Coragen™ 

Insecticide, E. I. DuPont Canada Company, Mississauga, ON) and flubendiamide (105 g a.i. ha-1) 

(Belt® 480 SC, Bayer CropScience Inc., Calgary, AB); a pre-mix of lambda-cyhalothrin and 

chlorantraniliprole at rates of 50 and 25 g a.i. ha-1, respectively (Voliam Xpress™, Syngenta 

Canada Inc., Guelph, ON), the spinosyn insecticide, spinosad (39.8 g a.i. ha-1) (Success™ 

Insecticide, Dow AgroSciences Canada Inc., Calgary, AB), the triazole fungicide 
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prothioconazole (200 g a.i. ha-1) (Proline® 480 SC, Bayer CropScience Inc., Calgary, AB) alone 

or as a tank mix with lambda-cyhalothrin (10 g a.i. ha-1), and a non-treated control.  

In 2012-2014, insecticide-only treatments targeted the early VT stage while fungicide-

only applications targeted full silk emergence (R1, Abendroth et. al. 2011), before silk browning. 

Insecticide treatments used in 2012-2014 included chlorantraniliprole (50 g a.i. ha-1) (DuPont™ 

Coragen™ Insecticide, E. I. DuPont Canada Company, Mississauga, ON) and the premix of 

lambda-cyhalothrin + chlorantraniliprole (25 and 50 g a.i. ha-1, respectively) (Voliam Xpress™, 

Syngenta Canada Inc., Guelph, ON) and fungicide treatments included prothioconazole (200 g 

a.i. ha-1) (Proline® 480 SC, Bayer CropScience Inc., Calgary, AB) and pyraclostrobin (100 g a.i. 

ha-1) (Headline® EC, BASF Canada Inc., Mississauga, ON). Insecticide treatments were also 

combined with prothioconazole fungicide applied either as a tank mix between the VT and R1 

stages when tassels were fully emerged and silks were ~50% emerged, or separately, at early VT 

and R1, respectively. Application dates and the corresponding crop stage in 2012-2014 are listed 

in Table B.1. 

3.3.4 Insect Injury and Harvest Assessments 

In 2011, 24 or 30 consecutive plants (equivalent to 1/1000th of an acre (Lauer 2002)) at 

Clachan and Bothwell, respectively, were scouted for S. albicosta egg masses from the centre 

row of each plot on 25 July. Ears within the scouted area were hand-harvested on 28 Sept at 

physiological maturity (R6 stage) to assess the incidence (percentage of ears with injury) and 

severity (area of injured kernels, cm2) of injury by S. albicosta. The remaining plants in the plot 

were machine-harvested and grain yield was calculated with the addition of grain from the hand-

harvested ears and corrected to 15.5% moisture.  
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In 2012-2014, moth flight and the incidence and severity of injury were assessed as 

described for large plots in Smith et al. (2017). Plots were scouted for S. albicosta egg masses at 

least three times over a duration of 7-13 d during the pre-tassel and tassel emergence stage (i.e. 

before VT stage) to determine the average cumulative percent egg masses per site before spray 

treatments were applied. Egg masses were counted on an average of 36 ± 4 consecutive plants in 

a 5.3 m length of the central row (equivalent to 1/1000th of an acre) in 2012 or 10 consecutive 

plants per plot in two central rows in 2013-2014. Hatched egg masses were only counted on the 

first sampling date; subsequent counts included only newly laid egg masses. Three central rows 

from each plot were machine-harvested and yield was corrected to 15.5% moisture. Harvest 

dates are listed in Table B.1. In 2012-2014, expression of Cry1F or Vip3A protein was 

confirmed in four randomly-selected grain subsamples ground for mycotoxin analysis from each 

site using QuickStix (EnviroLogix Portland, ME). 

3.3.5 Grain Sampling for Mycotoxin Analysis 

In 2011, hand-harvested ears were shelled following injury assessment and a 1000-kernel 

subsample was weighed. Grain was analysed for DON concentration using a commercial EZ-

Quant enzyme-linked immunosorbent assay (ELISA) kit (Diagnostix EZ-Quant DON Plate Kit, 

ThermoFisher Scientific, Mississauga, ON). The protocol provided by Diagnostix was followed 

and the provided calibration standard was used. Finely ground 20-g subsamples were extracted in 

100-mL of 70% methanol, shaken for 15 min on an Eberbach shaker table and allowed to settle 

for 3 min. The limit of detection (LOD) for this test was 0.2 µg g-1. 

In 2012-2014, mycotoxin concentration was measured using liquid chromatography-

tandem mass spectrometry (LCMS/MS) in a subsample of grain obtained from incremental grain 
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samples collected during machine harvest of each plot as described in section 4.3.2. Total 

DON=DON + 3-acetyldeoxynivalenol (3ADON) + 15-acetyldeoxynivalenol (15ADON) + 

deoxynivalenol-3-glucoside (D3G), zearalenone (ZEN), fumonisin B1 (FB1), fumonisin B2 (FB2), 

fumonisin B3 (FB3), and moniliformin (MON) were measured; only total DON concentrations 

are reported due to low levels of the other mycotoxins.  

3.3.6 Data Analysis 

 Generalized linear mixed model (GLMM) analysis was conducted for incidence and 

severity of injury, DON, and yield using PROC GLIMMIX in SAS 9.4 (SAS Institute, Cary, 

NC). In 2011, fixed effects included treatment, field site, and their interaction; replication within 

site was considered a random effect for all variables and the interaction of treatment by block 

within location was a random effect for severity due to subsampling. In 2012-2014, initially, 

field site, year and their interaction were tested as fixed effects; however, the interaction term 

was significant for all dependent variables, therefore, site and year were combined to compose 

the effect of “environment”. Therefore, fixed effects included environment, Bt event, pesticide 

treatment and their interactions. Random effects included replication within environment and Bt 

event × replication within environment. One hybrid per Bt event was planted at each 

environment, and the same non-Bt and Cry1F hybrids were not used across study years, 

therefore, GLMM did not include the effect of hybrid within Bt event based on the assumption 

that the hybrid effect could not be separated from the effect of environment. Due to significant 

interactions among environments, Bt events, and treatments, only environments with high levels 

of S. albicosta injury were used to evaluate treatment efficacy. Injury was considered high when 

the mean incidence and severity per ear to the non-treated, non-Bt plots from each environment 
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was ≥ 30 and ≥ 0.6%, respectively. Analysis was performed across these environments for the 

fixed effects of Bt event, treatment, and their interaction. Environment, replication within 

environment, environment × Bt event, Bt event × replication within environment, environment × 

treatment, and environment × Bt event × treatment were considered random effects.  

The incidence and severity of injury from all sites in 2012-2014 followed a normal 

distribution. The incidence of injury from sites in 2011 and sites with high levels of S. albicosta 

injury in 2012-2014 followed a beta distribution where values of zero and one were replaced 

with 0.0001 and 0.9999, respectively (Bowley 2015). The area and severity of injury in 2011 and 

2012-2014 followed normal and lognormal distributions, respectively. For all years, DON and 

yield data followed lognormal and normal distributions, respectively. PROC UNIVARIATE and 

the Shapiro-Wilk statistic were used to test residuals for normal distribution and studentized 

residuals were calculated to test for outliers using Lund’s test (Bowley 2015). No outliers were 

detected or removed from the data. Least squares means (LSMEANS) were estimated using the 

inverse link option and pairwise comparisons were made using Tukey-Kramer tests to limit 

experimentwise error rates (α = 0.05) (Bowley 2015). The SLICE option was used to partition 

effects within interactions and contrast statements were used to compare LSMEANS within Bt 

events, treatments, and desired treatment groupings. 

3.4 RESULTS 

3.4.1 Preliminary Insecticide Screening Experiments 

At Clachan and Bothwell, 77 ± 3.6 and 85 ± 6.0% of plants were infested with an egg 

mass 1-2 d before pesticide application, respectively. Across treatments, the incidence of injury 

by S. albicosta was significantly higher at Bothwell (31 ± 3.4%) than at Clachan (14 ± 2.0%) 
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following pesticide application (Tables B.2 and 3.1). There was a significant treatment effect on 

incidence of injury when data were combined from both field sites (Table B.2). Incidence was 

reduced by 55-80% with any rate of chlorantraniliprole, by 72-80% with any rate of lambda-

cyhalothrin, and by 71% with flubendiamide, compared to non-treated and fungicide-only treated 

plots (Table 3.1). Incidence of injury in plots treated with the low rate of chlorantraniliprole or 

spinosad was not different from the non-treated control (Table 3.1). 
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Table 3.1 Injury, deoxynivalenol (DON) concentration, and grain yield of maize with or without insecticide and fungicide 

treatments applied at early VT stage (~90% tassel emergence) under naturally-occurring infestations of Striacosta albicosta 

and Fusarium graminearum, Ontario, Canada, 2011. 

  S. albicosta injury   

Treatment Rate 

(g a.i. ha-1) 

Incidence a 

(% ± SE) 

Severityb 

(cm2 ± SE) 

DON 

(µg g-1 ± SE) 

Grain yield 

(T ha-1 ± SE) 

Non-treated  57.3 ± 9.03bj 1.99 ± 0.257c 1.82 ± 0.528 10.5 ± 0.53 

prothioconazole c 200.0 56.0 ± 9.16b 1.87 ± 0.259bc 2.50 ± 0.725 10.7 ± 0.53 

lambda-cyhalothrind 10.0 16.0 ± 5.08a 0.47 ± 0.258a 1.76 ± 0.509 10.0 ± 0.53 

lambda-cyhalothrin 22.4 11.0 ± 3.77a 0.13 ± 0.256a 1.55 ± 0.449 10.1 ± 0.53 

lambda-cyhalothrin + prothioconazole 10.0 + 200.0 11.2 ± 3.93a 0.08± 0.296a 1.62 ± 0.468 11.1 ± 0.53 

chlorantraniliprolee 25.0 25.7 ± 7.26ab 0.85 ± 0.259abc 1.41 ± 0.409 10.7 ± 0.53 

chlorantraniliprole 50.0 13.9 ± 4.73a 0.36 ± 0.258a 1.64 ± 0.476 11.3 ± 0.53 

chlorantraniliprole 75.0 19.8 ± 6.02ab 0.52 ± 0.258a 1.68 ± 0.487 11.4 ± 0.53 

chlorantraniliprole + lambda-cyhalothrinf 50.0 + 25.0 8.4 ± 2.89a 0.20 ± 0.258a 1.14 ± 0.330 10.1 ± 0.53 

deltamethring 15.0 13.9 ± 4.48ab 0.23 ± 0.257a 1.85 ± 0.535 11.6 ± 0.53 
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flubendiamideh 105.0 16.4 ± 5.33a 0.36 ± 0.258a 1.35 ± 0.390 11.3 ± 0.53 

spinosad i 39.8 34.5 ± 8.49ab 0.71 ± 0.258ab 1.70 ± 0.493 10.4 ± 0.53 

Pr<F  <0.0001 <0.0001 0.9358 0.5118 

a Mean percentage of ears with >0 cm2 damage by S. albicosta. 
b Mean area of injured kernels (cm2) per ear by S. albicosta. 
c Proline® 480 SC, Bayer CropScience Inc., Calgary, AB. 
d Matador® 120 EC, Syngenta Canada Inc., Guelph, ON. 
e DuPont™ Coragen™ Insecticide, E.I. DuPont Canada Company, Mississauga, ON. 
f Voliam Xpress™, Syngenta Canada Inc., Guelph, ON. 
g decis® 5 EC, Bayer CropScience Inc., Calgary, AB. 
h Belt, Bayer CropScience Inc., Calgary, AB. 
i Success™ Insecticide, Dow AgroSciences Canada Inc., Calgary, AB. 
j Means within columns followed by the same letter are not significantly different (P<0.05) as determined by GLMM analysis and 

Tukey-Kramer tests. 
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The effect of treatment on severity of injury was significant (Table B.2). Across 

treatments, injury was more severe at the Bothwell site (0.9 ± 0.07 cm2) than the Clachan site 

(0.3 ± 0.07 cm2) (Tables B.2 and 3.1). At Bothwell, insecticide treatments had 50-96% lower 

severity compared to non-treated or fungicide-only treated plots (Table 3.1). At Clachan, 

insecticide treatments reduced severity by 70-93%, except spinosad, which had 57% lower 

injured area than the non-treated control which was not different from the fungicide-only 

treatment (Table 3.1). At Bothwell, severity was reduced by 92 and 96% with the high rate of 

lambda-cyhalothrin (22.4 g a.i. ha-1) and the pre-mix of chlorantraniliprole + lambda-cyhalothrin, 

respectively (Table 3.1). These treatments were more effective than the low rate of lambda-

cyhalothrin (10.0 g a.i. ha-1), and the low and high rates of chlorantraniliprole (25.0 and 75.0 g 

a.i. ha-1, respectively) where severity was 50-65% lower than the non-treated control (Table 3.1). 

Similarly, no injury was observed in plots treated with the high rate of lambda-cyhalothrin (22.4 

g a.i. ha-1) at the Clachan site; however, injury reduction was achieved with the low rate of 

lambda-cyhalothrin (10.0 g a.i. ha-1) and all rates of chlorantraniliprole (Table 3.1) compared to 

the non-treated and fungicide-only controls. At both sites, severity reduction with lambda-

cyhalothrin (10.0 g a.i. ha-1) + prothioconazole, deltamethrin, and flubendiamide was similar to 

the most effective treatments (Table 3.1). 

There was no treatment effect on DON concentration or yield of grain, and no interaction 

between site and treatment (Tables B.2 and 3.1). Across treatments, the mean DON 

concentration was higher at Bothwell (2.06 ± 0.216 µg g-1) than at Clachan (1.31 ± 0.137 µg g-1) 

(p<0.05). Grain yield at Bothwell (11.4 ± 0.30 T ha-1) was also higher than at Clachan (10.1 ± 

0.30 T ha-1) (p<0.05).  
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3.4.2 Bt-maize, Insecticide, and Fungicide Efficacy Experiments  

The percentage of plants with egg masses exceeded the 5% action threshold before the 

first pesticide application at the Bothwell site in 2012, Bothwell and Rodney in 2013, and at all 

sites in 2014 (Fig. 3.1). The incidence and severity of injury by S. albicosta and DON 

concentrations depended on the environment (Table B.3); therefore, only the following 

environments with high levels of incidence and severity of S. albicosta injury to the non-treated, 

non-Bt plots were included in further analysis: Rodney 2012, Shetland 2012, Shetland 2013, 

Bothwell 2013, Rodney 2014, Shetland 2014. 

The effect of spray treatment on both the incidence and severity of injury depended on Bt 

event, producing an interaction between Bt event and treatment (Table B.4). When spray 

treatments were partitioned by Bt event, they affected injury incidence for non-Bt and Cry1F 

hybrids but not the Vip3A hybrid (Table 3.2). Incidence of injury was below 10% on the Vip3A 

× Cry1Ab hybrid across all spray treatments including the non-treated control (Table 3.2). There 

was no difference in incidence between non-treated non-Bt (53%) and Cry1F hybrids (35%) 

(p=0.0541; Table 3.2). The greatest reduction of incidence (74%) was observed on non-Bt 

hybrids with either chlorantraniliprole + lambda-cyhalothrin or chlorantraniliprole applied at 

early VT stage (Table 3.2). Similarly, incidence was reduced by 62-66% with chlorantraniliprole 

+ lambda-cyhalothrin applied to Cry1F hybrids at early VT or VT/R1 timings (Table 3.2). 

