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Soybean looper (SBL), Chrysodeixis includens (Walker 1858) (Lepidoptera: Noctuidae), is one of the most damaging insect pests of soybean, Glycine max (L.) Merr., in the mid-south region of the United States, and causes significant economic losses to cotton, sunflower, tomato, and tobacco crops in the United States, Brazil, and Argentina. Soybean production in the southern region accounted for 15.5% of the total production in the United States, and yield losses due to invertebrate pests were 5.8%, or 1.09 million metric ton, in 2022. As insecticide resistance of SBL continues to rise, the lack of alternate control strategies is a serious concern. Numerous studies have been reported on pest status, distribution, semiochemical-based attractant blends, pesticides and resistance mechanisms, host-plant resistance mechanisms, and molecular tools for controlling this pest in soybeans and other crops. However, there is no comprehensive review that summarizes and discusses these research on SBL and soybeans. The current management strategies for SBL remain heavily reliant on chemical insecticides and transgenic crops. In contrast, integrated pest management (IPM) strategies are needed to control the pest in an effective and environmentally friendly way. This review examines and synthesizes the literature on SBL as a significant pest of soybeans and other important crops, highlighting recent progress in ecological interactions, host plant defenses, and control strategies and identifying information gaps, thereby suggesting avenues for further research on this pest.
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1 Introduction

Glycine max (L.) Merr. (Fabales: Fabaceae), or soybean, is the second most produced row crop in the United States (1). In 2023, the United States planted nearly 88.02 million acres and produced 4,417 bushels (million) of soybeans. Chrysodeixis includens (Walker, 1858) (Lepidoptera: Noctuidae) (commonly known as soybean looper, SBL) is a polyphagous pest. The caterpillars of SBL are voracious defoliators that cause significant damage to several crops, specifically soybeans, leading to devastating economic losses in the mid-southern United States. It feeds on almost 174 plant species belonging to 39 families (2), including common bean, sweet potato, tobacco, alfalfa, cotton, tomato, sunflower, okra, and morning glory. It can also adapt and consume other host plants (3). In the southern United States, where SBL is a major soybean pest, extensively dispersed throughout the Western Hemisphere (4), recently emerging as a major pest of economic importance in Brazil, specifically in cotton and soybean (5). In Argentina, it has also become a significant insect pest of soybean, which is the most important cultivated crop nationally (6). SBL is native to the Americas, specifically to North, Central, and South America. In North America, they occur predominantly in the southern and eastern United States, from Maine to Texas, with its presence extending as far west as California (3, 7). SBL’s distribution extends down to Argentina and Chile in the southern hemisphere (8). Also, they are reported in Australia and extend to the West Indies, and are reported from St. Helena Island in the South Atlantic Ocean (9, 10).

Chrysodeixis includens has developed resistance to multiple insecticide groups, including pyrethroids, carbamates, and organophosphates, throughout the southern United States (11). The widespread use of chemical insecticides against SBL is mainly associated with natural avoidance due to the larval tendency to stay underneath the leaf, which favors the development of resistance to insecticides (12). Concerns about field-evolved resistance to diamide-containing insecticides in SBL are currently prevalent in the southern United States due to dependence on a limited range of pesticide groups (13). Chrysodeixis includens is a widespread migratory pest, and adults migrate from Florida northward into Georgia and the Carolinas, as the temperature becomes more favorable for establishing their populations (14, 15). In agroecosystems where soybean and cotton are grown in close range, SBL outbreaks occur as cotton provides nutritious nectar for adults (16). A study by Moonga and Davis (17) reported that larvae raised on cotton have a greater net reproductive rate (R0), intrinsic rate of growth (r), and total number of progenies, compared with development on other crops under controlled conditions.

Recently, numerous research studies have been reported on SBL, including biology, ecology, host range, rearing techniques, sampling thresholds, olfaction, sex pheromones with attractant mixtures, chemical control methods, and IPM strategies to control SBL in soybean and other major row crops. Recent research has also led to the development of traps and monitoring methods using semiochemicals, novel cultivation practices, the appropriate timing for the introduction of biological control agents, the development of new strategies for host plant resistance using Cry proteins from Bacillus thuringensis (Bt), and molecular techniques in addition to IPM programs against SBL. However, a comprehensive review summarizing the research on integrated pest management of SBL has yet to be reported. This review mainly discusses recent advances in research on SBL, including the ecological interactions, host plant defenses, and different management methods, as well as future research directions in IPM.




2 Biology and life stages

Chrysodeixis includens is a lepidopteran polyphagous pest that causes significant economic damage to different crops (18). During the 2021 growing season, because of SBL infestation, total losses were 3,613 (bushels, in thousands), and targeted foliar insecticide application or replanting costs were $49,369 (in thousands) (DOI: doi.org/10.31274/cpn-20230511-0). There are many reports on the feeding damage caused by the larval stages of SBL on soybeans in different parts of North and South America and throughout Central America. The larvae form a characteristic feeding pattern on the underside of the leaves, moving from bottom to top and resembling a distinctive ‘window-like’ feeding pattern (19).

