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Abstract

The corn earworm, Helicoverpa zea (Boddie), is a polyphagous pest found throughout the United States, where

it attacks many field and vegetable crops. Although H. zea has long been a traditional pest of sweet corn, its im-

portance to this crop has increased dramatically over the past two decades. In this review, we summarize infor-

mation critical for current and future management of H. zea in sweet corn production in the United States. First,

we discuss the pest status of H. zea and its life history, including migration, infestation and larval development,

diapause, overwintering, and abiotic factors that affect its biology. Next we describe monitoring methods, crop

protection decision-making processes, chemical control options, and the use of genetic technologies for control

of H. zea. Alternative H. zea management options including biological control, cultural controls, host plant resis-

tance, and pheromone disruption are also reviewed. The role of climate change and its effects on H. zea and its

ecology are discussed, as well as the recent invasion of its relative, Helicoverpa armigera (Hübner), which is a

major pest of corn in other parts of the world. To conclude, we suggest future research opportunities for H. zea

and H. armigera management in sweet corn.
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The corn earworm, Helicoverpa zea (Boddie) (Lepidoptera:

Noctuidae), is a key pest of many field and vegetable crops and is

found throughout the western hemisphere (Cohen et al. 1988, CABI

2016). This review focuses on H. zea in sweet corn, Zea mays L.

convar. saccharata Koern, in the United States. Although H. zea is a

traditional pest of sweet corn in the United States, its significance

has increased over the past two decades. The importance of under-

standing H. zea and its close relationship with sweet corn is vital for

pest management of this valuable crop.

Despite the considerable body of work on H. zea in sweet corn that

has been published over the past 100 years, we are unaware of a com-

prehensive review or synthesis of this information. Thus, a review is

timely and, we hope, will stimulate discussion on future work with this

key pest. In this review, we highlight key information on the biology,

ecology, and management of H. zea in sweet corn in the United States.

First, we briefly provide context by describing sweet corn production

in the United States. We follow this by describing the life history of

H. zea, including its migration, infestation and larval development, dia-

pause, overwintering, and abiotic factors affecting its life history. We

discuss monitoring methods, crop treatment decision-making pro-

cesses, chemical control options, and the use of genetic technologies for

H. zea management in sweet corn. Also covered are tactics of biologi-

cal control, cultural controls, host plant resistance, and pheromone

disruption. We conclude by discussing the role of climate change and

its potential effects on H. zea biology and the implications of the recent

arrival of Helicoverpa armigera (Hübner) in the continental United

States on sweet corn insect pest management.

Sweet Corn Production

Sweet corn is an important specialty crop and is grown in 158 coun-

tries for fresh-market and processing purposes (USDA ERS 2015).

In the United States, sweet corn was harvested on >28,000 farms

representing all 50 states, with Minnesota, Washington, Wisconsin,

Florida, and New York harvesting the largest combined acreage of

fresh-market and processing sweet corn in 2013 (USDA NASS

2016). Florida, Georgia, New York, and California produce the

most fresh-market sweet corn annually by weight, whereas

Minnesota, Washington, Wisconsin, and New York produce the

most processing sweet corn. Sweet corn added US$1.2 billion in

2013 to the U.S. economy. In the same year, 96,591 ha of sweet

corn were harvested for fresh market, with a value of US$842.3 mil-

lion and a per ha value of US$8,720; 127,510 ha were harvested for

processing, with a value of US$357.8 million and a per ha value of

US$2,806 (USDA NASS 2016).
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Sweet corn is closely related to field corn, but only the sweet

corn ear or its kernels are marketed for human consumption. In con-

trast, many parts of a field corn plant are used for diverse purposes,

ranging from animal feed and processed foods to ethanol produc-

tion. Although both corn types are attacked by H. zea, pest manage-

ment strategies for the two types of corn vary considerably.

All sweet corn varieties contain variations of Su, Se, and Sh-2 ge-

notypes. Su causes the pericarp to produce water-soluble polysac-

charides instead of starches and results in desirable eating

characteristics (James et al. 1995, Tracy et al. 2006). Su sweet corn

varieties were the first modern lines to be developed in the early

1900s and have moderate sugar levels in the kernel. Se, when acti-

vated, enhances the activity of Su, causing the production of addi-

tional sugars (Ferguson et al. 1978). Homozygous Sh-2 varieties

produce kernels with higher sugar content than Su homozygous vari-

eties (Najeeb et al. 2011). Se and Sh-2 genes have been bred into

modern Triplesweet sweet corn lines, where 100% of ear kernels ex-

press the Se phenotype and 25% also express Sh-2 characteristics

(Grubinger 2004).

Modern sweet corn varieties have been bred for kernel traits de-

sirable for human consumption. These characteristics also make the

developing sweet corn ear an ideal source of nutrition for H. zea

(Cohen et al. 1988). Corn kernels have multiple nutritional compo-

nents, and H. zea larvae take advantage of these different parts to

satisfy their developmental requirements (Waldbauer et al. 1984).