Contrast comparisons across Bt events found no differences in injury incidence between 

chlorantraniliprole + lambda-cyhalothrin and chlorantraniliprole insecticides (F1, 35=0.10, 

p=0.7516), insecticide applied alone or in combination with a fungicide (F1, 35=0.85, p=0.3618), 

or when insecticide was applied at the early VT or VT/R1 timing (F1, 35=1.47, p=0.2338). In most 
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cases, treatment with fungicide alone at the R1 stage did not reduce the incidence of injury 

compared to the non-treated control, except that a 63% reduction was observed for non-Bt 

hybrids treated with prothioconazole (Table 3.2). 

Similarly, treatment effects were observed for the severity of injury for non-Bt and Cry1F 

hybrids, but not the Vip3A hybrid (Table 3.3). Again, contrast comparisons across Bt events 

found no differences in severity between chlorantraniliprole + lambda-cyhalothrin and 

chlorantraniliprole insecticides (F1, 35=0.08, p=0.7804), insecticide applied alone or in 

combination with a fungicide (F1, 35=0.01, p=0.9054), or when insecticide was applied at early 

VT or VT/R1 stages (F1, 35=0.03, p=0.8663). For non-Bt hybrids, severity was reduced by 83-

85% with chlorantraniliprole + lambda-cyhalothrin or chlorantraniliprole alone at the early VT 

stage, whether followed by prothioconazole at R1, or not (Table 3.3). For Cry1F hybrids, 82-

85% lower severity was observed with chlorantraniliprole + lambda-cyhalothrin at early VT 

whether followed by priothioconazole at R1 or not, or applied together at VT/R1 (Table 3.3). 
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Figure 3.1 Weekly total number of Striacosta albicosta moths captured in pheromone traps 

and the percentage of plants with an egg mass at three naturally-infested field sites in A) 

2012, B) 2013, and C) 2014, Ontario, Canada. Moth counts are depicted as line graphs and 

percent egg masses (± SE) are depicted as bar graphs. The percentage of egg masses was 

determined within 24 h before each application. 
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Table 3.2 Incidence of injury to non-Bt and Bt-maize with or without insecticide and fungicide treatments at sites with high 

levels of naturally-occurring Striacosta albicosta, Ontario, Canada, 2012-2014. 

   Percent incidencea ± SE 

Pesticide Target application timingb Non-Bt Cry1F Vip3A × Cry1Ab 

Non-treated - 52.5 ± 8.45bg 34.9 ± 7.62b 7.3 ± 2.34 

chlorantraniliprole + lambda-cyhalothrinc  Early VT 13.6 ± 3.86a 11.7 ± 3.44a 9.5 ± 0.30 

chlorantraniliproled  Early VT 13.7 ± 3.94a 18.2 ± 4.86ab 7.4 ± 2.32 

chlorantraniliprole + lambda-cyhalothrin + prothioconazolee VT/ R1 20.5 ± 5.35ab 13.4 ± 3.84a 6.1 ± 1.94 

chlorantraniliprole + prothioconazole VT/R1 23.9 ± 3.09ab 29.1 ± 6.76ab 6.6 ± 2.08 

prothioconazole R1 19.3 ± 0.05a 27.7 ± 6.76ab 9.3 ± 4.98 

pyraclostrobinf R1 28.2 ± 0.07ab 36.3 ± 7.70b 6.5 ± 2.04 

chlorantraniliprole + lambda-cyhalothrin + prothioconazole Early VT + R1 15.2 ± 4.23a 12.8 ± 3.72a 8.5 ± 2.61 

Pr>F  <0.0001 0.0002 0.8698 

a Mean percentage of plants with >0 cm2 damage by S. albicosta. 

b Early VT=~ 90% tassel emergence; VT/R1=full tassel emergence, ~50% silk emergence; R1: full silk emergence, no silk browning 

(modified from Abendroth et al. 2011). 

c Voliam Xpress™, Syngenta Canada Inc., Guelph, ON (500 mL ha-1). 
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d DuPont™ Coragen™ Insecticide, E.I. DuPont Canada Company, Mississauga, ON (250 mL ha-1). 

e Proline® 480 SC, Bayer CropScience Inc., Calgary, AB (416 mL ha-1). 

f Headline® EC, BASF Canada Inc., Mississauga, ON (400 mL ha-1). 

g Means within columns followed by the same letter are not significantly different (P<0.05) as determined by GLMM analysis and 

Tukey-Kramer tests. 
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Table 3.3 Severity of injury to non-Bt and Bt-maize with or without insecticide and fungicide treatments at sites with high 

levels of naturally-occurring Striacosta albicosta, Ontario, Canada, 2012-2014. 

  Percent severitya ± SE 

Pesticide Target application timingb Non-Bt Cry1F Vip3A × Cry1Ab 

Non-treated - 0.52 ± 0.254bg 0.33 ± 0.162b 0.03 ± 0.014 

chlorantraniliprole + lambda-cyhalothrinc  Early VT 0.10 ± 0.047ab 0.05 ± 0.025a 0.05 ± 0.023 

chlorantraniliproled  Early VT 0.09 ± 0.043a 0.13 ± 0.062ab 0.03 ± 0.014 

chlorantraniliprole + lambda-cyhalothrin + prothioconazolee VT/ R1 0.18 ± 0.085ab 0.05 ± 0.025a 0.01 ± 0.006 

chlorantraniliprole + prothioconazole VT/ R1 0.15 ± 0.074ab 0.20 ± 0.097ab 0.03 ± 0.012 

prothioconazole R1 0.16 ± 0.075ab 0.27 ± 0.129ab 0.05 ± 0.023 

pyraclostrobinf R1 0.26 ± 0.125ab 0.36 ± 0.174b 0.02 ± 0.011 

chlorantraniliprole + lambda-cyhalothrin + prothioconazole Early VT + R1 0.08 ± 0.041a 0.06 ± 0.028a 0.03 ± 0.013 

Pr>F  0.0156 <0.0001 0.3199 

a Mean percentage of injured kernels per ear by S. albicosta. 

b Early VT=~ 90% tassel emergence; VT/R1=full tassel emergence, ~50% silk emergence; R1: full silk emergence, no silk browning 

(modified from Abendroth et al. 2011). 

c Voliam Xpress™, Syngenta Canada Inc., Guelph, ON (500 mL ha-1). 
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d DuPont™ Coragen™ Insecticide, E.I. DuPont Canada Company, Mississauga, ON (250 mL ha-1). 

e Proline® 480 SC, Bayer CropScience Inc., Calgary, AB (416 mL ha-1). 

f Headline® EC, BASF Canada Inc., Mississauga, ON (400 mL ha-1). 

g Means within columns followed by the same letter are not significantly different (P<0.05) as determined by GLMM analysis and 

Tukey-Kramer tests. 
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Total DON concentration was significantly affected by spray treatment but not Bt event 

nor the interaction between Bt events and treatments across site-years with high levels of S. 

albicosta injury (Table B.4). Contrasts indicated that insecticide treatment was more effective in 

reducing DON than a fungicide treatment (F1, 35=7.82, p=0.0084), and there was no difference in 

DON when insecticide was applied alone or with a fungicide (F1, 35=0.969, p=0.3350). 

Furthermore, there was no difference in DON when insecticide and fungicide combinations were 

applied together at VT/R1 or separately at the early VT and R1 stages, respectively (F1, 35=1.16, 

p=0.2896). The mean DON concentration for both the 35F37 (non-Bt) (0.1 ± 0.04 µg g-1) and 

35F40 (Cry1F) (0.1 ± 0.04 µg g-1) hybrids was lower than the P0621R (non-Bt) (0.3 ± 0.15 µg g-

1) or P0621HR (Cry1F) (0.4 ± 0.19 µg g-1) and N46U-3111 (Vip3A × Cry1Ab) (0.3 ± 0.11 µg g-

1) hybrids. Across Bt events, lower DON was measured in grain from plots treated at early VT 

with chlorantraniliprole + lambda-cyhalothrin followed by prothioconazole at R1, when 

chlorantraniliprole and prothioconazole were applied together at VT/R1, or when 

chlorantraniliprole was applied alone at early VT compared to plots treated with prothioconazole 

alone at R2 (Table 3.4).  

Grain yield response to spray treatment depended on the Bt event, which produced an 

interaction between Bt event and treatment at environments with high S. albicosta injury (Table 

B.4). When the effects of spray treatments on yield were partitioned by Bt event, spray treatment 

differences were observed for non-Bt and Cry1F hybrids, but not the Vip3A × Cry1Ab hybrid 

(Table 3.5). For the non-Bt hybrid, yield of plots treated with pyraclostrobin at R2 was higher 

than the non-treated control and plots treated with chlorantraniliprole at early VT (Table 3.5). 

For Cry1F hybrids, plots treated with chlorantraniliprole + lambda-cyhalothrin + prothioconazole 

at the VT/R1 timing had greater yield than those treated with chlorantraniliprole + lambda-
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cyhalothrin alone at early VT (Table 3.5). Based on contrast comparisons, the addition of 

prothioconazole to either insecticide had a positive effect on yield (F1, 35=7.37, p=0.0102), 

regardless of application timing (F1, 35=0.02, p=0.8928). 
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Table 3.4 Deoxynivalenol (DON) concentration in maize grain with or without insecticide 

and fungicide treatments at sites with high levels of naturally-occurring Striacosta albicosta, 

Ontario, Canada, 2012-2014. 

Pesticide Target application 

timinga 

DON 

(µg g-1 ± SE) 

Non-treated - 0.31 ± 0.087abf 

chlorantraniliprole + lambda-cyhalothrinb  Early VT 0.24 ± 0.067ab 

chlorantraniliprolec  Early VT 0.20 ± 0.054a 

chlorantraniliprole + lambda-cyhalothrin + 

prothioconazoled 
VT/ R1 0.24 ± 0.066ab 

chlorantraniliprole + prothioconazole VT/ R1 0.18 ± 0.050a 

prothioconazole R1 0.40 ± 0.110b 

pyraclostrobine R1 0.30 ± 0.082ab 

chlorantraniliprole + lambda-cyhalothrin + 

prothioconazole 
Early VT + R1 0.17 ± 0.046a 

a Early VT=~ 90% tassel emergence; VT/R1=full tassel emergence, ~50% silk emergence; R1: full silk 

emergence, no silk browning (modified from Abendroth et al. 2011). 

b Voliam Xpress™, Syngenta Canada Inc., Guelph, ON (500 mL ha-1). 

c DuPont™ Coragen™ Insecticide, E.I. DuPont Canada Company, Mississauga, ON (250 mL ha-1). 

d Proline® 480 SC, Bayer CropScience Inc., Calgary, AB (416 mL ha-1). 

e Headline® EC, BASF Canada Inc., Mississauga, ON (400 mL ha-1). 

f Means followed by the same letter are not significantly different (P<0.05) as determined by GLMM 

analysis and Tukey-Kramer tests. 
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Table 3.5 Grain yield of non-Bt and Bt-maize with or without insecticide and fungicide treatments at sites with high levels of 

naturally-occurring Striacosta albicosta, Ontario, Canada, 2012-2014. 

  Grain yield (T ha-1 ± SE) 

Pesticide Target application timinga Non-Bt Cry1F Vip3A × Cry1Ab 

Non-treated - 10.5 ± 0.89bf 10.4 ± 0.89ab 10.2 ± 0.88 

chlorantraniliprole + lambda-cyhalothrinb  Early VT 10.7 ± 0.89ab 10.4 ± 0.88b 10.0 ± 0.88 

chlorantraniliprolec  Early VT 10.5 ± 0.88b 10.8 ± 0.88ab 9.7 ± 0.88 

chlorantraniliprole + lambda-cyhalothrin + prothioconazoled VT/R1 10.9 ± 0.88ab 12.2 ± 0.88a 10.2 ± 0.88 

chlorantraniliprole + prothioconazole VT/R1 11.1 ± 0.88ab 11.2 ± 0.88ab 9.8 ± 0.88 

prothioconazole R1 11.4 ± 0.88ab 11.1 ± 0.88ab 9.9 ± 0.88 

pyraclostrobine R1 12.0 ± 0.88a 10.6 ± 0.88ab 10.0 ± 0.88 

chlorantraniliprole + lambda-cyhalothrin + prothioconazole Early VT + R1 11.5 ± 0.88ab 11.1 ± 0.88ab 10.1 ± 0.88 

Pr>F  0.0156 0.0073 0.9477 

a Early VT=~ 90% tassel emergence; VT/R1=full tassel emergence, ~50% silk emergence; R1: full silk emergence, no silk browning 

(modified from Abendroth et al. 2011). 

b Voliam Xpress™, Syngenta Canada Inc., Guelph, ON (500 mL ha-1). 

c DuPont™ Coragen™ Insecticide, E.I. DuPont Canada Company, Mississauga, ON (250 mL ha-1). 



 

79 

 

d Proline® 480 SC, Bayer CropScience Inc., Calgary, AB (416 mL ha-1). 

e Headline® EC, BASF Canada Inc., Mississauga, ON (400 mL ha-1). 

f Means within columns followed by the same letter are not significantly different (P<0.05) as determined by GLMM analysis and 

Tukey-Kramer tests. 
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3.5 DISCUSSION 

Management of mycotoxigenic fungi in maize is complex. The primary route of infection 

in maize for F. graminearum is through the silk channel, with peak infection occurring as silks 

begin to senesce (Schaafsma et al. 1997). Environmental conditions and maize hybrid 

susceptibility are typically the most important factors impacting F. graminearum infection 

(Sutton 1982, Munkvold 2003, Hooker and Schaafsma 2005). Fusarium graminearum infection 

may also occur during the silk infection period or later, via wounds created by physical injury 

from insects, birds, or hail (Sutton 1982, Munkvold 2003). Striacosta albicosta may exacerbate 

silk infection by F. graminearum while early instar feeding at the ear tip may overlap with the 

silk infection period and additional movement and wounding by later instar S. albicosta may 

contribute to further infection and spread of F. graminearum infection (Hagen 1962).  

In some cases, control of S. albicosta injury may not have impacted DON accumulation 

due to the prevailing success of silk infection by F. graminearum. In 2011, the mean DON 

concentration in grain from across two sites exceeded the regulatory guideline of 1.0 µg g-1 

(CFIA 2015) regardless of treatment, with the exception of the high rate of chlorantraniliprole 

(75.0 g a.i. ha-1) and spinosad. Even when very low levels of S. albicosta injury were sustained 

following insecticide application, DON concentrations were high. Environmental conditions in 

2011 were favorable for widespread incidence of F. graminearum infection and resulted in high 

concentrations of DON in many regions of Ontario (Tenuta and Stewart 2011, Limay-Rios et al. 

2012). Insecticide and fungicide treatments in 2011 were applied to target the timing of S. 

albicosta egg hatch and early movement before larvae entered the ear zone. Neither insecticide 
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treatment nor application of prothioconazole alone or in combination with lambda-cyhalothrin at 

the early VT stage was effective in preventing DON accumulation. 