Adult females deposit eggs singly in the lower half of the canopy on the underside of leaves at night and can lay around 600 eggs (20). The eggs are round and measure about 0.5 mm in diameter. After hatching, larvae typically transition through six different instars (21). Depending on various conditions, such as nutritional value of host plants and temperature, the first instar lasts 3-4 days, while most other instars last 2-3 days. The last instar is completed within 5-6 days (Figure 1). Larvae generally feed for 2-3 weeks before undergoing pupation (21). Larvae are light to dark green, with white stripes running across the dorsal and lateral parts of the body. The body of a larva is thicker and more prominent at the rear, tapers towards the head, and can grow up to 3 cm in length. The caterpillars of SBL can be distinguished from many similar-looking species like Hypena scabra (Fab, 1798) (Lepidoptera: Noctuidae) or green cloverworms, both species perform looping motions, while cloverworms possess three pairs of prolegs, whereas SBL have only two pairs of prolegs (19, 20). Pupation also takes place underneath the leaves; the pupa is covered by a silken cocoon and completed in 7-9 days. Pupae are about ~1.27 cm long and white to green color range (Figure 1) (20, 21).




Figure 1 | Life cycle stages of the soybean looper on soybeans, showing eggs, larval instars, pre-pupa, pupal stage, and adult mating pair.



The adult moth has a wingspan ranging from 2.54-3.81 cm and is brown to black. Forewings are darker than hindwings and possess silvery white spots, a distinguishable feature of the SBL (19). The longevity of female moths ranges from 13.5 to 14.8 days on different hosts (18). The larval developmental period varies between 29 days and 19 days on an artificial diet at 70 and 80°F, respectively, and larvae reared on soybeans in the field develop in 19 days, pupae develop in 7 days at 80°F (22). One generation of SBL is completed in less than a month in the southern United States, and in Louisiana, they can complete up to four generations a year.




3 Host plants, crop damage, promoting factors behind outbreaks, and a variety of defense mechanisms



3.1 Host plants and distributions

Chrysodeixis includens is a highly polyphagous pest that feeds on a variety of cultivated and weedy hosts, numbering about 174 plants belonging to 39 plant families, including cabbage (Brassica oleracea L.) (Brassicales: Brassicaceae), common bean (Phaseolus vulgaris L.) (Fabales: Fabaceae), lambs quarters (Chenopodium album L.) (Caryophyllales: Amaranthaceae), common morning glory (Ipomoea purpurea L.) (Solanales: Convolvulaceae), okra (Abelmoschus esculentus (L.) Moench) (Malvales: Malvaceae), Palmer amaranth (Amaranthus palmeri S. Wats) (Caryophyllales: Amaranthaceae), sweet potato (Ipomoea batatas (L.) Lam.) (Solanales: Convolvulaceae), tobacco (Nicotiana tabacum L.) (Solanales: Solanaceae), and tomato (Solanum lycopersicum L.) (Solanales: Solanaceae) (2, 23–25). A comparative study on the biology of SBL suggested that leaves of soybean, sunflower, and morning glory are favorable hosts for the development of the SBL. In contrast, the leaves of cotton (Gossypium hirsutum L.) (Malvales: Malvaceae), are less nutritionally adequate for overall development (18). In the absence of its preferred hosts, the SBL can adapt and feed on other plants (17) from families such as Alismataceae, Amaranthaceae, Apiaceae, Araceae, Araliaceae, Asteraceae, Poaceae, Solanaceae, Fabaceae, Euphorbiaceae, Malvaceae, Lamiaceae, Brassicaceae, Caryophyllaceae, Commelinaceae, and Convolvulaceae that are both cultivated and wild species (2).

SBL has been reported as a critical pest of soybeans in North America, and economic infestations in soybean occur north of Texas, Arkansas, Mississippi, Alabama, Georgia, and South Carolina (3, 26). Preferably, adult SBL lay their eggs in the lower part of the plants, but caterpillars mainly restrict themselves to the mid- and lower regions of plants (27, 28). The average density of SBL is highest during the complete bloom phase of soybean (28–30). They are better adapted to warmer regions. The highest occurrence of adults were observed during the reproductive stage of soybean. In the southern United States, SBL populations are most prevalent from August to September (31, 32). The permanent populations of SBL in the United States are thought to be restricted to the southern parts of Texas and Florida due to their inability to withstand winters in other regions, but the geographic range of the infestation is expanding annually (33). Each year, SBL migrate northward across several thousand miles in the United States, extending their territory during the same spring and summer growth season as a migratory pest (33, 34).




3.2 Crop damage

In southern states, SBL has four generations per year, with maximum populations observed in soybeans from late July to the end of August (28). Chrysodeixis includens is mainly a foliage feeder, and major damage comes from leaf feeding. Only immature pods serve as their food source, and they abstain from consuming pods with seeds developing in it. An individual SBL larva may consume 114-140 cm2 of foliage, with 97% of the total intake happening during the late instars (62, 63). Early instars feed on the abaxial leaf surface and avoid the adaxial part, resulting in a clear window-like feeding pattern. Older larvae produce irregular holes and ragged margins by consuming the entire leaf from its margins. Large lateral leaf veins are often not fed on, giving the plant a ‘lace-like’ appearance (3, 5). Adult moths feed exclusively on nectar (20, 64).