For this reason, H. zea will preferentially choose corn over other

plant hosts (Johnson et al. 1975) because there is a higher likelihood

of completing development.

Pest Description

Helicoverpa zea has many common names, including, but not lim-

ited to, corn earworm, cotton bollworm, bollworm, tomato fruit-

worm, soybean podworm, and sorghum headworm (CABI 2016).

Adults are 20–25 mm in length and have brown (females) to brown-

green (males) coloration (CABI 2016). Small spots are sometimes

visible on the forewings, while dark outer-marginal bands and

brown disc-shaped spots are found on the dorsal surfaces of the

underwings (Hardwick 1965). Eggs are laid singly, have an approxi-

mate dimension of 0.5 mm length by 0.5 mm width, and vary in

color from white after they are laid to yellow near larval hatch

(CABI 2016). First instars are small gray caterpillars, 1–2 mm in

length, with a black head capsule. Third instars undergo a change in

color to either brown or green morphs and develop distinct white or

yellow longitudinal lines. Fifth and sixth instars change to pink,

orange, brown, or green morphs that average 40 mm in length

(CABI 2016). Pupae are reddish-brown and are approximately

20 mm in length.

Life History

Dispersal and Migration
Infestation of corn by H. zea is influenced by dynamic population

movements by moths at landscape, regional, and continental scales

(Fitt 1989, Latheef et al. 1993, Westbrook et al. 1997, Gould et al.

2002, Westbrook and Lopez 2010). Landscape-level movements

occur when moths seek nectar or search for mates and oviposition

sites (Latheef et al. 1993, Lingren et al. 1993). An adult H. zea sus-

tains its energy by nectar-feeding, but must do so by visiting flower-

ing plants other than corn. When females are ready to lay eggs, they

are attracted to corn silks (Cantelo and Jacobson 1979, Fitt 1989,

Raina et al. 1992).

Helicoverpa zea is widespread throughout North America (CABI

2016), but populations are not permanent or ubiquitous in all areas.

Helicoverpa zea is often migratory, and airborne radar observations

have revealed that mass migrations can occur over long distances in

a single night (Wolf et al. 1990) at altitudes up to 900 m (Beerwinkle

et al. 1994). Studies examining pollen on H. zea moths also support

the idea that migrations occur over hundreds of kilometers (Hendrix

et al. 1987, Westbrook et al. 1997). Furthermore, Gould et al.

(2002) have argued that reverse migration might occur in the fall

from northern states to overwintering sites in Texas and Louisiana.

The ability of H. zea moths to travel long distances in a short

period can complicate local field-level management. In a short

period, H. zea adults can theoretically migrate from a remote loca-

tion >400 km away (Westbrook et al. 1997). For this reason, H. zea

moth activity in sweet corn fields must be monitored (described in

sections that follow), so that local population levels are checked on

a regular basis.

Regional moth activity data and meteorological forecasting can

be used to provide knowledge about impending immigrations of

H. zea into regional and local landscapes (Beerwinkle et al. 1994).

For example, Pest Watch (www.pestwatch.psu.edu) provides a

regional view of H. zea over time and space in the northeastern and

mid-Atlantic Unites States based on weekly catches from a network

of pheromone and black light traps (Fleischer 2016). Other sites

(www.insectforecast.com) predict H. zea migrations using meteoro-

logical forecasting (Sandstrom 2016). If source locations for H. zea

migrations and the history of chemical controls used to manage

them could be determined, the timing of immigrating populations

may be predicted and management improved by avoiding similar

chemical controls.

Host range and Landscape Considerations
Successful development of H. zea can occur on large acreage field

crops such as field corn, soybean, and cotton (Kennedy and Storer

2000), but corn earworms also feed on many important vegetable

crops such as snap bean, sweet corn, and tomato. A variety of

weedy, uncultivated plants can also serve as hosts to H. zea

(Nuenzig 1963, Hardwick 1965, Sudbrink and Grant 1995,

Kennedy and Storer 2000). However, corn is the preferred host

(Hardwick 1965, Johnson et al. 1975).

The ability of H. zea to utilize a wide range of cultivated and

wild hosts complicates its management in sweet corn. As host diver-

sity within an agricultural landscape increases, the probability of

successful H. zea development is likely to increase because there are

more host choices. Moreover, the availability and attractiveness of

these hosts change through space and time, and this impacts H. zea

populations (Kennedy and Storer 2000). Consequently, regional and

temporal differences in landscape composition and natural areas

harboring wild host species likely influence H. zea population struc-

ture at the field level during the growing season in any given area of

the United States.

Sweet corn as a Host
Female H. zea moths are attracted to ethylene, one of many volatiles

produced by corn silks. When a virgin female detects ethylene, she is

stimulated to produce sex pheromones for attraction of males

(Raina et al. 1991, 1992). Although females can oviposit on any

part of the sweet corn stalks or leaves and may do so as early as the
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whorl stage (Barber 1943, Johnson et al. 1975), they prefer to ovipo-

sit on silks.