In 2012-2014, at site-years with high S. albicosta injury levels, mean DON 

concentrations did not exceed 1.0 µg g-1; however, grain from plots with insecticide applications 

targeting early instar S. albicosta generally had lower DON than those treated with fungicide 

alone. In 2012, applications of prothioconazole or pyraclostrobin fungicides were completed 

when maize plants were in the early R1 stage (early silk emergence) (Table B.1). In 2013 and 

2014, DON concentration in grain from fungicide-only treatments was not different from the 

non-treated control; however, these applications were delayed until the late R1 or R2 stage 

(Table B.1). Under field conditions, spraying during the small window of a desired 

developmental stage may be difficult due to unfavourable weather conditions such as rain events 

or high wind activity, as well as variable intra-field plant development. In the present study, the 

application of triazole fungicides may have been too late to prevent silk infection by F. 

graminearum as was shown with application at full silking and before silk browning (Limay-

Rios and Schaafsma 2013). Fungicide activity during the silking period may also have been 

counteracted by the presence of S. albicosta silk feeding. Moreover, wounding as S. albicosta 

larvae fed throughout the ear after the silk infection period may have led to further spread of 

infection. The insecticide applications in this experiment targeted early instar larvae before and 

during their establishment in the ear zone, and later applications to target older instars that create 

larger wounds throughout the ear were not tested. Similar fungicide effects were observed for all 

hybrids, although the hybrids likely differed somewhat in their susceptibility to F. graminearum 

due to different genetic backgrounds. We cannot exclude the possibility that the mycotoxin 

accumulation response to fungicide application varied by hybrid due to genotypic responses to 
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environmental and agronomic factors (Paul et al. 2011). No difference in DON concentration 

was found between prothioconazole and pyraclostrobin fungicides treatments. Pyraclostrobin 

was also shown to be ineffective in reducing severity of F. graminearum visual symptoms and 

DON in maize infested with S. albicosta (Parker et al. 2016). Foliar or ear rot disease symptoms 

were not evaluated in these experiments because the objective of this study was to measure 

mycotoxins in maize grain which can occur in the absence of visual symptoms (Munkvold 

2003). Since pyraclostrobin is not a systemic fungicide, the window of activity via contact with 

ear rot pathogens is narrow and coordinating application with infection is difficult to achieve 

(Bartlett et al. 2002). Triazole fungicides like prothioconazole have limited systemic activity 

which may impart better protective and curative effects than pyraclostrobin (Lehoczki‐Krsjak et 

al. 2013). 

The Vip3A × Cry1Ab protein provided superior protection from S. albicosta injury, 

sustaining 86 and 79% lower incidence and 94 and 91% lower severity of injury than non-Bt or 

Cry1F hybrids, respectively. While insecticide application improved performance of non-Bt and 

Cry1F hybrids, insecticides did not reduce the incidence or severity of injury to the Vip3A × 

Cry1Ab hybrid. Regardless of treatment, no difference in S. albicosta injury was observed 

between non-Bt and Cry1F hybrids. This result concurs with a recent study that reported field-

evolved resistance to Cry1F by S. albicosta in Ontario (Smith et al. 2017). 

Across all years, insecticide treatment of non-Bt or Cry1Ab maize resulted in 38-88% 

lower incidence and 55-95% lower severity of injury by S. albicosta than the non-treated control. 

In 2011, the greatest reduction in the incidence of injury was achieved with the pre-mix of 

chlorantraniliprole + lambda-cyhalothrin and severity was reduced by 90%. Injury reduction with 
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the premix of lambda-cyhalothrin and chlorantraniliprole was not different from when these 

treatments were applied alone at the current recommended rates although it was presumed that 

providing both contact and residual control of S. albicosta larvae would result in greater injury 

reduction. Higher rates than those currently recommended for chlorantraniliprole (50.0 g a.i. ha-

1) and lambda-cyhalothrin (10.0 g a.i. ha-1) did not result in lower incidence levels although 

lower severity was observed with the high rate of lambda-cyhalothrin (22.4 g a.i. ha-1). In 2012-

2014, no significant difference in injury was observed among insecticide treatments or 

application timings. Insecticide treatments resulted in 54-74 and 48-66% lower injury incidence 

to non-Bt and Cry1F hybrids, respectively, compared to the non-treated control. Severity of 

injury was reduced by 65-85% on non-Bt hybrids in 2012-2014, and by 39-85% on Cry1F 

hybrids with insecticide treatments.  

For insecticide resistance management, multiple effective insecticides with different 

modes of action are desirable for long-term management of S. albicosta which has become a key 

pest in Ontario. Limited options currently exist in Ontario for S. albicosta control, including only 

the pyrethroids, lambda-cyhalothrin and deltamethrin, the diamide, chlorantraniliprole, and the 

pre-mix of lambda-cyhalothrin and chlorantraniliprole (OMAFRA 2017a). Baseline 

susceptibility and resistance monitoring of S. albicosta to any of the insecticides tested in this 

study has not been reported; however, it can be assumed that repeated annual exposure places 

selection pressure on field populations that may result in reduced effectiveness and resistance 

development to these compounds. Of the pyrethroid insecticides tested, no difference in S. 

albicosta injury was observed with treatment of lambda-cyhalothrin or deltamethrin. Within the 

newer diamide class, there was no difference in injury between chlorantraniliprole and 

flubendiamide; however, flubendiamide is not registered for use in Canada to date (2017). 
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Spinosad, a spinosyn, is approved for organic production in Canada (2006); however, this 

treatment did not consistently reduce damage by S. albicosta compared to non-treated or 

fungicide-only controls.  

Although destructive sampling of maize ears was not conducted in situ immediately 

following each pesticide application, we are confident that S. albicosta was the primary pest in 

our experiments because pheromone trapping confirmed moth flights and scouting confirmed S. 

albicosta egg masses at each site (Fig. 3.1). Other ear-feeding maize pests that could have caused 

similar injury symptoms include S. frugiperda, H. zea, and O. nubilalis (Steffey et al. 1999, 

OMAFRA 2017b). If present, these insects would have been controlled by hybrids expressing 

Cry1F or Vip3A × Cry1Ab and differences in injury between Cry1F and non-Bt hybrids were 

not observed in our experiments (Burkness et al. 2010, Siebert et al. 2012, Rule et al. 2014). 

Moreover, infestations of grain maize by S. frugiperda or H. zea are infrequent in Ontario 

(OMAFRA 2017b) and no egg masses or characteristic stalk breakage from O. nubilalis were 

observed during scouting or at harvest, respectively (Mason et al. 1996). 

In 2011, >75% of plants were infested with S. albicosta egg masses at both sites which is 

much higher than the current action threshold of 5-8% to prevent yield loss (Seymour et al. 2004, 

Michel et al. 2010). Although S. albicosta injury was reduced with insecticide treatments at both 

sites, no differences in grain yield or DON were observed. Only three of the six sites with high 

levels of S. albicosta injury in 2012-2014 exceeded the 5% egg mass threshold: Bothwell in 2013 

and Shetland and Rodney in 2014. Although high injury levels were sustained at these sites, 

insecticide treatments did not reliably improve grain yield with the exception of treatment of 

Cry1F hybrids with chlorantraniliprole + lambda-cyhalothrin + prothioconazole. The yield of 
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non-Bt hybrids treated with pyraclostrobin was also higher than non-treated or plots treated with 

chlorantraniliprole which suggests that some yield-limiting pathogen or stress may have been 

mitigated by the treatments; however, foliar disease symptoms were not rated in these 

experiments. Furthermore, the yield response to fungicide application may differ by hybrid. 

Lower grain yield was consistently measured from the Vip3A × Cry1Ab hybrid compared to the 

non-Bt and Cry1F hybrids; however, yield cannot be compared directly across hybrids due to 

their different genetic backgrounds. These results do not appear to support the nominal action 

threshold of 5-8% egg masses to prevent yield loss from S. albicosta in Ontario; however, further 

study is necessary. The 5% threshold may be too high for regions like Ontario, where F. 

graminearum infection risk is often high and feeding by S. albicosta may confound infection 

rates.  

 A targeted approach to prevent silk infection by F. graminearum and reduce S. albicosta 

injury may be beneficial in regions like Ontario, where both pests are now of frequent concern. 

Grain yield of non-Bt and Cry1F hybrids in this study ranged from 0-4, 6-8, and 4-15% higher 

when treated with insecticide, fungicide, or insecticide and fungicide treatments, respectively. A 

combined insecticide and fungicide treatment would be most desirable and cost-effective for 

maize producers as a single-pass treatment reduces crop damage by application equipment and 

requires less fuel consumption and equipment use. The projected cost of this strategy would 

currently range from $12-30 CAD ha-1 which would be offset by the potential loss of $76-90 

CAD ha-1 based on conservative yield (10.7 T ha-1) and market price ($1470 ha-1) estimates. 

Furthermore, this estimation does not include the potential risk of financial penalties to maize 

producers’ due to mycotoxin contamination of grain. The most effective application timing for 

triazole fungicides targeting F. graminearum infection was at full silk emergence before silk 
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browning (Limay-Rios and Schaafsma 2013). The addition of insecticide to this fungicide 

application may be the optimal approach to reduce damage by both pests. Ultimately, improved 

tolerance to F. graminearum in hybrids expressing Bt event(s) with high effective dose against S. 

albicosta would be desired to reduce pesticide use and mycotoxin contamination of maize. 
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CHAPTER 4  THE INFLUENCE OF INJURY BY STRIACOSTA ALBICOSTA 

(LEPIDOPTERA: NOCTUIDAE) ON DEOXYNIVALENOL CONTENT IN MAIZE 

4.1 ABSTRACT 

Maize, Zea mays (L.), in Ontario, Canada is frequently at risk of infection by 

mycotoxigenic fungi such as Fusarium graminearum (Schwabe), F. verticilloides (Saccardo) 

(Nirenberg), and F. proliferatum (Matsushima). Western bean cutworm, Striacosta albicosta 

(Smith) (Lepidoptera: Noctuidae), is an ear-feeding pest of maize that has recently expanded its 

range from the southwestern United States into Ontario. The objective of this study was to 

evaluate the impact of injury by S. albicosta on mycotoxin accumulation in maize under field 

conditions in Ontario. As part of a larger field study, maize hybrids from nine site-years were 

evaluated for the incidence and severity of injury by S. albicosta. Harvested grain was tested 

using LCMS/MS for multiple mycotoxins. Deoxynivalenol (DON) was the most prevalent 

mycotoxin observed therefore, the relationship between S. albicosta injury and total DON 

concentration was investigated using multiple regression analysis. The risk of F. graminearum 

infection during the silking and insect feeding periods was quantified using a simple calculation 

based on known environmental conditions favourable for infection coincident with infestation of 

S. albicosta. The best approximation models were found for individual hybrid families; however, 

these results reflect the complexity of interactions among environmental conditions on the risk of 

F. graminearum infection, hybrid susceptibility to F. graminearum infection, and transgenic 

control of S. albicosta injury. In 2012, the risk of F. gramineaum infection during the silking 

period was the most influential factor on DON accumulation for the hybrid family tested; 

however, the effect of year could not be separated from the hybrid. Injury by S. albicosta was the 
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most influential parameter on DON accumulation for non-Bt and Cry1F hybrids with similar low 

levels of control of S. albicosta injury, yet had no effect on DON concentration in a Vip3A 

hybrid with minimal S. albicosta injury. These results highlight the importance of control of S. 

albicosta to reduce the risk of DON accumulation. 

4.2 INTRODUCTION 

Mycotoxigenic fungi frequently threaten the quality of cereal grains intended for human 

and livestock consumption. In maize, Zea mays, (L.), infection by Fusarium graminearum 

(Schwabe) produces the mycotoxins DON and ZEN (Miller 2008), while F. verticilloides 

(Saccardo) (Nirenberg) and F. proliferatum (Matsushima) (Nirenberg) produce FB and MON, 

respectively (Marasas 1995). In Canada, the majority of maize is grown in the Province of 

Ontario where the risk of infection by mycotoxigenic fungi is frequently high due to favourable 

environmental conditions (Sutton 1982, Vigier et al. 1997, de la Campa et al. 2005, Howatt 

2006). Deoxynivalenol is the most commonly occurring maize mycotoxin in Ontario (Campbell 

et al. 2002, Hooker and Schaafsma 2005, Schaafsma et al. 2008, Rosser and Tenuta 2016). 

Ingestion of grain with high DON concentration causes anorexic and emetic effects, immune 

suppression, and abortion in swine; similar neurotoxic effects are reported in humans (Miller 

2008). Canadian regulatory guidelines recommend that the DON concentration in grain intended 

for swine, young calves, or dairy cows not exceed 1.0 µg g-1 (CFIA 2015). Zearalenone causes 

hyperestrogenism in swine and cattle and Canadian guidelines recommend levels do not exceed 

3 µg g-1 in swine diets (Kuiper-Goodman et al. 1987, World Health Organization 1993, CFIA 

2015). Fumonisins (homologues FB1, FB2, and FB3) are hepatotoxic, nephrotoxic, cause 

pulmonary edema and immunosuppression in swine, leukoencephalomalacia in horses, and are 
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classified as possible carcinogens in humans (Marasas 1995, 2002). It is recommended that FB 

concentration should not exceed 1.0, 3.0, and 10.0 µg g-1 in feed for horses, cattle and swine, 

respectively, and 2.0-4.0 µg g-1 in grain products for human consumption (CFIA 2015). 

Moniliformins are not currently regulated in Canada; however, may be immunosuppressive and 

have detrimental effects on muscular and cardiovascular health in poultry (Jestoi 2008). 

Maize infection by F. graminearum predominantly occurs via the silk channel under 

warm and moist conditions during silking and before silk browning; however, wounding caused 

by insect feeding may provide additional entry points for infection (Sutton 1982, Schaafsma et 

al. 1997, Reid et al. 1999, Munkvold 2003). Infection of fumonisin-producing Fusarium species 

in maize is often associated with injury from ear-feeding and stalk-boring insect pests (Dowd 

1998, Munkvold 2003, de la Campa et al. 2005). Recently, Parker et al. (2016) showed that ear 

rot severity due to F. graminearum increased with artificial infestation of western bean cutworm, 

Striacosta albicosta (Smith) (Lepidoptera: Noctuidae). Bowers et al. (2014) found FB 

concentration in maize to be strongly correlated with feeding injury by S. albicosta and Ostrinia 

nubilalis (Hübner) in artificially infested field studies.  

Historically, the most important lepidopteran maize pest in North America was O. 

nubilalis (Mason et al. 1996, Howatt 2006). Suppression of O. nubilalis populations has been 

achieved by the widespread planting of transgenic maize expressing Bt insecticidal proteins 

(Hutchison et al. 2010). Control of O. nubilalis with Bt-maize has the secondary effect of 

reducing mycotoxin accumulation. For example, reduction of DON and ZEN concentrations by 

59 and 50%, respectively, has been observed in Ontario and France (Schaafsma et al. 2002, 

Folcher et al. 2010). Although O. nubilalis numbers and injury have been suppressed across 
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Ontario, S. albicosta has expanded its range from the southwestern United States into the eastern 

U.S. Corn Belt and Ontario (Baute et al. 2010, Michel et al. 2010). Overwintering populations of 

S. albicosta have established in Ontario (J. L. Smith, unpublished) and monitoring has shown 

increased moth flights every year since 2008 (Bruggeman et al. 2015). Egg masses are typically 

laid near the whorl of pre-tassel stage plants (Hagen 1962). Larvae initially feed on tassel and 

pollen tissue before moving down the plant to feed on silk and kernels throughout the ear (Hagen 

1962, Paula-Moraes et al. 2012). Infestation of one larva per ear is estimated to result in yield 

loss of 0.23-0.95 T ha-1 (Appel et al. 1993, Paula-Moraes et al. 2013). More importantly, reduced 

grain quality may occur when S. albicosta feed throughout the ear and create entry points for 

fungi associated with mycotoxin contamination (Hagen 1962, Parker et al. 2016).  