Typically, soybeans do not become more resistant unless the same insect eats less leaf tissue at a later growth stages. Instead, the impact on yield from defoliation is not the same. The most vulnerable phases are the R3-R5 growth phase, R6 is less vulnerable, and R7 stage soybean are usually safe from major yield loss to defoliators like SBL. It was found that a high density of SBL eggs was observed in the full bloom stage (R2 growth stage) (28). Large populations of SBL are typically seen during the late season, increasing the risk of infestation for later maturing beans. Excessive defoliation can potentially impact yield indirectly by reducing the amount of photosynthetic energy the leaves produce for seed development. Because cotton nectar is a carbohydrate source that can significantly increase egg production by female moths, infestation rates tend to peak in the late season, especially in regions where cotton is also grown (16). In recent decades, very little research has been reported on SBL damage to soybeans in the southern United States. Analysis of agronomic practices and landscape factors can help predict yield losses in relation to pest abundance. Further research is needed to determine the distribution pattern, infestation rate, and intensity of damage caused by SBL in soybean fields.




3.3 Promoting factors behind soybean looper outbreaks

The proximity of cotton and soybean agroecosystems serves as the perfect combination for outbreaks of SBL because they often get a healthy supply of nectar from cotton (16). In recent years, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae) (podworm) and SBL have become the most destructive pest of soybean in southeastern states, responsible for approximately 24% insect management costs, and 12.9% of yield losses (65). It has been observed that SBL can often coexist with other lepidopterans that feed on leaves, such as Anticarsia gemmatalis (Hübner) (Lepidoptera: Noctuidae) (velvetbean caterpillars) and H. scabra (green cloverworms). If the combination of foliage feeding larvae cause damage up to 25%, then immediate control measures are justified (66).

Previously, SBL was considered as a secondary pest. Numerous outbreaks of SBL populations in soybean throughout South America over the past two decades have elevated this species as a major pest of soybeans (2). Musser et al. (65) reported that crop losses and management costs for SBL in the United States were estimated to be $56.8 million in 2019, which include majority of the range where SBL is considered a pest (67). In regions where both SBL and bean leaf beetle, Cerotoma trifurcate (Forster) (Coleoptera: Chrysomelidae) are present simultaneously, there is evidence that loopers attack the plants after the beetles (68, 69). Felton et al. (70) reported that C. trifurcate reduces the H. zea feeding and larval growth when they co-exist on soybean field.

Among different insect pests, the stink bug was the most economical pest in soybeans, followed by H. zea and SBL. Total insect management costs were $16.78 per acre, with estimated crop losses to insects at $15.36 per acre, making the total costs plus losses $32.13 per acre in 2022 (67). Chrysodeixis includens reproduce all year round as they do not diapause. They are known to overwinter in South Florida and South Texas in the continental United States. Since the 2013-2014 crop season, Bt soybean plants expressing the Cry1Ac protein have been approved for cultivation in Brazil (71, 72). The technology used in Bt soybeans allows for excellent management of SBL, and the trait appears to be a high-dose event in soybean. Selection of resistant populations remains challenging, especially considering how widespread this technology is in South America (73). Future research should investigate the phenological dynamic patterns and alternative host plants used by SBL, as this may help in the identification and management of potential population outbreaks, and is necessary for the development and recommendation of methods to minimize economic losses. Palma et al. (74) reported on the molecular characterization of SBL using inter simple sequence repeat (ISSR) markers. These are arbitrary markers generated by PCR that allow polymorphism detection in the regions of the inter-microsatellite loci consisting of di-, tri-, or tetra-nucleotide sequence repeats. Results of this study showed that high gene flow and low genetic differentiation were detected between different populations from different Brazilian regions, indicating recent re-colonization or migration patterns. A follow-up study by Silva et al. (75) described that the mean number of alleles per locus in three populations of SBL ranged from 2.33 for L3 to 14.67 for L6. Structural traits and F-statistics revealed low population structure and high levels of inbreeding. These suggests that future research on the ecology, demography, host dynamics, and gene flow of SBL will benefit from the use of SSR markers in this species. This information can be helpful in understanding the recent SBL population outbreaks in South America.




3.4 Defenses in soybean against soybean loopers

Soybean plants have developed a suite of resistance strategies and defensive mechanisms for protection from herbivore damage. These strategies include constitutive and induced defenses, which influence herbivore settling, feeding, oviposition, development, and reproduction (76). Constitutive defenses are physical and chemical traits expressed by plants regardless of herbivore presence, whereas induced defenses are activated only after herbivore attacks (77, 78). Both types of defenses are costly, as they divert nutrient resources away from vegetative and reproductive functions towards protective mechanisms (79).