A single H. zea female can lay 800 to 1,500 eggs in her lifetime

(Akkawi and Scott 1984, Fitt 1989). Although movement of H. zea

larvae to the ear from other plant parts is possible, most ear damage

originates from caterpillars that hatch from eggs laid on silk

(Hardwick 1965, Coop et al. 1992). Thus, silks play a critical role in

infestation, and this knowledge may be exploited in pest manage-

ment strategies.

After hatching, H. zea larvae consume the egg chorion and corn

silk, and then move quickly downward into the husk of a developing

ear (Barber 1941). Inside the husk, they feed exclusively on corn ker-

nels and do not exit the husk until they prepare for pupation

(Waldbauer et al. 1984, Cohen et al. 1988). At the prepupal stage,

H. zea larvae exit the husk, drop to the ground, and burrow 5 to

13 cm into the soil, where a pupal cell is constructed (Roach and

Hopkins 1979).

Helicoverpa zea larvae may be cannibalistic within the husk. If a

harvested ear of corn is infested by H. zea, there is usually only a sin-

gle larva. In contrast, earlier in ear development, two or more early

instars may feed on the same ear (D.L.O., and A.M.S. unpublished

data). Interestingly, Joyner and Gould (1985) showed that H. zea

larvae given a low-moisture diet supplemented with other H. zea lar-

vae as prey took less time to develop, had lower mortality rates, and

were significantly heavier as pupae compared with larvae reared on

a low-moisture diet alone. In contrast, there were no differences

between cannibalistic and noncannibalistic larvae when offered a

standard high-moisture diet. Joyner and Gould (1985) concluded

that there is a benefit to cannibalism among H. zea when subjected

to adverse growing conditions.

Although it has been demonstrated that sweet corn silk is very

attractive to female H. zea and that silk volatiles stimulate them to

produce sex pheromones (Raina et al. 1992), we are unaware of any

studies that have exploited this plant–insect relationship for pest

management purposes. The communication that occurs between the

plant and H. zea could possibly be exploited in the future for deter-

rence, avoidance, or confusion in an effort to reduce damage.

Diapause
Helicoverpa zea diapauses in the pupal stage for up to 20 months as

a strategy to avoid adverse conditions (Phillips and Newsom 1966).

Photoperiod and temperature have strong interactive effects on the

induction of diapause in H. zea larvae. Photoperiods >13 h per day

completely suppress diapause (Benschoter 1968), while photoper-

iods �10 h per day maximize diapause (Phillips and Newsom 1966,

Benschoter 1968). Diapause rates are optimized during a short pho-

tophase and low temperature (Wellso and Adkisson 1966).

However, the effect of a shorter photoperiod on diapause induction

can be counteracted if temperatures increase, and a longer photoper-

iod can be counteracted by low temperatures (Phillips and Newsom

1966).

Overwintering
Helicoverpa zea overwinters in the pupal stage, and its ability to sur-

vive the winter depends on whether the pupa is in diapause. An

H. zea pupa that is in diapause has a lower supercooling point (SCP)

and a lower lethal temperature (LT50) and can also survive for lon-

ger periods at temperatures near LT50 (Bale 1987, Morey et al.

2012). Pupae in diapause survive at significantly lower soil tempera-

tures and have lower SCP than nondiapausing pupae (Eger et al.

1982, Morey et al. 2012). Morey et al. (2012) reported SCP values

of �19.3�C and �16.4�C for diapausing and nondiapausing H. zea

pupae, respectively. LT50 values for diapausing and nondiapausing

pupae were �13.0�C and �10.0�C, respectively. The difference in

time to mortality between diapausing and nondiapausing H. zea

pupae is significant, with the former surviving much longer than the

latter. For example, at 0�C, time to 50% mortality of nondiapausing

pupae and diapausing pupae is 474 h and 1,127 h, respectively

(Morey et al. 2012).

Soil moisture, soil type, and duration of exposure to low temper-

atures influence pupal overwintering survival (Slosser et al. 1975).

Direct contact with soil moisture increases pupal mortality at sub-

freezing temperatures due to nucleation of water to ice within pupal

tissues (Eger et al. 1982). Increased soil temperature during pupal

diapause is also positively associated with mortality due to increased

respiration and drowning (Williams and Stinner 1987).

Overwintering survival of diapausing pupae drops considerably

north of the 40� N latitude (Hardwick 1965, Westbrook and Lopez

2010, Morey et al. 2012). Analysis of soil temperature profiles in

Texas, Missouri, Kansas, Iowa, and Minnesota were compared with

laboratory-derived lethal time (LT50) values. Results from that study

revealed that soil temperatures were lethal in states above the 40�

parallel because the period at which pupae were exposed to extreme

low temperatures was much greater than the average period experi-

enced among locations below the 40� parallel.

Abiotic Factors
Abiotic factors, including temperature, relative humidity (RH),

moisture, day-length, and lunar phase, influence H. zea populations.

Increased temperature and RH decrease larval development time,

increase pupation rate, and improved adult eclosion rates of H. zea

(Harrell et al. 1979). High soil moisture can reduce pupal survival

by >50% (Roach and Hopkins 1979, Williams and Stinner 1987).