In most maize growing areas of the U.S., S. albicosta is considered an occasional 

economic pest due to minor yield loss; however, within its recently expanded range in the states 

and provinces bordering the Great Lakes, where mycotoxigenic fungi are prevalent, the risk of 

grain quality loss is expected to be significant. The relationship between feeding injury by S. 

albicosta and accumulation of mycotoxins in grain has not been quantified. Current action 

thresholds of 5-8% of plants containing one egg mass are based on grain yield loss estimates 

(Seymour et al. 2004, Michel et al. 2010) and do not account for the impacts of mycotoxin 

contamination of grain. Better understanding of the effect of S. albicosta feeding on mycotoxin 

accumulation will improve management strategies for this pest complex. The objective of this 

study was to quantify the relationship between feeding injury by S. albicosta and accumulation 

of DON, the most important mycotoxin in Ontario, in maize hybrids. This information will be 

useful for Ontario maize producers in determining the target threshold for S. albicosta injury in 

relation to DON accumulation in an integrated pest management strategy. 
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4.3 MATERIALS AND METHODS 

Experiments were conducted at three commercial field sites in 2012, 2013, and 2014 for a 

total of nine site-years, for two purposes. The first purpose, the subject of another paper, was to 

evaluate the effects of insecticides and fungicides alone or in combination with Bt-maize on 

injury by S. albicosta and mycotoxin accumulation under natural field conditions (Chapter 3). 

The second purpose, the subject of the current paper, was to test for a relationship between injury 

by S. albicosta and the occurrence of mycotoxins in maize. For the current study, plots of non-

Bt, Cry1F (event TC1507 (co-developed by Dow AgroSciences LLC, Indianapolis, IN and 

Pioneer Hi-Bred International, Johnston, IA)), and Vip3A × Cry1Ab (MIR162, Syngenta Seeds, 

Inc. × MON 810, Monsanto Company Inc., St. Louis, MO) transgenic hybrids either with or 

without insecticide treatments were considered. The non-Bt and Cry1F near-isoline hybrid pairs 

35F37/35F40 and P0621R/P0621HR (Pioneer Hi-Bred Production LP, Mississauga, ON) were 

used in 2012 and 2013-14, respectively. The hybrid N46U-3111 (Syngenta Canada Inc., Guelph, 

ON) expressing Vip3A × Cry1Ab was used in all years; a non-Bt near-isoline was not available. 

The P0621 hybrid family was used in 2013-2014 due to limited availability of 35F family after 

the first year of the study; all hybrids used were considered susceptible or moderately resistant to 

F. graminearum based on previous experiments (Limay-Rios et al. 2013) and seed provider 

recommendations. Insecticide treatments included chlorantraniliprole (50.0 g a.i. ha-1; DuPont™ 

Coragen™ Insecticide, E.I. DuPont Canada Company, Mississauga, ON) or chlorantraniliprole + 

lambda-cyhalothrin (50.0 + 25.0 g a.i. ha-1; Voliam Xpress™, Syngenta Canada Inc., Guelph, 

ON) applied at the early VT stage (Abendroth et al. 2011). Plots (8 rows × 7.6 m; 0.76 m row 

spacing) were planted in a randomized complete block design and replicated four times within 

each site. Experiments at each site were planted in the same cooperators’ field each year. 
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Agronomic information for the nine site-years is described in Table B.1. Air temperature and 

precipitation were measured daily at each site-year from 1 Apr to 30 Nov at 1.25 and 1.75 m 

height, respectively (Adcon Telemetry, Klosterneuburg, Austria). 

4.3.1 Injury by Striacosta albicosta 

Injury by S. albicosta was assessed on both the incidence and severity of kernel injury 

within 12 (2012) or 10 (2013-2014) consecutive ears destructively sampled from the central row 

of each plot at physiological maturity (R6) as described for large plots in Smith et al. (2017). 

Briefly, incidence of injury (II) was calculated as the percentage of ears sampled with >0 cm2 

damage by S. albicosta. Severity of injury (IS) was calculated as the quotient of the mean surface 

area of injured kernels and the mean surface area of each ear measured using a transparent 

square-centimeter grid overlaid on the husked ear (Smith et al. 2017). Injured kernels included 

those partially or completely consumed, with feeding scars, or scraped pericarp at the ear tip or 

side as described in Smith et al. (2017). Kernels exhibiting symptoms of fungal infection but 

lacking insect injury were not included in the analysis. 

4.3.2 Mycotoxin Analysis 

Deoxynivalenol (DON), 3ADON, 15ADON, D3G, ZEN, FB1, FB2, FB3, and MON 

recovery and determination were carried out following the method described Sulyok et al (2006). 

Composite grain samples (5-kg) were obtained from incremental samples collected during 

machine-harvesting for mycotoxin analysis at physiological maturity (R6). A 2-kg subsample 

was taken using a calibrated sample splitter, dried at 40ºC for 24 hr and stored at 2ºC until coarse 

ground using a No. 60 Power Grist Mill (C.S. Bell Co., Tiffin, OH), when it was transferred to a 

clean 450 x 350-cm polypropylene tray and hand mixed for 30 s. To ensure even distribution, the 
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sample layer was less than 1.5-cm in depth. A 100-g subsample was obtained by taking 10 

scoops using a metal spoon from all four corners and the middle of the tray. The subsample was 

further ground for 1 min to a texture that would pass through a 20-mesh sieve using a M2 Stein 

mill (Fred Stein Lab, Inc., Atchison, KS). Finely ground subsamples (10-g) were shaken using an 

Eberbach E6010 reciprocal shaker table with 40-mL of extraction solvent (79/20/1 mixture of 

ACN/H2O/AcOH) for 90 min then centrifuged using a ThermoIEC Centra CL2 centrifuge 

(Milford, MA) for 2 min at 3000 rpm. An aliquot (100-μL) of supernatant was transferred to a 

400-μL glass vial, evaporated to dryness and reconstituted in 100-μL of 50/50 eluent A (10/89/1 

MeOH/H2O/AcOH with 5 mM ammonium acetate buffer) and eluent B (97/2/1 

MeOH/H2O/AcOH with 5 mM ammonium acetate buffer) and labeled standards were added to 

give a final concentration of 0.5 ng μL-1 for DON-13C15. A 50-μL aliquot of the sample was then 

injected into the high-performance liquid chromatography (HPLC) system, with an eluent flow 

rate of 1 mL min-1. A Gemini C18 reverse phase column (150-mm) with 4.6 mm internal diameter 

(i.d.) and 5 μm particle size with a C18 4 × 3 mm i.d. security guard cartridge (Phenomenex, 

Torrance, CA) were used to complete separation.  

DON, 3ADON, 15ADON, D3G, ZEN, FB1, FB2, FB3, MON, and isotope-labeled internal 

standards U-[13C15]-deoxynivalenol (DON-13C15), U-[13C34]-fumonisin B1 (FB1-13C34) and U-

[13C18]-zearalenone (ZEN-13C18) were obtained from Biopure standards (Tulln, Austria). All 

reagents were LC-MS grade or higher. High performance liquid chromatography was performed 

using an Agilent 1100 Series unit (Agilent Technologies, Santa Clara, CA) with column oven, 

binary pump, and degasser and attached CTC Analytics PAL® auto sampler (CTC Analytics 

AG, Switzerland). Mass spectrometry was performed using a modified PE Sciex API 365 triple 

quadrupole mass spectrometer with IONICS EP10+ detector and Sciex Turbo Ionspray 
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electrospray ionization source (ESI) (AB SCIEX, Concord, ON). Nitrogen gas was generated 

using a Parker Balston Source LCMS-5000 Tri Gas Generator (purity>99%) (Haverhill, MA). 

Eluent from the HPLC was then split by a 50:50 flow splitter, with 25-μL diverted to waste and 

25-μL introduced to the ESI-MS/MS which was performed in multiple reaction monitoring 

(MRM) mode in both negative and positive polarity using double injections with ESI source 

temperature kept constant at 550°C. The nitrogen gas curtain was kept constant at 552 kPa (80 

psi); nebulizer and collision gases were set to 8 arbitrary units and ionization voltages were -

4500 and +4500 V for negative and positive polarity runs, respectively. Column temperature was 

maintained at 30°C. After injection of the diluted sample, elution began with 100% eluent A for 

2 min decreasing linearly to 0% of the eluent composition over 12 min. Simultaneously, eluent B 

increased linearly over 12 min to compose 100% of the eluent.  

Parameters for standards were obtained through direct infusion into the ESI-MS/MS 

using a syringe pump and analytical standards diluted to 6 ng g-1 in a 50/50 mixture of A and B 

eluents. Limits of detection and quantification (LOD and LOQ, respectively) were calculated as 

the mean peak height (n = 12) that could be detected using the mean height of the noise signal 

plus 3 and 10× the standard deviation, respectively (Currie 1999). Quantitation, optimization and 

LOD were completed using Analyst 1.5 (AB Sciex). Optimized LC-ESI-MS/MS parameters, 

LOD, LOQ, and recovery at 100 ng g-1 spiked concentration of mycotoxins in grain samples are 

shown in Table C.1.  Results are reported as total DON (Total DON=DON + 15ADON + 

3ADON + D3G), ZEN, total FB (total FB=FB1 + FB2 + FB3), and MON. 
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4.3.3 Relationship Between Striacosta albicosta Injury and Deoxynivalenol 

The incidence and severity of S. albicosta injury and the risk of infection by F. 

graminearum at each site-year were investigated as influential parameters on the accumulation of 

total DON in grain maize using multiple regression. The risk of F. graminearum infection was 

calculated for two periods for each hybrid within each site-year: 1) silking: 3 days (d) before to 4 

d after the estimated silking date for each hybrid (FGS) (Sutton 1982), and 2) insect feeding: 30 d 

(FGIF). The insect feeding period was estimated as the time required for development through the 

3rd to 6th instars (J. Dyer, personal communication) beginning 6 d after peak oviposition at each 

site-year to allow for hatching plus 8 d for development from hatch to the beginning of the 3rd 

instar. Silking dates were estimated based on the crop heat units (CHU) at each site, planting 

date, and CHU rating for each hybrid (Brown and Bootsma 1996). Risk of infection was 

characterized using a simple model created for this purpose using published conditions 

favourable for infection in the following calculation: the quotient of the number of d with 

maximum air temperature ≤ 32°C (Sutton 1982) + 2 (d with ≥ 2 mm of precipitation + d with ≥ 

95% relative humidity (RH) at 11:00 h) and the total number of d within each time period (8 and 

30 d, for the silking and insect feeding periods, respectively) (Sutton 1982, Schaafsma and 

Hooker 2007). The FGIF value was divided by a correction factor of 3.75 to adjust for the longer 

duration of the insect feeding period. The model emphasizes the duration of wetness over 

temperature which strongly encourages F. graminearum infection in both maize and wheat 

(Sutton 1982, Hooker et al. 2002). Values within the bottom, middle, and top third of the 

maximum possible value (40) represented low, moderate, and high risk, respectively. 
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4.3.4 Data Analysis 

 Generalized linear mixed model analysis (GLMM) was conducted for injury by S. 

albicosta as reported in section 3.3.6. For total DON, GLMM analysis was conducted using 

PROC GLIMMIX (SAS 9.4, SAS Institute, Cary, NC) for the fixed effects of hybrid and 

treatment with environment (site × year), replication within environment, and hybrid × 

replication within environment as random effects. Deoxynivalenol concentrations followed a 

log-normal distribution. Homogeneity of variance was tested using PROC UNIVARIATE, the 

Shapiro-Wilk statistic was used to test residuals for normal distribution, and studentized 

residuals were calculated to test for outliers (Lund 1975, Rotondi and Koval 2009). No outliers 

were detected nor removed from the dataset. Least squares means estimates (LSMEANS) for 

total DON were performed using Tukey’s multiple comparison test (α = 0.05) (Bowley 2015).  

To investigate the relationship between S. albicosta injury and total DON concentration 

in maize, PROC GLIMMIX (SAS 9.4, SAS Institute, Cary, NC) was used to test for significant 

model parameters. Data from non-Bt and Bt plots with or without insecticide treatments in 2012-

2014 were randomized and halved for use as calibration and validation datasets, respectively. 

Models were tested for each hybrid family, for the combined P0621 and N46U families based on 

LSMEANS separation results from GLMM analysis for total DON, and for all hybrids 

combined. Initially, the full testing model for the dependent variable of ln(total DON) was 

investigated by stepwise regression in PROC REG with 0.15 as the significance level (Bowley 

2015) for the potential non-transformed and natural log transformed continuous variables: 

incidence (II) and severity (IS) of injury by S. albicosta and the F. graminearum risk values 

calculated for the silking (FGS) and insect feeding periods (FGIF). To meet the assumption of 
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independence of predictor variables, collinearity was then detected using the variance inflation 

factor and collinearity options (vif, collin) in PROC REG (Bowley 2015). PROC GLIMMIX was 

then used to test candidate models including those with individual risk parameters and their 

interactions, linear additive parameters, and higher-order polynomial parameters with the random 

effect of replication within site × year. The best approximating model was selected based on the 

residuals meeting the assumptions of homogeneity of variance and normality, the Shapiro-Wilk 

statistic using PROC UNIVARIATE, and the lowest relative value of the bias-corrected Akaike 

information criterion (AICC) produced in PROC GLIMMIX (Akaike 1974, Bowley 2015). The 

difference between AICC values was calculated (ΔAICi) for each model compared to the model 

with the lowest AICC value and used to calculate the Akaike weight (wi) which indicates the 

probability of a model being the best approximation (Burnham and Anderson 2002, Symonds 

and Moussalli 2011). Regression coefficients of the reduced model were calculated using the 

SOLUTION option in PROC GLIMMIX. Predicted values were calculated using the regression 

equation and deviations were calculated as predicted minus observed values. PROC MEANS 

was used to determine the mean and greatest absolute deviation between observed and predicted 

values and a scatterplot of the deviations against observed values was examined for systematic 

bias (Bowley 2015). Excel 2013 (Microsoft Corp., Redmond, WA) and SigmaPlot 11.0 (Systat 

Software Inc., San Jose, CA) were used to prepare plots of the back-transformed regression 

relationships within the range of S. albicosta injury, FGS and FGIF risk values, and total DON 

concentrations observed in our experiments.  
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4.4 RESULTS 

4.4.1 Injury by Striacosta albicosta 

 The effects of Bt events and insecticide treatments on the incidence and severity of injury 

by S. albicosta are reported in Tables B.3, 3.2, and 3.3. The range of injury incidence and total 

DON concentration per plot sustained by non-treated and insecticide-treated non-Bt, Cry1F, and 

Vip3A × Cry1Ab hybrids used in the current analysis are presented in Figure 4.1.  