3.4.1 Constitutive defenses as trichomes

Trichomes, hair-like structures present on nearly all above-ground parts of soybean plants, except for the hypocotyl and cotyledons, serve as a significant constitutive defense mechanism (80) (Figure 2). These structures can impede insect movement, feeding, and performance. Trichomes are well-documented for imparting host plant resistance in soybeans. Although specific studies on the impact of soybean trichomes on SBL are lacking, evidence from studies on related species suggests their effectiveness in herbivore defense. For example, research on the cabbage looper, Trichoplusia ni (Hubner, 1803) (Lepidoptera: Noctuidae), a close relative of the SBL, demonstrated that higher trichome density on soybean leaves reduced oviposition rates (81). This suggests a similar mechanism might apply to SBL due to their taxonomic relationship. Additional evidence from studies on Pelargonium hortorum (Bailey) (Geraniales: Geraniaceae) (garden geranium) which is mainly used as an ornamental plant, reveals that glandular trichomes produce an exudate highly toxic to SBL eggs and larvae. This exudate reduces egg hatch rates, increases mortality in early instar caterpillars, and induces vein-cutting behavior in final instar larvae (82). Krisnawati et al. (83) reported that soybean genotypes with maximum resistance to Spodoptera litura (Fab.) (Lepidoptera: Noctuidae) possess short and dense trichomes on both adaxial and abaxial leaf surfaces. These findings suggest that similar trichome characteristics could enhance resistance against SBL. While direct studies on soybean trichomes and SBL are limited, extensive research on related species and other pests offers compelling evidence of trichome-mediated plant defense. These findings underscore the potential importance of trichomes in soybean defense mechanisms against herbivory, suggesting a promising avenue for enhancing pest resistance in soybean cultivation.




Figure 2 | Schematic representation of the various defense mechanisms of soybean plants against infestation by soybean loopers.






3.4.2 Induced defenses

Induced defenses in soybeans against herbivores involve a dynamic response to herbivore attacks, where the injury triggers various defense mechanisms (84–86). These responses may include the release of chemical compounds like phytoalexins and volatile organic compounds (VOCs), as well as changes in plant physiology and the recruitment of natural enemies (76, 87) (Figure 2). Smith (88) found that a soybean variety, (PI) 227687, resistant to SBL, triggers a cascade of induced defenses against herbivory, thereby resulting in heightened mortality and reduced fitness of the SBL larvae. Hart et al. (89) conducted a study investigating the impact of soybean phytoalexins on the feeding behavior of SBL and Mexican bean beetle. They observed that sixth-instars of SBL exhibited no preference between control and phytoalexin-rich tissues. Their findings indicate that while SBL may initially show no preference for phytoalexin-rich tissues, incorporating glyceollin into their diets could impact their survival rate. Lin and Kogan (90) evaluated induced resistance in soybean against SBL. Results showed that induced resistance slowed the development and growth of SBL. Besides this, Srinivas et al. (91) reported that SBL feeding induced a higher level of cross-resistance against bean leaf beetle feeding than vice versa, highlighting the complexity of induced defense mechanisms.

Similarly, elicitors, whether natural chemicals like jasmonic acid and salicylic acid or synthetic ones like methyl jasmonate and Actigard 50WG, play comparable roles to natural herbivores in triggering plant responses (92). These induced responses can potentially safeguard soybean plants by activating both direct and indirect resistance against pests at the appropriate developmental stages (93). Given the SBL’s resistance to numerous insecticides, induced host plant resistance emerges as a viable alternative control strategy. Chen et al. (87) demonstrated that the exogenous application of elicitors, including Actigard 50WG, Regalia, and methyl jasmonate (MeJA), negatively affected the developmental time, defoliation, and pupal weight of SBL, with MeJA exerting the most pronounced effects (Figure 2). These findings highlight the importance of induced defenses as a promising avenue for enhancing soybean resistance against herbivory. Further research into the mechanisms underlying these defenses could provide valuable insights for developing sustainable pest management strategies in soybean cultivation.






4 Behavior and ecology of Chrysodeixis includens



4.1 Semiochemicals

The advancement of mass trapping and mating disruption strategies, as well as their prospective application against SBL, depends on the accurate identification and optimization of their sex pheromones. Minimal studies have reported potential sex pheromones for SBL for attracting adults in soybean fields; hence, the discovery and optimization of such a sex pheromone for SBL are crucial (Table 1). Berger (97) first isolated, identified, and synthesized (Z)-7-dodecenyl acetate (Z7-12:Ac), the sex pheromone produced by the female cabbage looper. Follow-up studies showed that Z7-12:Ac was attractive to male moths of SBL in the laboratory as well as in the field (98). Mitchell (99) reported that both cabbage looper and SBL females belonging to the Noctuidae family produce this compound, likely making it the major component of the sex pheromone for both species. Although males of one moth species were attracted to the sex pheromone of conspecific females, they were not attracted to the pheromone of another species of female, which indicates the interaction is highly species-specific (100). Linn et al. (101) reported a five-component blend consisting of Z7-12:OAc as their most abundant compound, two other minor components: dodecyl acetate (12:OAc) and 11-dodecenyl acetate (11-12:OAc), and two different compounds added by them that are specific to SBL: Z-7-dodecenylpropionate (Z7-12: Prop) and Z-7-dodecenyl butanoate (Z7-12:But). This 5-component blend lure was found to give a higher level of response in SBL males than a single-component Z7-12Ac blend. Different studies simultaneously reported that the three main components of the sex pheromone blend of SBL consist of (Z)-7-dodecenyl acetate (Z7-12:Ac), (Z)-9-tetradecenyl acetate (Z9-14:Ac), and (Z)-11-hexadecenyl acetate (Z11-16:Ac) (68, 96, 97, 101). Results showed that the synthetic blend of these three components was highly attractive to male moths in field trials (68, 101).