Lunar phase also influences adult flight behavior and plant host-

seeking by adult H. zea moths (Parajulee et al. 1998).

Temperature influences mating, larval development, feeding

behavior, flight capacity, and diapause induction (Callahan 1958,

Mangat and Apple 1966, Phillips and Newsom 1966, Wellso and

Adkisson 1966, Eger et al. 1982, Westbrook et al. 1997, Morey

et al. 2012). The developmental rate of H. zea, like other poikilo-

therms, is dependent on the temperature of its immediate surround-

ings (Wagner et al. 1984). Day-degree models have been constructed

to estimate development of H. zea in sweet corn (Mangat and Apple

1966, Stinner et al. 1974, Butler 1976) and economic loss that

occurs as a result of infestations (Butler and Scott 1976, Coop et al.

1993). The lower developmental temperature threshold has been

calculated as 12.5�C for H. zea reared on sweet corn (Mangat and

Apple 1966). Maximum developmental threshold temperatures for

eggs, larvae, pupae, and adults are 34�C, 36�C, 35�C, and 42�C,

respectively (Butler 1976). Mangat and Apple (1966) calculated that

690.2 day-degrees are required from oviposition to 75% adult emer-

gence, using a base 12.5�C model.

Management

Current management practices for H. zea in most sweet corn fields

rely on foliar applications of insecticides, use of insect-resistant

genetically engineered sweet corn, or a combination of both (Flood

et al. 2005). Insecticide management decisions are based on the fre-

quency of adults captured in black light traps or pheromone traps

during silking (Flood et al. 2005). At the time of publication, we

were unaware of any peer-reviewed research establishing an
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economic injury level or economic threshold for H. zea infestations

in sweet corn. When sweet corn is destined for processing, there is a

greater tolerance for infested ears because only the ear tip is typically

infested and it can be mechanically removed. As a result, growers

may be less constrained in their insecticide spray program for proc-

essing sweet corn than fresh-market sweet corn. More research-

based treatment guidelines are needed for both markets.

Monitoring
Monitoring H. zea populations is an important step for making

informed control decisions. Because of the high labor requirements

and difficulty in monitoring eggs on the silks, pheromone traps have

been used since the 1980s to monitor adult male H. zea populations.

Research has suggested correlations between pheromone traps cap-

turing male moths and corresponding abundance of female H. zea

moths caught using traditional black light or net catch methods in

the same vicinity (Chowdhury et al. 1987a, Latheef et al. 1993). The

relationship between pheromone-trapped males and free-flying

female moths has formed the basis for current decision-making strat-

egies. However, whether there is a direct relationship between phero-

mone trap catches and subsequent ear damage remains unclear.

Trap type and lure composition–brand can have a significant

impact on the efficacy of monitoring H. zea populations. Research

shows the attraction of male H. zea to different lure brands is varia-

ble and that trap design (Hartstack vs. Heliothis) is also important

(Drapek et al. 1990, Gauthier et al. 1991). Nonetheless, pheromone

traps are an important tool for sweet corn growers. The New York

State Integrated Pest Management Program (NYSIPM) Sweet Corn

Pheromone Trap Network Report provides weekly local counts

across New York State through the growing season using Heliothis

traps baited with Hercon (Hercon Environmental, Emigsville, PA,

USA) earworm pheromone lures that are checked by growers and

cooperators and are accessible online anytime (http://sweetcorn.

nysipm.cornell.edu/). Pest Watch integrates both field collection and

pheromone trap data from state-level cooperators across the north-

east United States to provide growers and researchers a regional per-

spective of earworm population trends in real time (http://www.

pestwatch.psu.edu/sweetcorn/tool/tool.html).

Sweet corn planting date, frequency of insecticide applications,

and pheromone trap catches have all been used in predictive models

to understand when and how infestation by H. zea occurs.

Chowdhury et al. (1987b) found that the sum of H. zea males cap-

tured in pheromone traps on all pesticide-free days during ear devel-

opment best predicted yield loss at harvest in Georgia. In Texas,

statistical modeling showed that male H. zea abundance in phero-

mone traps was significantly correlated with the emergence of fresh

green silks on the ear (Latheef et al. 1991). However, the literature

still has not provided a reliable predictor of ear damage based on

pheromone trap catch.

Chemical Control
Synthetic Insecticides

Synthetic insecticides used against H. zea in sweet corn have evolved

since the 1940s, when they first became available (Johnson 1944).

As of 2016, synthetic insecticides that are currently registered for

use against H. zea in sweet corn represent several different modes of

action (IRAC 2016), including carbamates (IRAC group 1A), dia-

mides (IRAC group 28), oxadiazines (IRAC group 22A), pyrethroids

(IRAC group 3A), and spinosyns (IRAC group 5; IRAC 2016). Field

testing has shown diamides provide consistent high levels of H. zea

control, whereas pyrethroids are more variable and spinosyns

generally provide less control of H. zea (Musser and Shelton 2003,

McLeod 2010, Shelton and Olmstead 2010). Research shows that

insecticidal compounds developed within the past 20 yr may have

lower toxicity to nontarget beneficial insects. For example, indoxa-

carb, spinosad, and chlorantraniliprole are less toxic to the most

abundant naturally occurring predators in sweet corn compared

with pyrethroid insecticides (Musser and Shelton 2003, Gradish

et al. 2011).