4.4.2 Mycotoxin Analysis 

 Deoxynivalenol and its analogues were the most prevalent mycotoxins detected in grain 

throughout the study, with total DON concentration ranging from 0.0-3.6 µg g-1 (Table 4.1). 

Concentrations of total FB, MON, and ZEN were very low across all site-years, therefore were 

not considered for model analysis in relation to S. albicosta injury (Table 4.2). Across 

environments and hybrids, DON, 3ADON, 15ADON, and D3G were detected in 47, 0, 9, and 

20% of samples, respectively. Zearalenone, FB, and MON were detected in 16, 9, and 20% of 

samples, respectively. 

Across environments, the concentration of total DON in maize grain was affected by 

hybrid but not insecticide treatment nor the interaction of treatment with hybrid (Table C.2). The 

total DON concentration in the 35F37 and 35F40 hybrids was lower than the N46U-3111 hybrid 

(Table 4.3). The total DON concentration in P0621R and P0621HR hybrids was similar to the 

N46U-3111 hybrid (Table 4.3). The concentration of total DON between non-Bt and Cry1F 

near-isoline hybrids within the 35F and P0621 hybrid families was not different (Table 4.3). 

Therefore, the relationship between S. albicosta injury and total DON was initially investigated 
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for individual hybrid families followed by the combination of the P0621 and N46U families with 

similar total DON concentrations. 

 

 

Figure 4.1 Mean total deoxynivalenol (DON) concentration in non-Bt and Bt maize grain 

with or without insecticide treatments and the mean incidence of injury by Striacosta 

albicosta at three site-years in A) 2012, B) 2013, and C) 2014 in Ontario, Canada. Total 

DON = Deoxynivalenol (DON) + 3-acetyldeoxynivalenol (3ADON) + 15-

acetyldeoxynivalenol (15ADON) + deoxynivalenol-3-glucoside (D3G).
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Table 4.1 Deoxynivalenol concentration in non-Bt and Bt maize grain with and without insecticide treatment under natural 

infestation of Striacosta albicosta at nine commercial site-years, Ontario, Canada, 2012-2014. 

Environment Mean concentration (µg g-1) (min-max) 

Year Site Total DONa DON 3ADON 15ADON D3G 

2012 Rodney 0.76 (0.016-2.350) 0.40 (0-1.176) 0.03 (0-0.098) 0.09 (0.003-0.395) 0.25 (0-1.080) 

 Shetland 0.77 (0.360-2.407) 0.41 (0.147-1.072) 0.03 (0.003-0.056) 0.12 (0.041-0.304) 0.22 (0.045-1.120) 

 Bothwell 0.19 (0.026-0.948) 0.10 (0-0.592) 0.02 (0-0.128) 0.02 (0.003-0.130) 0.04 (0.004-0.518) 

2013 Rodney 0.33 (0.023-2.927) 0.29 (0.009-2.712) 0.00 (0.001-0.030) 0.02 (0.002-0.100) 0.02 (0.001-0.154) 

 Shetland 0.43 (0.012-3.604) 0.40 (0.003-3.520) 0.00 (0-0.004) 0.02 (0.002-0.117) 0.01 (0-0.074) 

 Bothwell 0.38 (0.017-1.689) 0.30 (0.009-1.136) 0.00 (0.001-0.069) 0.04 (0.002-0.242) 0.03 (0.001-0.243) 

2014 Rodney 0.74 (0.037-4.420) 0.51 (0.035-2.584) 0.01 (0-0.095) 0.10 (0-0.573) 0.12 (0-1.168) 

 Shetland 0.53 (0.005-2.675) 0.37 (0.001-1.984) 0.00 (0-0.044) 0.09 (0.002-0.461) 0.06 (0-0.444) 

 Bothwell 0.26 (0.005-2.333) 0.20 (0-1.960) 0.00 (0-0.024) 0.04 (0.001-0.185) 0.02 (0-0.169) 

a Total DON = Deoxynivalenol (DON) + 3-acetyldeoxynivalenol (3ADON) + 15-acetyldeoxynivalenol (15ADON) + deoxynivalenol-

3-glucoside (D3G). 
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Table 4.2 Mycotoxin concentration in non-Bt and Bt maize grain with and without 

insecticide treatment under natural infestation of Striacosta albicosta at nine commercial 

site-years, Ontario, Canada, 2012-2014. 

Environment Mean mycotoxin concentration (µg g-1) (min-max) 

Year Site ZENa Total FB MON 

2012 Rodney 0.03 (0-0.242) 0.05 (0-0.693) 0.01 (0-0.065) 

 Shetland 0.03 (0-0.294) 0.04 (0-0.135) 0.00 (0-0.009) 

 Bothwell 0.00 (0-0.016) 0.05 (0-0.162) 0.05 (0-0.766) 

2013 Rodney 0.07 (0-1.952) 0.03 (0-0.177) 0.02 (0-0.334) 

 Shetland 0.03 (0-0.463) 0.02 (0-0.350) 0.01 (0-0.107) 

 Bothwell 0.04 (0-0.541) 0.02 (0-0.191) 0.02 (0-0.370) 

2014 Rodney 0.04 (0-0.299) 0.09 (0-1.686) 0.04 (0-0.370) 

 Shetland 0.03 (0-0.408) 0.02 (0-0.348) 0.02 (0-0.365) 

 Bothwell 0.01 (0-0.108) 0.01 (0-0.050) 0.00 (0-0.000) 

a ZEN=zearalenone, total FB=fumonisin B1 + fumonisin B2 + fumonisin B3, 

MON=moniliformin. 
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Table 4.3 Total deoxynivalenol (DON) concentration in non-Bt and Bt maize grain with 

and without insecticides under natural infestation of Striacosta albicosta at nine commercial 

site-years, Ontario, Canada, 2012-2014. 

Hybrid Bt protein(s) Total DONa (µg g-1 ± SE) 

35F37  None 0.08 ± 0.030ab 

35F40 Cry1F 0.09 ± 0.037ab 

P0621R None 0.23 ± 0.077bc 

P0621HR Cry1F 0.23 ± 0.077bc 

N46U-3111 Vip3A × Cry1Ab 0.25 ± 0.075c 

a Total DON = Deoxynivalenol (DON) + 3-acetyldeoxynivalenol (3ADON) + 15-

acetyldeoxynivalenol (15ADON) + deoxynivalenol-3-glucoside (D3G).   
bMeans followed by the same letter are not significantly different (P<0.05) as determined by 

GLMM analysis and Tukey’s HSD test. 

4.4.3 Relationship Between Striacosta albicosta Injury and Deoxynivalenol 

No collinearity was detected among the variables II, IS, FGS, and FGIF for any of the 

hybrid families. According to stepwise regression in PROC REG, FGS was the only significant 

variable in the model for total DON accumulation for the 35F hybrid family. When the P0621 

hybrid family was tested separately, only II and IS were significant to the model, accounting for 

85.1 and 14.9% of the variability, respectively. For the N46U hybrid alone, FGS and FGIF were 

significant variables in the model and accounted for 69.8 and 30.2% of the variability in total 

DON, respectively, according to PROC REG. When the P0621 and N46U hybrid families were 

combined, II, IS, FGS, and FGIF were all significant to the model and explained 45.3, 31.8, 15.4, 

and 7.5% of the variability in total DON, respectively. For all hybrids combined, II, IS, FGS, and 
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FGIF were also significant to the model and explained 44.4, 26.6, 20.6, and 8.4% of the 

variability in total DON within the calibration dataset, respectively according to PROC REG. 

For the 35F hybrid family, the best approximation model determined by the lowest AICC 

values generated in PROC GLIMMIX indicated that total DON accumulation was influenced by 

the risk of F. graminearum infection during the silking period (Table 4.4). The concentration of 

total DON increased with the squared value for the risk of F. graminearum infection determined 

for the silking period (Table 4.5, Fig. 4.2). Using this model, the mean and highest absolute 

greatest deviation between observed and predicted total DON values was 0.11 ± 0.031 SE and 

0.75 µg g-1, respectively. For the P0621 hybrid family, the best approximation model for total 

DON was a linear additive model including the incidence and severity of injury but not the risk 

of F. graminearum infection during either period (Table 4.4, Fig. 4.3). The mean and absolute 

greatest deviation between observed and predicted total DON values was -0.18 ± 0.089 and 2.68 

µg g-1, respectively, using this model. For the N46U hybrid, the best approximation model 

included the incidence of S. albicosta injury and risk of F. graminearum infection during both 

the silking and insect feeding periods; however, the regression coefficients for the intercept and 

II terms were not significant (Table 4.4). When the insignificant II term was removed from the 

model the intercept was significant and the mean and absolute greatest deviation between 

observed and predicted total DON values was -0.25 ± 0.099 and 2.04 µg g-1, respectively. 

However, when the regression output was calculated and back-transformed, the predicted total 

DON values were much higher than those observed in the study, therefore, the model was 

rejected (figure not shown). 
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When the P0621 and N46U hybrids were combined, the best approximation model 

contained the additive variables of incidence and severity of injury by S. albicosta and the risk of 

F. graminearum infection during both the silking and insect feeding periods (Table 4.4). The 

intercept term was not significant; therefore, it was removed from the model (Table 4.5). Using 

this model, the mean and highest absolute greatest deviation between observed and predicted 

total DON values for the P0621 and N46U hybrid families was -0.21 ± 0.066 and 2.66 µg g-1, 

respectively. For all hybrids combined, the best approximation model also contained all four 

proposed variables (Table 4.4). The intercept term was not significant; therefore, it was removed 

from the model (Table 4.5). Using this model, the mean and highest absolute greatest deviation 

between observed and predicted total DON values was -0.19 ± 0.051 and 2.75 µg g-1, 

respectively. Neither transformation of each model parameter to the natural log, nor additive, 

multiplicative combinations of non-transformed parameters produced significantly lower AIC 

values for any of the models; therefore, these results were not reported (Symonds and Moussalli 

2011). 
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Table 4.4 Model parameters tested to explain total deoxynivalenol accumulation in maize grain under natural infestation of 

Striacosta albicosta at nine commercial site-years, Ontario, Canada, 2012-2014, and the respective Akaike information criteria 

(AICC), delta AIC (ΔAICi), and Akaike weight (wi) values. 

Hybrid family 35F P0621 N46U P0621 and N46U All hybrids 

Risk parametersa AICC ΔAICi wi AICC ΔAICi wi AICC ΔAICi wi AICC ΔAICi wi AICC ΔAICi wi 

II 103.49 16.12 0.000 231.68 5.88 0.004 179.61 5.87 0.008 415.85 11.36 0.001 520.68 9.34 0.003 

IS 103.23 15.86 0.000 246.69 20.89 0.000 179.20 5.46 0.010 424.43 19.94 0.000 526.05 14.71 0.000 

FGS 88.33 0.96 0.193 248.55 22.75 0.000 180.01 6.27 0.007 424.30 19.81 0.000 522.37 11.04 0.001 

FGIF 103.53 16.16 0.000 252.22 26.42 0.000 176.22 2.48 0.045 425.68 21.19 0.000 527.74 16.40 0.000 

II × FGS 103.26 15.89 0.000 232.48 6.68 0.002 180.23 6.49 0.006 415.04 10.55 0.002 521.10 9.76 0.002 

II × FGIF 103.50 16.13 0.000 231.29 5.49 0.004 179.19 5.45 0.010 415.80 11.31 0.001 520.39 9.05 0.004 

II × FGS × FGIF 103.30 15.93 0.000 232.31 6.51 0.003 179.80 6.06 0.007 415.05 10.56 0.002 520.72 9.38 0.003 

IS × FGS 103.15 15.78 0.000 247.26 21.46 0.000 179.31 5.57 0.010 424.38 19.89 0.000 525.96 14.62 0.000 

IS × FGIF 103.26 15.89 0.000 246.47 20.67 0.000 179.12 5.38 0.010 424.45 19.96 0.000 526.10 14.76 0.000 

IS × FGS × FGIF 103.17 15.80 0.000 247.02 21.22 0.000 179.21 5.47 0.010 424.41 19.92 0.000 526.01 14.67 0.000 

II × IS 103.40 16.03 0.000 243.06 17.26 0.000 179.50 5.76 0.009 422.78 18.29 0.000 524.05 12.71 0.001 

II × IS × FGS 103.36 15.99 0.000 243.79 17.99 0.000 179.53 5.79 0.009 422.66 18.17 0.000 524.02 12.68 0.001 

II × IS × FGIF 103.42 16.05 0.000 242.85 17.05 0.000 179.48 5.74 0.009 422.92 18.43 0.000 524.20 12.86 0.001 

II × IS × FGS × FGIF 103.37 16.00 0.000 243.60 17.80 0.000 179.50 5.76 0.009 422.76 18.27 0.000 524.09 12.75 0.001 
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Additive linear models 

II + FGS 90.74 3.37 0.058 233.04 7.24 0.002 180.46 6.73 0.005 415.42 10.93 0.001 518.19 6.85 0.011 

II + FGIF 106.22 18.85 0.000 233.64 7.84 0.002 177.48 3.74 0.024 416.00 11.51 0.001 521.26 9.92 0.002 

II + FGS + FGIF 92.84 5.47 0.020 235.43 9.63 0.001 173.74 0.00 0.154 412.73 8.24 0.005 516.19 4.85 0.029 

IS + FGS 91.07 3.70 0.049 246.58 20.78 0.000 180.31 6.57 0.006 423.69 19.20 0.000 521.82 10.48 0.002 

IS + FGIF 105.94 18.57 0.000 248.78 22.98 0.000 177.19 3.45 0.028 424.93 20.44 0.000 526.97 15.63 0.000 

IS + FGS + FGIF 92.93 5.56 0.019 248.87 23.07 0.000 174.02 0.28 0.134 421.16 16.67 0.000 519.78 8.44 0.005 

II + IS 105.97 18.60 0.000 225.80 0.00 0.068 181.66 7.92 0.003 407.32 2.83 0.074 516.25 4.91 0.028 

II + IS + FGS 93.55 6.18 0.014 226.70 0.90 0.043 182.80 9.06 0.002 407.02 2.53 0.086 513.50 2.16 0.111 

II + IS + FGIF 108.87 21.50 0.000 227.87 2.07 0.024 179.77 6.03 0.008 407.62 3.13 0.063 516.88 5.54 0.021 

II + IS + FGs + FGIF 95.98 8.61 0.004 229.18 3.38 0.013 176.45 2.71 0.040 404.49 0.00 0.303 511.34 0.00 0.328 

Higher-order polynomials 

II
2 103.55 16.18 0.000 233.52 7.72 0.001 179.07 5.33 0.011 414.12 9.63 0.002 516.98 5.64 0.020 

IS
2 103.11 15.74 0.000 249.80 24.00 0.000 179.87 6.13 0.007 423.38 18.89 0.000 525.24 13.90 0.000 

FGS
2 87.37b 0.00 0.312 248.93 23.13 0.000 178.76 5.02 0.013 422.32 17.43 0.000 520.42 9.08 0.003 

FGIF
2 103.53 16.16 0.000 242.24 16.44 0.000 175.97 2.23 0.051 425.64 21.15 0.000 527.69 16.35 0.000 

(II × FGS)2 103.47 16.10 0.000 234.40 8.60 0.001 179.54 5.80 0.008 413.50 9.01 0.003 519.79 8.45 0.005 

(II × FGIF)2 103.55 16.18 0.000 233.26 7.49 0.002 178.81 5.07 0.012 413.90 9.41 0.003 516.31 4.97 0.027 

(II × FGS × FGIF)2 103.48 16.12 0.000 234.93 9.13 0.001 179.13 5.39 0.010 413.68 9.19 0.003 518.45 7.11 0.009 
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(IS × FGS)2 103.09 15.72 0.000 249.78 23.98 0.000 179.88 6.14 0.007 423.53 19.04 0.000 525.52 14.18 0.000 

(IS × FGIF)2 103.12 15.75 0.000 249.79 23.99 0.000 179.86 6.12 0.007 423.27 18.78 0.000 525.08 13.74 0.000 

(IS × FGS × FGIF)2 103.09 15.72 0.000 249.79 23.99 0.000 179.86 6.12 0.007 423.44 18.95 0.000 525.36 14.02 0.000 

(II × IS)2 103.35 15.98 0.000 247.73 21.93 0.000 180.13 6.39 0.006 424.41 19.92 0.000 526.05 14.71 0.000 

(II × IS × FGS)2 103.34 15.97 0.000 248.39 22.59 0.000 180.13 6.39 0.006 424.37 19.88 0.000 525.99 14.65 0.000 

(II × IS × FGIF)2 103.35 15.98 0.000 247.55 21.75 0.000 180.13 6.39 0.006 424.46 19.97 0.000 526.13 14.79 0.000 

(II × IS × FGS × FGIF)2 103.34 15.97 0.000 248.20 22.40 0.000 180.13 6.39 0.006 424.40 19.91 0.000 526.04 14.70 0.000 

a II = incidence of S. albicosta injury, IS = severity of S. albicosta injury, FGS = risk of Fusarium graminearum infection during 

silking period, FGIF = risk of F. graminearum infection during insect feeding period. 
b Model parameters with the lowest AICC and ΔAICi values, and highest wi values are outlined and indicate the best model 

approximation.
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Table 4.5 Regression coefficients and probability values of model parameters describing 

the relationship between injury by Striacosta albicosta and the natural log of total 

deoxynivalenol concentration in maize grain in naturally-infested field experiments, 

Ontario, Canada, 2012-2014. 