Table 1 | Semiochemicals eliciting soybean looper response/attraction.



Plants also defend themselves indirectly by releasing volatile organic compounds (VOCs) that may attract natural enemies of herbivorous insects to reduce the pest populations. Many agricultural crops, like soybeans, have been the subject of extensive research and reported on for induced plant resistance. Ramachandran and Norris (102) demonstrated that the responses of SBL and a parasitoid, Microplitis demolitor Wilkinson (Hymenoptera: Braconidae), to alcohols were similar; both were most sensitive to aldehydes and ketones and least sensitive to alcohols and hydrocarbons. Although, among the compounds tested, the least sensitivity to alcohols and hydrocarbons was proven by using electroantennogram studies. In two experimental setups, phenylacetaldehyde was used as a lure to capture Noctuidae family moths, including SBL, by using Unitraps (95). Stringer et al. (96) conducted an experiment to test traps for capturing SBL baited with synthetic lures derived from floral volatiles of the Canada thistle, Cirsium arvense (L.) (Asterales: Asteraceae), in combination with phenylacetaldehyde. They concluded that trap catches were higher when phenylacetaldehyde was combined with five prevalent volatiles present in C. arvense flowers. The abundance of female moths was twice that of males in trap capture. Further studies should explore whether these olfactory cues influence the behavior of SBL under different field conditions. Also, advances in understanding the behavioral ecology of SBL may help to create and apply efficient attract-and-kill approaches to minimize crop damage.




4.2 Trap characteristics associated with SBL capture

Herbivorous insects rely on multisensory integration of sensory cues to make decisions about the location of their host; in addition, visual cues can be crucial, especially for attraction at close range (103, 104). Therefore, optimizing the visual aspects of a trap could improve the effective capture of SBL under field conditions. Various studies have shown that SBL can be caught effectively by using different types of commercially available traps, including electric grid traps (98), pheromone-baited black light traps (99), wing traps (101), Hartstack traps (105), universal moth traps (95), and delta traps (28).

Among the different types of traps, delta traps have proven to be effective, reusable, and relatively cheap, with a replaceable sticky capture surface. Nevertheless, they are limited by the area of the sticky surface, which can become less sticky as moth capture increases and when dust or debris is blown into it (94, 96). Universal moth traps have the same favorable practical properties as delta traps, with the added advantage that they have a more extensive reservoir for the trapped moths, are less affected by wind-blown dust and debris, and the escape of captured moths is reduced when kill strips are used (28, 94).




4.3 Feeding performance of SBL

All instars of SBL primarily consume soybean leaves, but the third through fifth instars account for approximately 95% of total foliage consumption by the species (105, 106). Typically, early larvae prefer to feed on younger leaves, and late larval stages migrate to the upper canopy and feed indiscriminately on leaves (3, 107). Reid and Greene (63) reported that the consumption of leaves by the first three instars comprised only 3.3% of the total consumption; the final three instars performed the remaining 96.7% of consumption. Follow-up studies reported that the average total consumption for a larva was 113.82 cm2 as it matured through six instars (62, 108). Their findings indicate that larvae consumed an average of 0.13, 0.41, 1.99, 5.51, 12.18, and 93.48 cm2 of leaf tissue by one to six instars, respectively. Another similar study by Kogan and Cope (109) reported a total of 206.71 cm2 of leaf tissue consumed by individual larvae, and first through sixth instar larvae consumed on an average of 1.18, 3.36, 13.81, 26.35, 76.44, and 85.66 cm2, respectively, and 91.1% of leaf area was consumed solely by the last three instars. Further research involving the comparative analysis of feeding damaged by different SBL larval stages in field conditions could provide an estimation of the damage level performed by their population in a particular field condition.





5 Effects of external factors on soybean looper



5.1 Impact of abiotic factors

Abiotic factors such as drought, elevated temperature, and CO2 have pronounced effects on crops and, consequently, influence SBL biology, physiology, reproduction, and migratory behavior (110). Restricted water availability and severe drought have been found to alter the leaf water potential in soybean (109, 110), which could affect the growth and development of foliage-feeding herbivores like SBL. It has been well established that water-mediated changes in leaf water potential and chemical composition lead to induced defenses, such as trichomes (111). Higher trichome density in leaves serves dual purposes: the first is to reduce the loss of water via minimized transpiration, and the second is to defend against herbivores (112). Chen et al. (113) reported increased trichome density under the reduction of stem water potential due to water stress. This can potentially restrict the SBL movement, feeding and impact their growth upon ingestion in later stages.

Moreover, drought stress in soybeans has been found to be associated with a significant reduction in larval weights and prolonged larval developmental of SBL (35, 36, 114). In the case of SBL, according to Santos et al. (37), both excess and lack of rain raise larval mortality and alter their abundance. Similarly, Lambert and Heatherly (38) reported a substantial impact of water deficit on the larval development of SBL; larvae developing on irrigated soybeans were bigger and defoliated significantly greater proportions of leaves compared with larvae on water-deficit soybeans. Under simulated drought conditions, SBL performed poorly when feeding on stressed soybeans and showed non-preference behavior towards drought stressed soybeans (115). It has also been observed that water stress drives the SBL to look for a cooler and less humid canopy (114), which is uncommon in dryland farming systems. This suggests that, along with drought or water limitations in crops, temperature also plays a significant role in shaping host-insect interactions.