Pyrethroid insecticides are commonly used against H. zea in many

major agricultural crops of the United States. Helicoverpa zea adult

populations were surveyed throughout the United States, and wide-

spread but variable levels of pyrethroid resistance were observed dur-

ing the 1997 and 1998 growing seasons (Martin et al. 1999). Martin

et al. (1999) sampled and tested male moth populations using two

pyrethroid doses (5mg and 10mg) and found variable levels of resist-

ance in Alabama (12 and 2%, respectively), Louisiana (22 and 18%,

respectively), North Carolina (13 and 2%, respectively), South

Carolina (17 and 6%, respectively), Tennessee (6 and 1%, respec-

tively), and Texas (6% for both). Because H. zea migrates from south-

ern regions, where they may have been subjected to intense use of

insecticides, to northern regions, growers in northern regions are often

concerned that H. zea that arrive in their fields may already be resist-

ant to insecticides they intend to use. Preliminary screening of migra-

tory H. zea adult males caught in 2011 and 2012, using a

discriminating dose of lambda-cyhalothrin vial test protocol (Payne

et al. 2006), showed higher than expected levels of resistance that var-

ied yearly (D.L.O., and A.M.S. unpublished data).

Biologically Based Insecticides

The most commonly used biologically based group of insecticides

for H. zea management in sweet corn includes the active ingredient

Bacillus thuringiensis (Bt). Bt insecticides are frequently used in

organic sweet corn production, sometimes in combination with Zea-

later II application methods (Cook et al. 2003), and are less com-

monly used in conventional systems utilizing traditional varieties

(i.e., non-Bt cultivars; Hall and Dunn 1958, Bartels and Hutchison

1995). As of 2016, Deliver (Certis USA, Columbia, MD) and DiPel

(Valent Biosciences, Libertyville, IL), both of which contain the

‘kurstaki’ Bt isolate, are the two formulated Bt products available

for use against H. zea in the United States.

Viruses known to infect H. zea include lepidopteran-specific

baculoviruses that are classified into alphabaculoviruses (nucleopo-

lyhedroviruses; NPV) and betabaculoviruses (granuloviruses; Jehle

et al. 2006, Chiu et al. 2012). Most research has focused on the

potential control of H. zea with “cytoplasmic polyhedral virus”

(Ignoffo and Adams 1966, Bong and Sikorowski 1991, Lua and

Reid 2000), which Chiu et al. (2012) include as a member of the

genus Cypovirus within the family Reoviridae.

Variable rates of control using NPV against H. zea have been

achieved when applied directly to larvae or to infested corn silks

(Ignoffo and Adams 1966, Hamm and Young 1971, Bell and Romine

1986, Bong and Sikorowski 1991, Lua and Reid 2000, Granados

et al. 2001). Applications of NPV alone and in combination with

other insecticides to early-season sweet corn significantly improved

yield by 18.3 and 28.4%, respectively (Hamm and Young 1971).

Granuloviruses have been evaluated to a lesser extent in combination

with Bt for control of H. zea (Bell and Romine 1986, Granados et al.

2001). The use of these two pathogens together was antagonistic and

resulted in lower overall mortality of H. zea compared with either one

used separately. Gemstar (Certis, Columbia, MD) is the only NPV

product commercially available in the United States.
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Genetically Engineered Sweet Corn
Field corn expressing insecticidal crystal (Cry) proteins from

Bacillus thuringiensis (Bt) was first commercialized in 1997

(Naranjo et al. 2008) to provide systemic plant protection against

the European corn borer, Ostrinia nubilalis (Hübner), another lepi-

dopteran caterpillar pest of sweet corn. Bt field corn has been widely

adopted (>80% in 2015 in the United States, Fernandez-Cornejo

and Wechsler 2016) and has proven so successful that O. nubilalis

populations in the “Midwestern Corn Belt” of the United States

have declined to the point of not being a significant corn pest

(Hutchison et al. 2010).

Bt sweet corn varieties have piggy-backed on the development

and registration of Bt field corn (Naranjo et al. 2008, Shelton 2012).

Bt event 11, responsible for the expression of Cry1Ab, was the first

to be bred into sweet corn for control of O. nubilalis and was mar-

keted by Novartis Seeds in 1998 (Shelton 2012). Now marketed by

Syngenta, Cry1Ab sweet corn hybrids containing this protein use the

trade name Attribute and have been further enhanced by combining

the original Bt event 11 with a second protein called Vip3A. Vip3A

is an exotoxin also derived from Bt, but produced during vegetative

bacterial growth. The Vip3A protein has a different target site than

Cry toxins (Burkness et al. 2010). In the Attribute line of sweet

corn, pyramided Cry1Ab and Vip3A proteins provide more com-

plete control of H. zea due to different modes of action compared

with plants that expressed a single gene, or none at all. In Minnesota

and Maryland, pyramided (Cry1Ab and Vip3A) sweet corn hybrids

provided almost complete control of H. zea as well as O. nubilalis

and fall armyworm, Spodoptera frugiperda (Smith) (Lepidoptera:

Noctuidae) (Burkness et al. 2010). When plants expressed either

protein alone, neither performed as well as when they were com-

bined (Burkness et al. 2010).