Model parameter Estimate ± SE df t-value Pr > t 

35F family     

Intercept -2.84 ± 0.285 33 -9.96 <0.0001 

FGS
2 0.01 ± 0.001 33 5.63 <0.0001 

P0621 family     

Intercept -2.40 ± 0.184 65 -13.04 <0.0001 

II 0.04 ± 0.008 65 5.08 <0.0001 

IS -0.49 ± 0.208 65 -2.34 0.0222 

N46U family     

Intercept 3.83 ± 1.929 46 1.99 0.0530 

II -0.02 ± 0.017 46 -1.24 0.2229 

FGS 0.15 ± 0.055 46 2.67 0.0104 

FGIF -0.50 ± 0.147 46 -3.37 0.0015 

P0621 and N46U families     

Intercept 0.62 ± 1.625 113 0.38 0.7024 

II 0.03 ± 0.007 113 4.56 <0.0001 

IS -0.04 ± 0.146 113 -2.77 0.0065 

FGS 0.11 ± 0.052 113 2.39 0.0183 

FGIF -0.29 ± 0.121 113 -2.30 0.0235 

All hybrids     
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Intercept -0.42 ± 1.126 148 -0.35 0.7290 

II 0.02 ± 0.006 148 3.30 0.0012 

IS -0.27 ± 0.134 148 -2.05 0.0426 

FGS 0.11 ± 0.034 148 3.08 0.0025 

FGIF -0.19 ± 0.087 148 -2.24 0.0267 

a II = incidence of S. albicosta injury, IS = severity of S. albicosta injury, FGS = risk of Fusarium 

graminearum infection during silking period, FGIF = risk of F. graminearum infection during 

insect feeding period. 
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Figure 4.2 Accumulation of total deoxynivalenol (DON) in maize grain as influenced by 

risk of Fusarium graminearum infection during the silking or insect feeding periods under 

natural infestation of Striacosta albicosta in Ontario, Canada in 2012 for the 35F hybrid 

family. FGS = risk of F. graminearum infection during silking period. 
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Figure 4.3 Accumulation of total deoxynivalenol (DON) in maize grain as influenced by the 

incidence and severity of injury due to natural infestation of Striacosta albicosta in Ontario, 

Canada in 2013-2014 for the P0621 hybrid family. 

4.5 DISCUSSION 

The results of this study demonstrate that injury by S. albicosta can increase the 

concentration of total DON in maize hybrids under natural field conditions; however, 

environmental conditions and hybrid susceptibility favouring F. graminearum infection are key 

factors affecting total DON accumulation which concurs with previous studies (Dowd 1998, 

Munkvold et al. 1999, Hammond et al. 2004, de la Campa et al. 2005, Hooker and Schaafsma 

2005, Schaafsma and Hooker 2007, Folcher et al. 2010, Folcher et al. 2012). An association 
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between S. albicosta injury and DON was observed by Parker et al. (2016), but not quantified. 

These results provide the initial stages of an empirical model to describe the complex 

relationship between feeding injury by S. albicosta and total DON accumulation. Based on 

environmental conditions known to be favourable for F. graminearum infection, a simple 

calculation was used to classify the risk of infection during the silking and insect feeding periods 

coincident with natural infestation of S. albicosta. The majority of study site-years sustained low 

to moderately favourable environmental conditions for F. graminearum infection during both 

time periods (Table C.3) which is typical in Ontario (Hooker and Schaafsma 2005). Since F. 

graminearum inoculum is ubiquitous in the maize growing region of Ontario, and environmental 

conditions are often favourable for infection, it was hypothesized that injury due to S. albicosta 

feeding exacerbated infection. Although all site-years sustained some injury by S. albicosta, not 

all resulted in significant mycotoxin accumulation which illustrates the complexity of this pest 

interaction. 

The results of this study also suggest that the importance of injury by S. albicosta in 

DON accumulation may depend on hybrid susceptibility to F. graminearum infection. The 

model for the 35F family more accurately predicted total DON accumulation than models for the 

combined hybrid families. In Ontario winter wheat, the effect of year was the most influential 

factor on DON levels (Schaafsma et al. 2001); however, in maize, hybrid was also found to be 

the most influential factor, followed by year (Hooker and Schaafsma 2005). Although 

environmental conditions for F. graminearum infection were relatively unfavourable in 2012, it 

is possible that the 35F hybrid family had greater tolerance to F. graminearum infection than 

hybrids used in subsequent years; however, the effects of year and hybrid cannot be separated 

from the 2012 dataset. When all hybrids were combined from all site-years and when P0621 
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hybrids in 2013-14 and the N46U hybrid in 2012-14 were combined, total DON accumulation 

was affected by the incidence and severity of S. albicosta injury, as well as the risk of F. 

graminearum infection during both the silking and insect feeding periods. However, these 

models typically underestimated total DON values by 0.2 µg g-1 and were most accurate for total 

DON values <1.0 µg g-1. 

In 2012, with the 35F hybrid family, the risk of F. graminearum infection during the 

silking period was found to be the most influential parameter on DON accumulation. According 

to the best approximation model, high risk values for FGS (>22.0) would result in total DON 

concentrations exceeding the regulatory guideline of 1.0 µg g-1 for this hybrid family. The FGS 

value at the Bothwell site in 2012 was low for the 35F hybrids (FGS=7) (Table C.3). On average, 

total DON concentration at this site was 0.1 µg g-1, and no sample exceeded 0.3 µg g-1. At the 

Rodney and Shetland sites, the FGS values for the 35F family were moderate (FGS=15 and 20, 

respectively) (Table C.3). The average DON concentration at Rodney and Shetland was 0.3 and 

0.6 µg g-1, and 4 and 8% of samples exceeded 1.0 µg g-1, respectively. At these sites, injury by S. 

albicosta was relatively moderate with 13, 26, and 33% mean incidence at Bothwell, Rodney, 

and Shetland, respectively. The risk of F. graminearum infection during the insect feeding period 

was also low at the Bothwell and Shetland sites and moderate at the Rodney site (Table C.3), 

which, in the presence of moderate S. albicosta injury did not contribute to total DON 

accumulation.  

For the P0621 hybrid family, S. albicosta injury had a greater effect on total DON 

accumulation than the risk of F. graminearum infection. The incidence of injury to non-Bt and 

Cry1F hybrids at these site-years was often similar and always greater than on the Vip3A hybrid 
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(Table 3.2). At the Bothwell site in 2013 and 2014, 24 and 7% injury incidence was observed, 

and the average total DON concentration measured was 0.4 and 0.1 µg g-1, respectively, under 

low and moderate risk conditions for F. graminearum during the silk and insect feeding infection 

periods, respectively. Similarly, at Rodney in 2013, FGS and FGIF values were low, injury 

incidence was 13%, and the mean total DON concentration was 0.3 µg g-1. In 2014, higher injury 

incidence was observed (38%), FGS and FGIF values were moderate, and mean total DON 

concentration was 0.4 µg g-1. At the Shetland site in 2013, the risk of F. graminearum infection 

during both the silk and insect feeding periods was moderate for this hybrid family, 20% injury 

incidence was observed and the mean total DON concentration was 0.5 µg g-1. In 2014, the 

incidence of injury was only 10%, yet the mean total DON concentration was 0.6 µg g-1. These 

case studies represent scenarios where the presence of S. albicosta injury may have compounded 

infection during the silking period and lead to increased DON accumulation throughout the 

duration of insect feeding.  

  For the N46U hybrid which expressed the Vip3A event, no relationship was found 

between S. albicosta injury and total DON concentration. This is not surprising considering the 

low levels of S. albicosta injury to this hybrid across site-years regardless of insecticide 

application (Tables 3.2 and 3.3). This hybrid was considered susceptible to F. graminearum 

based on previous studies (Limay-Rios et al. 2013); however, 84, 11, and 7% of samples had 

total DON concentrations of <1.0, >1.0 <2.0, and >2.0 µg g-1, respectively, under conditions of 

low to moderate infection risk. Infection of this hybrid may have also been low due to 

phenological characteristics or resistance factors against infection or mycotoxin production that 

have not been reported.  
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The incidence and severity of injury by S. albicosta were found to be independent 

variables in these models lacking collinearity; however, the incidence of injury often accounted 

for greater variability in total DON than the severity of injury. This suggests that the presence of 

S. albicosta injury within a field is more important than the extent of feeding on an individual 

ear. A low level of injury is often achieved simply by tip feeding by early instar S. albicosta 

which may even occur on Bt hybrids expressing the Vip3A event that provides effective control 

of S. albicosta (Bowers et al. 2013). Results from the larger data set generated from these 

experiments showed that a significant reduction of injury by S. albicosta was achieved with the 

N46U hybrid expressing the Vip3A event; however low levels of incidence and severity were 

observed even when treated with insecticide (Tables 3.2 and 3.3). There was no difference in 

injury between non-Bt and Cry1F hybrid pairs, and recent evidence for field-evolved resistance 

to Cry1F has been reported in Ontario (Smith et al. 2017). Insecticide applications were effective 

in reducing injury to non-Bt and Cry1F hybrids (Table 3.2); however, none of these options 

provided complete protection from S. albicosta injury. These results indicate that greater control 

of S. albicosta in maize is necessary to prevent concerning mycotoxin concentrations in feed, 

lower grain grades, or grain rejection from the market as the incidence of injury may play an 

important role in the risk of DON accumulation. Consideration of resistance management 

strategies should also be emphasized in S. albicosta management plans to prevent further 

resistance development to current and future management tools. 

Egg mass counts were used to assess natural S. albicosta infestation levels, as this is the 

basis for current action thresholds (Seymour et al. 2004, Michel et al. 2010). Egg mass scouting 

is preferable and easier than larval scouting. Striacosta albicosta larvae are often concealed 

within the whorl, silk, or between husk and kernels (Michel et al. 2010). In each site-year, egg 
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masses were observed within 1 wk before or after the estimated silking date for each hybrid, 

when optimal maize tissues for larval survival (e.g. tassel, pollen, silk) were likely present 

(Paula-Moraes et al. 2012). Although survival of S. albicosta larvae on maize is typically low 

(Appel et al. 1993, Eichenseer et al. 2008, Paula-Moraes et al. 2013), the percentage of egg 

masses observed in these experiments often resulted in significant injury. However, at Bothwell 

in 2012, S. albicosta injury was low although the percent egg masses exceeded the 5% threshold. 

Unfavorable environmental conditions during the silking period resulted in low infection rates 

and the low level of insect feeding did not contribute to further infection. Similarly, DON 

concentrations were relatively low at Bothwell in 2014 which corresponded with low S. albicosta 

injury even though egg masses were 8× above threshold and the risk of F. graminearum 

infection during the silking and insect feeding periods was moderate (Table C.3).  

Current nominal action thresholds for S. albicosta are recommended based on the 

relationship between yield loss and larval number or injury in artificially-infested field 

experiments with high levels of injury (Appel et al. 1993, Paula-Moraes et al. 2013). Better 

understanding of the relationship between the incidence of egg masses and the resulting injury by 

S. albicosta would be informative in terms of integrated pest management decision-making; 

however, for many of the reasons discussed previously, this relationship is difficult to determine. 

These thresholds do not consider the relationship between feeding injury and mycotoxigenic 

infection of grain and the lower levels of feeding injury resulting from natural infestations. Due 

to the sensitivity of mycotoxin accumulation in response to injury by S. albicosta, the risk of 

grain quality loss is of greater importance than yield loss. Therefore, current thresholds may be 

too high for use in areas such as the Great Lakes region, where the risk of mycotoxin 

contamination is high. While egg mass counts remain the best indicator for timely pest control 
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decisions, the specific relationship between naturally-occurring infestations and ear injury or 

mycotoxin accumulation is not yet defined. Moreover, the results of this study highlight the 

difficulty in developing a threshold for control of S. albicosta to prevent mycotoxin 

accumulation due to differing hybrid responses.  

The models developed from this relatively small data set predicted variable DON values; 

therefore, additional model parameters are necessary to describe DON accumulation more 

accurately. Considerable year-to-year variability in environmental conditions and S. albicosta 

infestation occur under natural field conditions. Model development is challenged by variability 

among the phenology of S. albicosta, mycotoxigenic fungi, and crop development on both inter- 

and intra-field scales. To develop a better understanding of the relationship between S. albicosta 

injury and mycotoxin accumulation in maize, environmental factors that influence the success of 

S. albicosta egg hatch and larval survival as well as rates of predation, parasitism, and infection 

by entomopathogens may also be considered. Greater understanding of agronomic factors for 

maize hybrids influencing attractiveness to S. albicosta, susceptibility to mycotoxigenic fungi, 

and the effects of crop phenology on the development and survival of S. albicosta are required.  

Variability in DON concentrations within the calibration dataset due to grain sampling is 

another challenging aspect of model development. The spatial distribution of F. graminearum 

inoculum, infected grain, and mycotoxin levels can be highly variable within a field due to 

numerous environmental factors as has been shown in wheat (Oerke et al. 2010). In this study, 

mycotoxin concentrations were measured in grain subsamples from relatively large plots and not 

the specific ears from which S. albicosta injury was measured. More precise sampling methods 

may improve the accuracy of future models. Site and hybrid-specific analysis of model 
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parameters would likely improve model fit, however, the high turnover of maize hybrid 

availability within the marketplace provides further challenges to the development of DON 

forecasting models for maize. Despite the complexity of the interactions among F. graminearum 

infection and S. albicosta infestation, the results of this study demonstrate the need for control of 

S. albicosta in maize-growing regions where the risk of F. graminearum infection and 

mycotoxin contamination is frequent. 