Like drought, temperature also affects growth and development of SBL throughout the larval and adult stages, but differentially. Mason and Mack (39) reported that female longevity decreased as temperature increased. Nevertheless, the temperature had a curvilinear relationship with the oviposition rate of SBL, which maxed at ~30°C and started decreasing beyond that temperature (39). On the other hand, Trichilo and Mack (107) observed a linear increase in the feeding rate of SBL, from 15.6°C to 32.2°C, suggesting that higher temperatures favored greater consumption of leaves by SBL. Therefore, it is evident that drought and temperature, two major stressors, prominently affect host location, development, mating, and dispersal of SBL.

Abiotic stressors also affect the trophic interactions of SBL and their predators. The nymphs and adult males of Geocoris punctipes (Say, 1832) (Hemiptera: Geocoridae) (bigeyed bugs), predators of SBL, were found to feed more on SBL eggs at higher temperatures (40), suggesting greater activity of predators with increasing temperature. Some studies have reported a relatively equal abundance of big-eyed bugs under drought and irrigated conditions (41). On the other hand, McPherson et al. (42) found that predators such as Nabis spp. and Geocoris spp. were more abundant under irrigated conditions. A comprehensive understanding of SBL interactions with different trophic levels under such abiotic stressors is clearly lacking and warrants further research.

Concurrently, it is evident that climate-driven events such as drought and fluctuations in temperature have consequences for host-insect interactions for most insect pests, with SBL being a migratory pest (30) and particularly sensitive to environmental changes. With a changing climate, looper overwintering range could expand, bringing them to more northern areas sooner, leading to an increase in pest status (30, 31). Recent rapid changes in climatic conditions, drought, and temperature, along with other abiotic factors such as elevated CO2, ozone level, greenhouse gases, and nutrient availability, will possibly undergo rapid dynamic fluctuation in the future. These abiotic factors could have significant cascading effects on SBL biology, mating, distribution, and migratory behavior, which are of great concern for several agricultural crops. The influence of climate, soil, and atmosphere on parasitoids can be significant, either directly or through plants. The degree of specialization of parasitoids significantly affects their response to varying abiotic conditions (43). Therefore, future studies should emphasize exploring the combined effects of several abiotic stresses on these traits to advance our knowledge of their impacts on SBL.




5.2 Consequences of long-term insecticide application

Chrysodeixis includens has developed resistance to almost every class of insecticide, including cyclodienes, DDT, organophosphates, carbamates, and pyrethroids, which makes it more challenging to control (7). Permethrin was initially effective at controlling loopers, but resistance was documented in 1987 (7). Reduction in neuronal and increased monooxygenase activity by cytochrome P450 are known to be the major mechanisms related to pyrethroid resistance in SBL and other lepidopteran pests (44, 116).

Control of SBL has become costly and challenging due to its tendency to acquire resistance to insecticides, mainly where cotton and soybeans are grown in close proximity. In particular, it was found that, in cotton-soybean agricultural ecosystems, permethrin resistance became more severe. This is likely due to the unintentional selection of SBL resulting from intensive pyrethroid treatment on cotton (45). Isbilir et al. (46), investigated the molecular characterization of the ryanodine receptor (RyR) and diamide resistance in SBL. In Puerto Rico, they observed considerable resistance to chlorantraniliprole. A study by Stacke et al. (12) found that the teflubenzuron resistance strain showed high cross-resistance to other chitin inhibitor insecticides, such as novaluron and lufenuron, but showed low cross-resistance to methoxyfenozide, flubendiamide, and indoxacarb.

Although the physiological mechanism underlying insecticide resistance in SBL is poorly understood, elevated levels of various metabolic enzymes were reported by Rose et al. (47), and Thomas and Boethel (44) discovered indications of target-site resistance. However, most of the studies conducted dealt with the resistance effect, so it is essential to gain knowledge about the genetic basis of resistance to insecticides in order to prevent or delay the effects of insecticide applications. In addition, studying the fitness costs associated with resistance can help to determine whether susceptibility can be restored without the use of insecticides.





6 Integrated management strategies



6.1 Sampling methodologies

Sweep nets and drop cloths are usually used to sample populations of SBL. But sampling biases associated with these methods are essential to consider when estimating populations of SBL. The drop cloth provides proximate population estimates for lepidopteran species, whereas the sweep net is a relative sampling method (48).

Different studies have examined the distinction between drop-cloth (also called shake-sheet) and sweep-net sampling by using either natural infestations or infesting known numbers of larvae in cages for the calculation of the recovery percentage (49, 50). Studebaker et al. (51) reported greater larval recovery by drop-cloth sampling, as soybean plants progressed through the reproductive growth stages, and recovery percentages for sweep net sampling were generally lower than those from drop-cloth sampling. Rudd and Jensen (52) conducted a comparison study between two sampling methods for SBL and reported that drop-cloth sampling was more effective than sweep-net sampling. They captured 12.4 SBL larvae (sample units are 1.82 row-m per sample) for every 10 larvae (per 25 sweeps) using sweep-net sampling. Marston et al. (50) converted the number of larvae collected by drop-cloth samples to whole-plant sampling and found that a higher percentage of larvae were recovered as the plants increased in growth stage and larvae increased in size.