Seminis (St. Louis, MO, USA) offers sweet corn hybrids that use

Performance series technology to express pyramided Cry1A.105 and

Cry2Ab2 insecticidal proteins. Shelton et al. (2013) reported results

from multi-state field trials of sweet corn pyramided with

Cry1A.105 and Cry2Ab2 compared with a sweet corn variety

expressing only Cry1Ab and a non-Bt isoline, with and without the

use of foliar insecticides. Sweet corn expressing two proteins

(Cry1A.105þCry2Ab2) or a single protein (Cry1Ab) provided high

marketability, and both Bt varieties significantly outperformed the

traditional non-Bt isolines in nearly all cases regardless of insecticide

application frequency. When comparisons for marketability in the

same state were made between Cry1A.105þCry2Ab2 versus

Cry1Ab plants for fresh-market standards, plants expressing

Cry1A.105þCry2Ab2 provided better protection and resulted in

less variability in control.

Insect resistance management strategies are mandatory in Bt field

corn, but sweet corn represents only a very small fraction of total

corn production in the United States (Burkness et al. 2011, Edwards

et al. 2013), representing less than 1% of total corn planted in 2012

(USDA NASS 2016). For this reason, Bt sweet corn is exempt from

United States Environmental Protection Agency rules requiring a

proportion of corn acreage to be planted with a non-Bt corn refuge

to delay resistance in H. zea or other Lepidoptera (Bates et al. 2005,

Edwards et al. 2013). However, crop destruction soon after harvest

is required, although this is primarily to control O. nubilalis, which

overwinters in corn stalks. Bt sweet corn is also compatible with bio-

logical control because proteins expressed in these varieties have no

adverse effects on nontarget beneficial organisms that are important

for control of H. zea (Bartsch et al. 2008; Tian et al. 2012, 2013,

2014a,b; Liu et al. 2014). The conservation of biological control

agents can help control secondary pests of sweet corn, including

aphids (Musser et al. 2006), and can help delay the evolution of

resistance to Bt plants (Onstad et al. 2013, Liu et al. 2014).

In 2013, it was estimated that Seminis sweet corn hybrids using

Performance series technology captured 5–10% of the fresh market

in the United States (Shelton et al. 2013). Bt sweet corn has the

capacity to significantly reduce the use of conventional insecticides

used against lepidopteran pests and reduce occupational and envi-

ronmental risks that arise from intensive insecticide use. Whether

this will be fully realized will depend on consumer acceptance.

Additional Management Options

Biological Control
Many insects have been identified in the literature as control agents

of H. zea in sweet corn fields. Species of Coccinellidae, Diptera,

Hemiptera, and Hymenoptera either parasitize or are predators of

eggs and larval stages.

Predators

Harmonia axyridis (Pallas) and Coleomegilla maculata (De Geer)

(Oatman 1966, Pfannenstiel and Yeargan 2002, Musser et al. 2004)

are commonly found on sweet corn. Pfannenstiel and Yeargan

(2002) attributed 45% of all observed predation events to C. macu-

lata in their study in Kentucky. Musser et al. (2004) documented

that C. maculata and H. axyridis were the most abundant predators

in New York State sweet corn. Exact predation levels of H. zea by

these predators are not known.

Hemipteran predators observed on sweet corn include Geocoris

spp. (Oatman 1966), Lygus lineolaris (Pfannenstiel and Yeargan

2002), and Orius insidiosis (Say) (Oatman 1966, Reid 1991,

Pfannenstiel and Yeargan 2002). Geocoris spp. were not as abun-

dant as Orius spp. in a study by Oatman (1966), but were still sig-

nificant predators of H. zea. Pfannenstiel and Yeargan (2002)

showed that O. insidiosis and L. lineolaris each accounted for

>10% of overall predation of H. zea in their sweet corn studies.

Reid (1991) showed >75% predation on H. zea eggs in corn silk at

an artificial infestation rate of 12 O. insidiosis per plant. Orius

insidiosis were also twice as abundant as all other predators com-

bined (Oatman 1966).

Parasitoids

Hymenopteran parasitoids of H. zea eggs and larvae have been

reported. Campoletis spp., Hyposoter spp., and Meloborus juscife-

mora (Graf) (Ichnuemonidae) (Oatman and Platner 1970) have been

recovered from H. zea larvae, whereas Trichogramma pretiosum

(Trichogrammatidae) (Oatman 1966) have been collected from

H. zea eggs. Oatman and Platner (1970) reported that Campoletis

spp. were the most common species among all observed parasitoids.