 

119 

 

CHAPTER 5   CONCLUSIONS AND RECOMMENDATIONS 

Striacosta albicosta is a relatively new pest of maize in Ontario, Canada and has arguably 

become the most important maize pest due to its distribution, abundance, and association with 

increased mycotoxin contamination of grain in this region. This pest is harmful to the maize 

production industry in Ontario and neighbouring states and provinces, where yield loss may 

occur due to S. albicosta feeding. However, the contribution of S. albicosta injury to mycotoxin 

accumulation is of greater importance. Maize in Ontario and the Great Lakes region is frequently 

at risk of infection by F. graminearum during the silking period due to climatic conditions 

favourable for infection (Schaafsma et al. 2008). In Ontario, another contributing factor is the 

prevalence of wheat, Triticum aestivum L., in most crop rotations which presents another host 

and source of inoculum of F. graminearum (Hooker and Schaafsma 2005). Mycotoxins cause 

significant losses to livestock producers who are unable to use contaminated grain and may need 

to purchase non-contaminated grain from other regions to reduce mycotoxin levels in livestock 

feed. Moreover, producers of contaminated grain may lose value of their crop due to price 

penalties or market rejection by end-users such as grain exporters or ethanol producers. 

Management of the S. albicosta-F. graminearum pest complex is complicated and 

challenges the principles of integrated pest management. If the life histories of these pests did not 

overlap, management of one or the other might be simpler. For example, in the absence of 

mycotoxigenic pathogens, S. albicosta management, based on scouting and timely insecticide 

application in accordance with economic thresholds (Seymour et al. 2004, Michel et al. 2010), 

would likely be sufficient to protect significant yield and quality loss. Although pathogen 

infection in maize is difficult to predict, growers can apply fungicides to mitigate infection when 

conditions during the growing season indicate high risk (Limay-Rios and Schaafsma 2013). 
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However, as this research demonstrates, the interaction between S. albicosta and F. 

graminearum can increase the risk of mycotoxin contamination, therefore, the sensitivity to both 

pests is high for Ontario maize producers. 

The research reported here is the first to show that resistance to the Cry1F endotoxin 

expressed by many Bt hybrids exists within Ontario populations of S. albicosta and that these 

hybrids are not effective for control of S. albicosta injury (Smith et al. 2017). Although the 

baseline susceptibility of S. albicosta in Ontario was not determined before the adoption of 

Cry1F and no susceptible comparator population exists, the field and laboratory observations 

presented here support the conclusion of field-evolved resistance, considering limited historical 

information (Ostrem et al. 2016). The rapid expansion of S. albicosta populations throughout 

Ontario is an indirect indication that high tolerance levels to Cry1F likely exist throughout the 

Ontario range of this pest.  

This research also showed that the Vip3A Bt event is highly effective in reducing the 

incidence and severity of injury by S. albicosta. However, small amounts of feeding on Vip3A 

were observed, which may increase the risk of F. graminearum infection, particularly in the 

absence of genetic resistance factors to mycotoxigenic fungi. The Vip3A event appears to be the 

sole transgenic option currently available for reliable reduction of S. albicosta injury; however, 

the baseline susceptibility of S. albicosta to Vip3A, and therefore, whether the high dose 

assumption of the current insect resistance management (IRM) plan is met, is not known. 

Furthermore, there are many aspects of S. albicosta biology pertinent to IRM that remain 

unknown, such as: flight capability, location of mating in relation to the host crop, whether 

mating occurs randomly, factors influencing mate selection, resistance allele frequencies within 
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populations, and heritability of resistance. Although many of these research questions would 

improve our understanding of the durability of resistance management strategies it would be 

prudent to evaluate IRM strategies for Vip3A and S. albicosta more rigorously rather than 

following strategies developed for other Bt events targeting O. nubilalis as the primary pest. For 

example, integrated refuge, although it ensures refuge compliance, has been shown to accelerate 

resistance by reducing the susceptible population due to pollen contamination of the refuge and 

increasing survival of heterozygous insects, especially for ear-feeding pests and single Bt events 

(Yang et al. 2017). 

This research affirms that injury by S. albicosta can exacerbate F. graminearum infection 

and mycotoxin contamination of maize grain; however, environmental conditions and maize 

hybrid are the predominant predictive factors for disease development. This work was restricted 

to a relatively limited geographic area with only five hybrids, and low to moderate risk of F. 

graminearum infection. A simple method for estimating the risk of F. graminearum infection 

was reported which may provide the initial parameters for a forecasting model for F. 

graminearum infection and DON accumulation. Further testing of the relationship between DON 

accumulation in the presence of S. albicosta injury under higher risk scenarios (i.e. more 

susceptible hybrids, more favourable conditions for disease development) would clarify the 

relationship between insect feeding and disease development further. Refinement of this 

relationship may also be improved using more precise sampling of the mycotoxin concentration 

in injured ears. The effect of S. albicosta injury on DON accumulation was inconsistent across 

the hybrids tested in these experiments which further demonstrates the complexity of this system 

whereby variability in S. albicosta control, environmental conditions, and hybrid susceptibility to 

F. graminearum are all contributing factors. 
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Given the limited options for control of S. albicosta using Bt hybrids, a lack of effective 

and reliable biological controls or cultural methods, the best option for injury reduction is 

currently application of foliar insecticides. Injury by S. albicosta was greatly reduced on non-Bt 

and Cry1F hybrids with most of the insecticidal active ingredients tested, including the 

pyrethroids: lambda-cyhalothrin and deltamethrin, the diamides: chlorantraniliprole and 

flubendiamide, and, the premix of lambda-cyhalothrin + chlorantraniliprole. Before S. albicosta 

became established in Ontario (ca, 2010, J. L. Smith, unpublished), foliar insecticides were 

rarely applied to maize except when sporadic outbreaks of occasional pests such as spider mites 

(Tetranychus urticae Koch) occurred, or when populations of Diabrotica spp. (Coleoptera: 

Chrysomelidae) built up due to continuous maize production (Schaafsma et al. 1999). Currently, 

maize acres in Ontario are sprayed with one or two insecticidal modes of action: the synthetic 

pyrethroids and/or diamides, which is an unsustainable approach that increases the risk of 

resistance development. Thus, additional insecticidal options with different modes of action need 

to be pursued to provide maize producers with longer term management options when limited 

transgenic options are available. In any event, scouting and thresholds must remain a component 

of management, as insecticide applications are not generally a desired practice within the maize 

agroecosystem due to potentially harmful effects on non-target insect populations including 

pollinators, predators, and biological control agents of S. albicosta and other maize pests. 

In the near term, this research supports the recommendation of insecticide and fungicide 

application to maize during full silking to provide the best chance of mitigating F. graminearum 

infection when S. albicosta are present. This research also indicates that the current action 

threshold of 5-8% of plants with a S. albicosta egg mass may not be appropriate in Ontario. In 

http://entnemdept.ufl.edu/creatures/orn/twospotted_mite.htm
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many of these experiments, where the incidence of egg masses exceeded the 5% threshold, yield 

loss due to S. albicosta injury was not different from plots with very little injury. However, DON 

was consistently measured throughout these experiments and insecticide and fungicide 

application tended to reduce DON concentrations. Therefore, the 5-8% threshold is likely too 

high for areas where conditions are often favourable for ear mold infection considering the 

interaction between S. albicosta injury and DON accumulation. The cost of an 

insecticide/fungicide application will most often be offset by the reduced risk of mycotoxin 

contamination and yield loss due to this pest complex at current grain prices. Again, only a 

limited number of effective fungicidal active ingredients are currently available, therefore, 

research into alternative modes of action is needed for pathogen management.  

Looking forward, the optimal management system for S. albicosta would include maize 

hybrids with resistance to F. graminearum infection containing more than one transgenic event 

with high-dose toxin expression against S. albicosta to delay resistance development to a single 

mode of action. Furthermore, resistance management for pyramided events will require 

transgenic maize hybrids to be accompanied by a structured non-Bt refuge as the durability of an 

integrated refuge is weaker when extensive larval movement occurs as in the case of S. albicosta 

(Mallet and Porter 1992, Pannuti et al. 2016). Further development of forecasting models for F. 

graminearum infection in maize, such as those developed for winter wheat (Schaafsma and 

Hooker 2007), would help warn producers when environmental conditions for infection are 

favourable and potentially reduce unnecessary applications when risk conditions are very low. In 

the absence of F. graminearum tolerant hybrids, management of the S. albicosta-F. 

graminearum pest complex will remain challenging due to several factors that impact their 

incidence and control.
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Table A.1 Details of field trials to evaluate efficacy of Cry1F-expressing hybrids on natural populations of Striacosta albicosta, 

Ontario, Canada, 2011-2015. 

Hybrid (CHU/RMa) Lepidopteran-active Bt protein(s) Location  Planting date Harvest date 

Small plots     

Mycogen 2A397 (2850/94) 

 

Non-Bt Bothwell 2011 

Bothwell 2012 

2 Jun 

14 May 

26 Oct 

25 Nov 

Mycogen 3395 (2850/94) Non-Bt Bothwell 2013 

Bothwell 2014 

31 May 

6 Jun 

1 Nov 

1 Nov 

Mycogen 8395b (2850/94) Cry1F × Cry1A.105 + Cry2Ab2  Bothwell 2011 

Bothwell 2012 

Bothwell 2014 

2 Jun 

14 May 

6 Jun 

26 Oct 

25 Nov 

1 Nov 

Mycogen 8395RAc (2850/94) Cry1F × Cry1A.105 + Cry2Ab2 Bothwell 2013 

Bothwell 2014 

31 May 

6 Jun 

1 Nov 

1 Nov 

Large plots     

35F37 (3100/105) 

 

Non-Bt Bothwell 2012 

Shetland 2012 

3 May 

23 May 

14 Nov 

15 Nov 
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Rodney 2012 12 May 9 Nov 

35F40d (3100/105) Cry1F 

 

Bothwell 2012 

Shetland 2012 

Rodney 2012 

3 May 

23 May 

12 May 

14 Nov 

15 Nov 

9 Nov 

P0621R (3200/106) 

 

Non-Bt Bothwell 2013 

Shetland 2013 

Rodney 2013 

Bothwell 2014 

Shetland 2014 

Rodney 2014 

17 May 

27 May 

21 May 

3 June 

2 June 

4 Jun 

16 Nov 

16 Nov 

15 Nov 

27 Nov 

24 Nov 

25 Nov 

P0621HRd (3200/106) Cry1F 

 

Bothwell 2013 

Shetland 2013 

Rodney 2013 

Bothwell 2014 

Shetland 2014 

Rodney 2014 

17 May 

27 May 

21 May 

3 June 

2 June 

4 Jun 

16 Nov 

16 Nov 

15 Nov 

27 Nov 

24 Nov 

25 Nov 
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Strip trial     

Mycogen 3395 (2850/94) Non-Bt Bothwell 2015 13, 21 May 2 Oct 

Mycogen 8395RAb (2850/94) Cry1F × Cry1A.105 + Cry2Ab2  Bothwell 2015 13, 21 May 2 Oct 

Mycogen 3521 (3150/105) Non-Bt Bothwell 2015 13, 21 May 2 Oct 

Mycogen 8521RAb (3150/105) Cry1F × Cry1A.105 + Cry2Ab2 Bothwell 2015 13, 21 May 2 Oct 

a Crop heat units/relative maturity. 

b SmartStax hybrid containing events TC1507 which expresses Cry1F protein (Dow AgroSciences LLC, Indianapolis, IN) and MON 

89034 which expresses Cry1A.105 and Cry2Ab2 Bt proteins (Monsanto Company, St. Louis, MO). 

c SmartStax Refuge Advanced integrated refuge hybrid which included 5% non-Bt seeds. 

d Herculex I hybrid containing event TC1507 which expresses Cry1F protein (co-developed by Dow AgroSciences LLC, Indianapolis, 

IN and Pioneer Hi-Bred International, Johnston, IA). 
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Table A.2 Collection details for Striacosta albicosta in Ontario, Canada used in Cry1F susceptibility bioassays. 

County Nearest town Collection date Stage collected Source No. collected 

Chatham-Kent Bothwell 17 July 2015 Adult Black light trap 184 

Chatham-Kent Ridgetown 15 July 2015 Adult Black light trap 348 

Chatham-Kent Dresden 23 July 2015 Egg Non-Bt sweet corn 109a 

Norfolk Springford 29 July 2015 Egg Cry1F × Cry1A.105 + Cry2Ab2 field corn 96a 

Middlesex Melbourne 28 July 2015 Egg Cry1F field corn 97a 

a Number of egg masses collected. 
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APPENDIX B SUPPLEMENTARY INFORMATION AND STATISTICAL TABLES FOR 

DATA IN CHAPTER 3
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Table B.1 Experimental environments, maize hybrids, and activity dates of commercial-scale field experiments to evaluate Bt-

events in combination with insecticides and fungicides for control of injury by naturally-occurring Striacosta albicosta and 

Fusarium graminearum, Ontario, Canada, 2012-2014. 

Year Site Bt event Hybrid (CHUa) Planting date Pesticide application date 

(crop stage) b 

Harvest date 

2012 Rodney Non-Bt 

Cry1F 

Vip3A × Cry1Ab 

35F37 (3100) 

35F40 (3100) 

N46U-3111 (3050) 

12 May 10 Jul 

(early 

VT) 

13 Jul 

(early 

R1) 

18 Jul 

(early 

R1) 

9 Nov 

 Shetland Non-Bt 

Cry1F 

Vip3A × Cry1Ab 

35F37 (3100) 

35F40 (3100) 

N46U-3111 (3050) 

23 May 20 Jul 

(early 

VT) 

25 Jul 

(early 

R1) 

31 Jul 

(early 

R1) 

15 Nov 

 Bothwell Non-Bt 

Cry1F 

Vip3A × Cry1Ab 

35F37 (3100) 

35F40 (3100) 

N46U-3111 (3050) 

3 May 20 Jul 

(VT) 

23 Jul 

(early 

R1) 

30 Jul 

(early 

R1) 

14 Nov 

2013 Rodney Non-Bt 

Cry1F 

P0621R (3200) 

P0621HR (3200) 

21 May 2 Aug 

(VT) 

9 Aug 

(R1) 

14 Aug 

(R2) 

15 Nov 
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Vip3A × Cry1Ab N46U-3111 (3050) 

 Shetland Non-Bt 

Cry1F 

Vip3A × Cry1Ab 

P0621R (3200) 

P0621HR (3200) 

N46U-3111 (3050) 

27 May 6 Aug 

(R1) 

13 Aug 

(late R1) 

19 Aug 

(R2) 

16 Nov 

 Bothwell Non-Bt 

Cry1F 

Vip3A × Cry1Ab 

P0621R (3200) 

P0621HR (3200) 

N46U-3111 (3050) 

17 May 30 Jul 

(early 

VT) 

13 Aug 

(R1) 

13 Aug 

(R2) 

16 Nov 

2014 Rodney Non-Bt 

Cry1F 

Vip3A × Cry1Ab 

P0621R (3200) 

P0621HR (3200) 

N46U-3111 (3050) 

4 Jun 8 Aug 

(early 

VT) 

15 Aug 

(R1) 

20 Aug 

(R2) 

25 Nov 

 Shetland Non-Bt 

Cry1F 

Vip3A × Cry1Ab 

P0621R (3200) 

P0621HR (3200) 

N46U-3111 (3050) 

2 Jun 14 Aug 

(R1) 

18 Aug 

(late R1) 

19 Aug 

(late R1) 

24 Nov 

 Bothwell Non-Bt 

Cry1F 

Vip3A × Cry1Ab 

P0621R (3200) 

P0621HR (3200) 

N46U-3111 (3050) 

3 Jun 12 Aug 

(R1) 

15 Aug 

(late R1) 

20 Aug 

(R2) 

27 Nov 
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a Crop heat units (Brown and Bootsma 1996). 

b Early VT=approximately 90% tassel emergence; VT=full tassel emergence; early R1=beginning silk emergence; R1=~50% silk 

emergence=late R1: full silk emergence, no silk browning; early R2=silk browning, blister stage kernels (modified from Abendroth et 

al. 2011). 
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Table B.2 SAS PROC GLIMMIX variance analysis for site, insecticide and fungicide treatment effects on injury by Striacosta 

albicosta, deoxynivalenol (DON) concentration, and grain yield of Cry1Ab-maize, Ontario, Canada, 2011. 