6.2 Sampling thresholds

Economic thresholds for SBL in soybean fields are mainly based on visual estimations of defoliation percentage. Effective and efficient application of soybean insecticides can be achieved through the utilization of monitoring methods like sweep nets and pheromone traps. Flemming et al. (68) reported 2 types of trap (delta traps and bucket traps) and 3 commercially available lures (scentry lure, alpha scents) containing (Z)-7-dodecenyl acetate as the major active component of the lure used for SBL catch. The SBL go through four generations per year in Louisiana soybean fields. In Arkansas, the defoliation threshold is 40% in the vegetative stage and 25% in the reproductive stage, and defoliation in the reproductive stage mainly causes yield losses (53). Researchers in Arkansas, Mississippi, and Tennessee have identified different population thresholds for SBL larvae in sweep-net collections. Specifically, they found that 38 larvae per 25 sweeps are the threshold in vegetative stages, while 19 larvae per 25 sweeps are the threshold in reproductive stages (53, 54). Turnipseed (55) reported that the use of a shake-sheet for sampling SBL resulted in a higher number of larvae captured in comparison to the use of a sweep-net.

Defoliation by SBL can result in an overall reduction in yields for both irrigated and non-irrigated soybeans, while substantial yield reductions primarily occur during reproductive growth stages. Also, irrigated soybeans showed a more significant yield reduction of up to 50% than non-irrigated soybeans (54, 117). R3-R5 growth stages of soybeans had higher sensitivity to defoliation when compared with defoliation of the R6 stage (56), and one-time defoliation (16.5%) at the R3 growth stage (57). The ideal leaf area index (LAI) for maximum yield should be adjusted to the maturity group, stem maturity, and planting date. In the subtropical environment, soybean experiments and farms with a high level of technology exhibited a rise in yield (more than 4.5 metric tonnes ha−1), concurrent with an enlarged LAI (58). Major economic damage from SBL in the mid-south region is most likely during the period of reproductive growth of soybeans.




6.3 Cultural, mechanical, and physical control

The use of herbicide-resistant soybeans is a common practice among farmers in the United States, and were grown on 93% of the total soybean acreage in the United States in 2012 (118). Since 1996, glufosinate-resistant soybeans have been available to growers. In a previous review of IPM for soybean, Heinrich and Muniappan (119) reported that, for tropical farmers, cultural practices offer potential as IPM components because they are easy to implement, economical, practical, and safe for the environment.

Mascarenhas and Pitre (30) reported that an increased rate of oviposition by SBL in soybeans was found during the beginning pod (R3) developmental stage and the full pod (R4) developmental stage compared with the late vegetative (V4) and full bloom (R2) growth stages. Generally, planting dates are determined by climatic conditions, cultivars, and economic considerations. Early planting of early-maturing cultivars may be a means of cultural control for SBL in North American regions (120). Because, higher populations of SBL were observed in September than in June-July, early planting is suggested to avoid increased populations and late activity that results in massive damage (120, 121). As SBL migrates into soybean-growing regions, it takes time for populations to establish and cause severe damage levels. Also, a long time is required for soybeans to mature, and those that are planted later in the spring are at risk of severe damage. Additionally, row spacing has played an essential role in controlling SBL populations (122).

Throughout the Americas, SBL has showed sharp population peaks in different periods of the year (123, 124). As SBL is polyphagous, they maintain small populations surviving on alternate host plants throughout much of the year. In the presence of soybeans and favorable conditions, these populations can multiply rapidly (125). However, SBL preferred cotton and common beans as alternative hosts, which are also used in intercropping with soybeans (125). The use of these alternative hosts could, therefore, reveal changes in the population dynamics of SBL, further studies may clarify this inference.




6.4 Plant nutrition in relation to SBL infestation

Changes in plant nutritional composition could have an impact on metabolism and hormonal and signaling pathways, which may lead to changes in plant susceptibility and attractiveness to insects (126). In plants, potassium is crucial for the synthesis and transportation of primary metabolites and is responsible for the enhancement of specific nitrogenase activation and nitrogen fixation in the family Fabaceae like soybeans (127). Soybean plants can accumulate the highest amount of potassium at the R3 growth stage when soybeans begin podding (128). In a study by Chen et al. (128), growth and development of SBL were enhanced by optimal applications of potassium fertilizer. When soybean plants were fertilized with higher rates of potassium, growth of SBL was faster, and more leaf tissue was consumed, indicating that the foliage from potassium-treated plants is more conducive to SBL development. They found that, among a range of potassium fertilizer level (0, 33.6, 67.3, 100.9, 134.5, and 168.1 kg/ha of K2O), SBL consumed more leaf tissue and larval developmental time became shorter when feeding on foliage from the highest concentration treatments (128).