Work has been done using the parasitoid Archytas marmoratas

(Diptera: Tachinidae) against H. zea in sweet corn. Gross and

Young (1984) achieved a rate of 40% larval parasitism in controlled

cage studies. A follow-up field study achieved a parasitism rate of

58% when adult female A. marmoratas were released in fields with

low-density H. zea larval populations (Gross 1990). Oatman and

Platner (1970) collected the tachinids Eucelatoria armigera

(Coquillett) and Lespesia archippivora (Riley) from H. zea larvae

grown on sweet corn. We are unaware of any commercial inunda-

tive releases of biological control agents for control of H. zea,
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although programs of releases of Trichogramma spp. for O. nubila-

lis may also impact H. zea.

Cultural Control
Pest avoidance is a cultural control strategy that utilizes knowledge of

interactions between the host, the pest, and environment. Research

shows that H. zea oviposition rates peak during fresh silk production,

compared with later reproductive and earlier vegetative stages of

sweet corn development (Mitchell 1978, Latheef et al. 1991, Coop

et al. 1992, Archer and Bynum 1994). Utilizing knowledge of this

insect–plant–environment relationship to minimize H. zea infesta-

tions may be helpful for pest management in specific situations.

Cultural options to manage H. zea in sweet corn via the use of

either a trap crop or push–pull strategy, however, have been limited.

The success of a trap cropping or a push–pull strategy is contingent

on including a host that is more attractive than the cash crop itself

(Shelton and Badenes-Perez 2006). Corn is the most attractive host

for H. zea (Johnson et al. 1975), and therefore poses a great chal-

lenge for trap cropping. However, differences in sweet corn attrac-

tion could be created by manipulating the planting date or using

early maturing cultivars. For example, smaller plantings of non-

cash-crop sweet corn could be planted in proximity to the larger

plantings of cash-crop sweet corn. Earlier plantings of the non-cash-

crop corn would produce silks earlier and be more attractive than

those in the later plantings of cash-crop sweet corn, thereby luring

ovipositing H. zea away from the cash crop. In regions planted with

large areas of field corn, it may be possible to time sweet corn plant-

ings so they are less attractive than the nearby field corn. More

research is warranted for evaluating the effectiveness, feasibility,

and economics of such cultural control practices.

Host-plant Resistance
Traditional breeding for insect-resistant traits to manage H. zea in

sweet corn has a long history, but minimal commercial success.

Experiments have shown that silks of different corn varieties have

significant differences in cuticular lipids, maysin, and isomaysin

content, all of which significantly hinder larval development

(Wiseman and McMillian 1982, Wiseman and Isenhour 1990,

Wiseman et al. 1992, Yang et al. 1992). Anti-feeding compounds

such as these may have a negative effect on H. zea fecundity and

cause reductions in overall larval size and extend larval develop-

ment time. Wiseman and Carpenter (1995) determined that growth

inhibition factors in silk decrease protein absorption in H. zea,

leading to malnutrition. However, we are unaware of any tradi-

tionally bred sweet corn varieties on the market that are effective

in controlling H. zea.

Pheromone Disruption
In small corn fields, mating has been reduced using a disruption strat-

egy called the air-permeation technique (mating disruption) with syn-

thetic pheromones that impede males from finding and mating with

females (Mitchell et al. 1975, Mitchell and Mclaughlin 1982). The

success of this strategy may have little utility in northern regions if

H. zea moths mate in southern regions before migrating north to

infest sweet corn fields. While a reduction in pest pressure might be

possible at the field level where H. zea is a resident, using mating dis-

ruption in a coordinated area-wide effort across the agricultural

landscape would have the highest likelihood of area-wide pest sup-

pression (Cardé and Minks 1995). This strategy must also be care-

fully considered if more than one pest moth species is present.

A New Invasive Threat

While H. zea has become a major threat to sweet corn production in

the United States in the past two decades, its newly invasive relative,

H. armigera, will likely exacerbate problems. Like H. zea, H. armi-

gera is a heliothine moth (Lepidoptera: Noctuidae: Heliothinae) and

many of its close relatives are notorious for causing severe injury

and economic losses in major agricultural crops worldwide (Cho

et al. 2008). Cho et al (2008) evaluated the ancestry of H. zea and

other heliothines using a three-gene marker maximum likelihood

analysis (EF-1a, DDC, COI) and concluded that H. zea is most

closely related to H. armigera (Old World origin) and H. armigera

(New Zealand origin). Helicoverpa zea is separated from H. armi-

gera by a single phylogenetic division with a low bootstrap score of

60 (Cho et al 2008).

Tay et al. (2013) provided genetic evidence for the presence of

H. armigera in Brazil, and this was the first such report of estab-

lished H. armigera populations anywhere in the New World.

Kritikos et al. (2015) warned of the damage it could cause if it

invaded North America. As of 2014, H. armigera has been inter-

cepted at U.S. ports of entry >800 times (Sullivan and Molet 2014),

and its presence was confirmed in San Germ�an Puerto Rico the same

year (USDA APHIS 2014), representing the first detection of

H. armigera within U.S. political boundaries. In July 2015, live male

specimens were captured in Manatee County, Florida (USA), the

first occurrence in the continental United States (USDA APHIS

2015).