 S. albicosta injury DON Grain yield 

 Incidence Severity   

Fixed effects dfa F Pr>F dfa F Pr>F dfa F Pr>F dfa F Pr>F 

Site 1, 6 23.55 0.0028 1, 6 35.02 0.0010 1, 6 9.31 0.0225 1, 6 6.45 0.0440 

Treatment 11, 66 4.86 <0.0001 11, 64 5.78 <0.0001 11, 66 0.43 0.9358 11, 66 0.94 0.5118 

Site × treatment 11, 66 0.91 0.5354 11, 64 1.06 0.4059 11, 66 0.65 0.7780 11, 66 0.54 0.8663 

Covariance parameters  Pr>Z 

Replication within site  .   0.0589   0.6398   0.3790 

Treatment × replication within site   <0.0001       

Residual   <0.0001   <0.0001   <0.0001   <0.0001 

a Numerator and denominator degrees of freedom, respectively. 
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Table B.3 SAS PROC GLIMMIX variance analysis for injury, deoxynivalenol (DON) 

concentration, and grain yield in commercial maize experiments naturally infested by 

Striacosta albicosta, Ontario, Canada, 2012-2014. 

  S. albicosta injury DON Grain yield 

  Incidence Severity   

Fixed effects dfa Pr>F 

Environmentb 8, 27 <0.0001 <0.0001 <0.0001 <0.0001 

Bt event 2, 54 <0.0001 <0.0001 0.0550 0.0017 

Bt event × environment 16, 54 0.0001 0.0109 <0.0001 0.4980 

Treatment 7, 552 <0.0001 <0.0001 <0.0001 0.0054 

Treatment × environment 56, 552 <0.0001 <0.0001 0.0021 0.4214 

Bt event × treatment 14, 552 0.0057 0.0002 0.1034 0.0043 

Bt event × treatment × environment 112, 552 0.0002 0.0005 0.0117 0.1536 

Covariance parameters  Pr>Z 

Replication within environment  0.2167 0.1685 0.0361 0.1499 

Bt event within replication  0.7411 0.6146 0.0103 <0.0001 

Residual  <0.0001 <0.0001 <0.0001 <0.0001 

a Numerator and denominator degrees of freedom, respectively. 

b Environment=site × year. 
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Table B.4 SAS PROC GLIMMIX variance analysis for injury, deoxynivalenol (DON) 

concentration, and grain yield in commercial maize experiments with high levels of injury 

by naturally-occurring Striacosta albicosta, Ontario, Canada, 2012-2014. 

  S. albicosta injury DON Grain yield 

  Incidence Severity   

Fixed effects dfa Pr>F 

Bt event 2, 10 <0.0001 <0.0001 0.8237 0.0251 

Treatment 7, 35 0.0030 0.0070 0.0084 0.1084 

Bt event × treatment 14, 70 0.0007 0.0031 0.4798 0.0206 

Covariance parameters  Pr>Z 

Environmentb  0.1640 0.1405 0.5640 0.1368 

Replication within environment  0.2099 0.2052 0.0897 0.2859 

Environment × Bt event  0.6466 0.4709 0.0971 0.9649 

Bt event × replication within environment 0.6136 0.4839 0.0104 0.0006 

Environment × treatment  0.0846 0.0747 0.4441 0.4593 

Environment × Bt event × treatment  0.2746 0.2094 0.1941 0.8256 

Residual  <0.0001 <0.0001 <0.0001 <0.0001 

a Numerator and denominator degrees of freedom, respectively. 

b Environment=site × year. 
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APPENDIX C SUPPLEMENTARY INFORMATION AND STATISTICAL TABLES 

FOR DATA IN CHAPTER  4
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Table C.1 Optimized LC-ESI-MS/MS parameters, recovery (% at 100 ng g-1), and limits of detection (LOD) and quantification 

(LOQ) of mycotoxins in maize grain samples, 2012-2014. 

Analytea 
tRb Precursor ion DPc Productiond CEe CXPf FPg Recovery LOD LOQ 

(min) (m/z) (V) (m/z) (V) (V) (V) % RSD n ng g-1 RSD ng g-1 RSD 

DON 6.5 355.1 [M+Ac]- -41 59.1/265.1 -38/-20 -8/-28 -120 100 14 3 15.3 7.4 51.1 23.3 

15ADON 9.4 356.3 [M+H]+ 43 137.1/261.1 22/22 19/28 133 109 23 3 17.4 17.9 58.1 60.0 

3ADON 9.6 397.1 [M+Ac]- -45 59.1/307.1 -40/-20 -9/-18 -137 83 27 3 24.3 18.5 81.0 63.4 

D3G 6.9 517.3 [M+Ac]- -55 427.1/59.1 -29/-75 -45/-11 -105 104 21 3 12.9 7.5 43.1 26.7 

ZEN 13.8 317.1 [M-H]- -80 175.1/131 -34/-42 -19/-17 -116 87 7 3 3.3 5.2 10.9 16.7 

FB1 11.9 722.5 [M+H]+ 63 352.3/334.4 50/55 35/35 130 100 15 3 10.8 7.2 36.0 23.3 

FB2 12.9 706.5 [M+H]+ 65 336.4/318.3 48/47 26/22 146 90 15 3 13.2 7.2 35.2 18.7 

FB3 12.8 706.4 [M+H]+ 60 688.5/354.4 49/44 31/38 48 95 21 3 10.7 12.5 28.7 34.7 

MON 3.2 96.9 [M-H]- -25 40.9 -20 -9 -95 128 26 3 0.3 1.2 0.9 3.3 

Isotope-labeled internal standards 

DON-13C15 6.5 370.2 [M+Ac]- -40 59.0/279.1 -40/-21 -10/-31 -99 

   

        

ZEN-13C18  13.8 335.1 [M-H]- -75 185.1/140.1 -34/-43 -43/-18 -110 
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FB1-13C34 11.9 756.7 [M+H]+ 58 374.3/738.5 42/21 58/38 130 

   

        

a Deoxynivalenol (DON), 15-acetyldeoxynivalenol (15ADON), 3-acetyldeoxynivalenol (3ADON), deoxynivalenol-3-glucoside 

(D3G), zearalenone (ZEN), fumonisin B1 (FB1), fumonisin B2 (FB2), fumonisin B3 (FB3), moniliformin (MON), isotope-labeled 

internal standards U-[13C15]-deoxynivalenol (DON-13C15), U-[13C18]-zearalenone (ZEN-13C18), and U-[13C34]-fumonisin B1 (FB1-13C34). 

bRetention time, cdeclustering potential, dquantifier/qualifier ions, ecollition energy, fcell exit potential, gfocusing potential. Matrix-

matched calibration was used to determine LOD and LOQ. Mycotoxins were spiked at 100 ng g-1 and equilibrated for 3 d at 40°C 

before extraction for recovery test. 
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Table C.2 SAS PROC GLIMMIX variance analysis for effects total deoxynivalenol (DON) 

in maize at nine commercial site-years in Ontario, Canada, 2012-2014. 

  DON 

Fixed effects df F-value Pr>F 

Hybrid 4, 68 3.97 0.0059 

Treatment 2, 192 2.21 0.1126 

Hybrid × treatment 8, 192 1.42 0.1907 

Covariance parameters Pr>Z 

Environmenta   0.0861 

Replication within environment   0.1518 

Hybrid × replication within environment   0.0532 

Residual   <0.0001 

a Site × year.
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Table C.3 Estimated risk of infection by Fusarium graminearum of maize hybrids during silking and insect feeding periods 

with natural infestation of Striacosta albicosta at nine commercial site-years, Ontario, Canada, 2012-2014.   

Year Site Hybrid 

family 

Planting 

date 

Estimated silking 

datea 

Silking period (-3 to + 4 d centered around silking) Insect feeding period (30 d: development from 3rd to 6th instar) 

No. days (median, min-max) FGSb No. days (median, min-max) FGIFb 

Max temp 

≤32°C 

Precipitation  

>2 mm 

RH>95% 

@ 11 am 

 Max temp 

≤32°C 

Precipitation  

>2 mm 

RH>95% 

@ 11 am 

 

     

2012 Rodney 35F 12-May 19-Jul 7 (29.7, 20-34.1) 2 (0, 0-16.4) 2 (88.8, 75.3-100) 15 (Mod) 30 (20.3, 7.6, 31.2) 6 (0, 0-37) 7 (83.3, 66.5-100) 14.9 (Mod) 

  N46U  17-Jul 7 (27.4, 20-34.1) 3 (0.5, 0-20) 2 (86.8, 75.3-100) 17 (Mod) 30 (20.3, 7.6, 31.2) 6 (0, 0-37) 7 (83.3, 66.5-100) 14.9 (Mod) 

 Shetland 35F 23-May 6-Aug 8 (29.3, 18.4-31.8) 3 (0.7, 0-27.4) 3 (82.0, 72.8-100) 20 (Mod) 30 (19.9, 7.1-31.8) 4 (0, 0-27) 5 (82.5, 64-100) 12.8 (Low) 

  N46U  5-Aug 8 (30.1, 18.3-31.8) 2 (0, 0-27.4) 2 (82.0, 72.8-100) 16 (Mod) 30 (19.9, 7.1-31.8) 4 (0, 0-27) 5 (82.5, 64-100) 12.8 (Low) 

 Bothwell 35F 3-May 14-Jul 1 (32.8, 30-35) 2 (0, 0-15.6) 1 (69.4, 57-100) 7 (Low) 27 (19.8, 5-34.7) 4 (0, 0-29) 6 (70, 58-100) 12.5 (Low) 

  N46U  13-Jul 0 (32.8, 31.2-35) 2 (0, 0-15.6) 0 (68.7, 57-100) 4 (Low) 27 (19.8, 5-34.7) 4 (0, 0-29) 6 (70, 58-100) 12.5 (Low) 

2013 Rodney P0621 21-May 31-Jul 8 (25.1, 20.8-26.5) 2 (0, 0-10.4) 0 (78.4, 68.5-82.5) 12 (Low) 28 (19, 1.6-35.6) 4 (0, 0-53) 6 (79.3, 67.3-100) 12.8 (Low) 

  N46U  27-Jul 8 (36.9 (20.6-25.9) 2 (0, 0-6.2) 1 (77.4, 67.8-96.3) 12 (Low) 28 (19, 1.6-35.6) 4 (0, 0-53) 6 (79.3, 67.3-100) 12.8 (Low) 

 Shetland P0621 27-May 3-Aug 8 (25, 22.4-27.9) 2 (0.5, 0-4.8) 1 (83.8, 70-99.3) 14 (Mod) 28 (18.4, 1.4-34.5) 7 (0.2, 0-31) 9 (86.2, 68-100) 16 (Mod) 

  N46U  1-Aug 8 (25, 21.4-27.2) 2 (2, 0-4.8) 0 (83.6, 70-88.8) 14 (Mod) 28 (18.4, 1.4-34.5) 7 (0.2, 0-31) 9 (86.2, 68-100) 16 (Mod) 

 Bothwell P0621 17-May 26-Jul 8 (23.2, 19.2-26.7) 2 (0.1, 0-7.6) 0 (68.4, 64.4-91.3) 12 (Low) 30 (18.2, -1-31.5) 6 (0, 0-9.2) 5 (65.5, 49.3-100) 13.9 (Mod) 

  N46U  23-Jul 8 (24.5, 21.2-29.1) 3 (0, 0-7.6) 0 (68.4, 61-91.3) 14 (Mod) 30 (18.2, -1-31.5) 6 (0, 0-9.2) 5 (65.5, 49.3-100) 13.9 (Mod) 

2014 Rodney P0621 4-Jun 12-Aug 8 (23.9, 20-27.1) 2 (0, 0-16) 1 (85.9, 75.3-96.8) 14 (Mod) 30 (16.3, 3-29.3) 7 (0, 0-43) 5 (88, 75.5, 100) 14.4 (Mod) 

  N46U  10-Aug 8 (24.9 (20-27.4) 2 (0, 0-16) 1, 85.9 (76.5-96.8) 14 (Mod) 30 (16.3, 3-29.3) 7 (0, 0-43) 5 (88, 75.5, 100) 14.4 (Mod) 

 Shetland P0621 2-Jun 11-Aug 8 (25.5, 20.5-27.1) 1 (0, 0-15.8) 1 (84.3, 75.8-99) 12 (Low) 30 (19.3, 1.8-31.6) 8 (0, 0-38) 8 (89.8, 76.8-100) 16.5 (Mod) 

  N46U  8-Aug 8 (27.2 (22.4-27.9) 2 (0.1, 0-15.8) 2 (85, 76.3-100) 16 (Mod) 30 (19.3, 1.8-31.6) 8 (0, 0-38) 8 (89.8, 76.8-100) 16.5 (Mod) 

 Bothwell P0621 3-Jun 14-Aug 8 (24.9, 20-26) 1 (0, 0-13.2) 0 (71.7, 62.3-88.3) 10 (Low) 30 (15.5, 0.2-31.6) 8 (0, 0-41) 2 (72.3, 61-100) 13.3 (Low) 

  N46U  11-Aug 8 (24.7, 20-27) 1 (0, 0-13.2) 0 (72.8, 62.3-86.8) 10 (Low) 30 (15.5, 0.2-31.6) 8 (0, 0-41) 2 (72.3, 61-100) 13.3 (Low) 
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a Calculated based on daily crop heat units (CHU) for the site, planting date, and CHU rating of the hybrid reported by the seed 

provider (Brown and Bootsma 1996) 

b Risk of F. graminearum infection during silking period (FGS) or insect feeding period (FGIF) = [d with max. air temp. ≤ 32°C + 2(d 

with ≥ 2 mm of precipitation + d with ≥ 95% relative humidity (RH) at 11:00 h)]. Maximum value for FGS = 40; maximum value for 

FGIF = 150/3.75=40. 
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