If H. armigera undergoes further range expansion in North

America, the similarity in behavior and biology to H. zea will com-

plicate management of the lepidopteran complex in sweet corn pro-

duction. For instance, these sister species can vary in their

susceptibility to insecticide chemistries; therefore, knowledge of

insecticides that will kill both species will be critical (McCaffery

1998). Until now, there has been little need to develop rapid genetic

identification techniques for H. zea. However, sweet corn growers

and researchers alike should learn to differentiate the two species

and make appropriate management decisions.

In conclusion, the large body of literature on H. zea in sweet

corn provides valuable insights about the biology, ecology, and

management of this important insect pest and should be used to

refine our existing management programs. Strategies that include

resistant sweet corn varieties, biological control, and cultural con-

trol can give growers the flexibility to reserve insecticide use as a

supplemental or curative control tactic. With recent confirmation of

H. armigera in the continental United States, and the fact that this

species is well-known for its ability to develop resistance to insecti-

cides, biotechnology may be an important component to successful

management of sympatric Helicoverpa spp. in sweet corn.

Sweet corn containing insect-resistant traits, whether developed

through traditional breeding or genetic engineering, should be the

foundation of any integrated pest management (IPM) program

(Kennedy 2008). The introduction of Bt field corn in the mid-1990s

and subsequent area-wide adoption ultimately led to regional

declines of O. nubilalis (Hutchison et al. 2010), and Bt technology

also may bode well for control of heliothine pests in sweet corn.

Efforts by public and private entities should continue to focus on

H. zea, but attention must also be paid to H. armigera so that plant

resistance technologies are in place when and wherever these insects

co-occur in the future.

Little is known about the defensive responses by sweet corn to

herbivory, especially those caused by H. zea. Current ecological
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research shows that a complex system of chemical communication

exists between a plant host, the herbivore, and natural enemies (Heil

and Bueno 2007, Howe and Jander 2008, Hermann and Thaler

2014). The chemical responses, or lack thereof, within sweet corn to

H. zea herbivory could generate new candidate mechanisms of

control.

Traditional plant breeding and genetic engineering techniques

present opportunities to tailor sweet corn lines for enhanced resist-

ance to H. zea and H. armigera. Modification of traits such as husk

length, silk density, and silk maysin content, or inhibition of silk eth-

ylene production may hold promise as mechanisms for future con-

trol of H. zea. Other insecticidal molecules derived from Bt or other

organisms, use of RNAi technology, or behavioral modifying traits

may become realities in the future; however, this approach could

also suffer from negative public acceptance (Shelton 2012). Most

importantly, any insect-resistant plants expressing insecticidal or

behavioral modifying compounds should be implemented in the

overall framework of an ecologically and economically sustainable

IPM program.

Use of “softer” technologies such as Bt sweet corn or “softer”

insecticides like IRAC class 28 diamide chemistries may improve the

prospects for conserving biological control agents, leading to more

broadly integrated management tactics for H. zea and H. armigera

in the future. Use of more IPM-compatible insecticides will also

need to be coupled with better monitoring strategies and identifica-

tion of a more precise and reliable relationship between the presence

of insects and damage to the crop. The use of softer insecticides and

genetically engineered insect-resistant plants should also encourage

natural biological control in sweet corn.

The southern United States has long dealt with high pest pressure

from H. zea, not only in sweet corn, but across a wide variety of

vegetable and field crops. As producers elsewhere in the United

States face growing H. zea management challenges in sweet corn,

they should look to management strategies implemented by growers

and researchers in the southern United States, where H. zea abun-

dance is historically high. The agricultural community in these

southern areas is also likely to first confront the arrival of H. armi-

gera in the United States. Adequate resources should be provided

now to growers and researchers in the southern states to better

understand and manage H. armigera in sweet corn. By doing so,

growers and researchers elsewhere in North America will be better

prepared to deal with Helicoverpa spp. threats to sweet corn in the

coming years.

There is broad consensus among scientists that climate change is

no longer a question of “if or when” (Oreskes 2004), but where cli-

mate change impacts will be most pronounced. The impacts of such

changes on lepidopteran species around the world (Parmesan et al.

1999, Hill et al. 2002, Both et al. 2009) demonstrate the coming

challenges to managing H. zea and H. armigera in sweet corn.

Commercial sweet corn plantings are usually grown in monocul-

tures, but cropping patterns for sweet corn could change and may

include more diverse crops, including other nonhost crops in the

landscape that might lower populations of H. zea. Likewise, long-

and short-distance movement patterns of H. zea may shift due to

changing weather patterns or cropping systems in regions where

H. zea overwinters. The probability of successful overwintering by

H. zea in northern regions may increase due to warmer soil tempera-

tures and decreased exposure to lethal low temperatures. Larval

development rates will increase as the accumulation of developmen-

tal heat units accelerates. The potential for climate change to

increase the number of H. zea generations within a single season has

broad implications for H. zea management in sweet corn.
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