6.5 Host plant resistance strategies

Soybean plants that naturally resist SBL can be utilized for the management of SBL populations, offering an alternative approach to control with insecticides (132). Wille et al. (130) investigated the natural resistance of four soybean cultivars (BR 36, Benso 1RR, NA 5909 RG, and BMX Turbo RR) recommended for the southern Brazilian market to control SBL. The consumption of larvae was significantly higher on Benso 1 RR cultivars compared to other cultivars. The introduced genotypes PI 171451, PI 227687, and PI 229358 were mainly resilient to coleopteran insect pests (131). According to Boethel (132), these genotypes exhibited both antixenosis and antibiosis modes of plant resistance to major lepidopteran soybean pests. The use of PI 229358 was widespread in soybean genetic improvement initiatives in North Carolina, South Carolina, and Mississippi (133) decades ago. Smith and Gilaman (133) reported that when fed on PI 227687 foliage, larvae of SBL experienced significant mortality during both the early (3–7 days) and late (18–25 days) stages. Beach et al. (134) suggested that larvae of SBL that reared on resistant genotypes (GATIR 81-26, 81-306, 81-327, and PI 423968) consumed less foliage and had lower pupal weights than larvae reared on the susceptible genotype. Beach and Todd (135) suggested that the Georgia soybean variety, referred to as GatIR (81–296) displayed resistance to SBL and velvetbean caterpillar similar to that of the PI (229358) genotype.

For the last 25 years, farmers have benefited from the use of transgenic crops that produce B. thuringiensis (Bt) insecticidal proteins as effective pest management tools. The advantages of Bt technology in corn and cotton are endangered due to the evolution of resistance in several pests. Bt soybeans are not yet commercially available in United States. The sustainability of Bt crop resistance depends on the presence of non-Bt plants as a refuge against resistance (136). More Bt crops would result in inescapable selection pressure in H. zea, the major cotton pest and a corn pest for which soybean is a refuge.




6.6 Chemical control

Chrysodeixis includens have been controlled using various insecticide types, such as pyrethroids, carbamates, organophosphates, cyclodienes, DDT, and insect growth regulators (IGRs). Since the early 1960s, the southeastern United States has experienced insecticide resistance in the SBL population. Due to their capability to inhibit the enzyme acetylcholinesterase (AchE), organophosphates and carbamates were widely employed for managing SBL, but resistance was reported before 1970. From 1970 to 1972, the preference for managing SBL shifted towards methomyl, and its usage was recommended exclusively in Louisiana in 1974 (137). The mechanism of action for pyrethroids involves disrupting the electrical signaling in insects’ nervous systems by affecting the voltage-gated sodium channels within neuronal membranes. In the early 1980s, permethrin, a pyrethroid insecticide was introduced as a promising solution to SBL resistance to insecticides (138). During the early stages, the use of permethrin resulted in a significant level of effectiveness at one and four days post-treatment (18, 139). However, since 1987, resistance to SBL has been documented for pyrethroids in the United States (116, 140, 141). Stacke et al. (142) indicated that lambda-cyhalothrin-based pyrethroid resistance exists in SBL populations in Brazil. Populations of SBL resistant to cypermethrin and deltamethrin exhibit cross-resistance, potentially due to the similar molecular structures and binding sites of these pyrethroid insecticides (59, 60). Chrysodeixis includens in the central Delta region of Mississippi, as studied by Portillo et al. (61), exhibited enhanced resistance to pyrethroid insecticides. An observation was made that the resistance level between the SB91-1 and SB91-2 strains grew 2.52 times higher as the growing season advanced.

The first insect growth regulator (IGR) to enter the market was methoprene, which appeared in 1975. Thus, the applications of pyrethroid, carbamate, and organophosphate insecticides for management of SBL have mostly been replaced with different IGRs (i.e., novaluron, diflubenzuron, and methoxyfenozide). Among them, novaluron and diflubenzuron inhibit biosynthesis of chitin. Methoxyfenozide induces early molting by mimicking the molting hormone ecdysone (143). In 2013, ‘Intrepid Edge’ (a combination of methoxyfenozide and spinetoram) was approved for SBL management. In 2020, infestations of SBL were significantly reduced in plots that were treated with ‘Intrepid Edge’ compared to ‘Intrepid 2F’ and ‘Besiege’ (a combination of chlorantraniliprole and lambda-cyhalothrin) (144). Bonser et al. (129) first reported that the application of zein nanoparticles towards SBL and Anticarsia gemmatalis (velvetbean caterpillar) pests in soybeans resulted in the highest concentration of (+) ZNP being lethal to larvae of SBL (47%) and A. gemmatalis (95.6%). They recommended the potential use of (+) ZNP to control SBL. More investigation is needed to assess the impact and fine-tuning of ZNP application for managing SBL in field conditions. It is essential to devise insecticide application schedules, such as rotating or combining pesticides with particular modes of action, to hinder the development of resistance (Figure 3). Employing alternative IPM methods that are both effective and accessible to control SBL in field conditions may contribute to lowering insecticide applications and insecticide resistance in SBL in the southern United States.




Figure 3 | The schematic illustration depicts the recent advances in different management strategies to control soybean loopers in soybean fields that are IPM-compatible, making them outstanding for the frontier of ecologically sustainable control measures.






6.7 Biological control

Parasitoids and predators serve as critical natural regulators for populations of SBL under field conditions. The use of appropriate natural predators to control larvae of SBL in field conditions would improve integrated pest management strategies (Figure 3). Burleigh (31) reported seven species of parasitoids that attacked larvae of SBL, and among them Copidosoma truncatellum (Dalman) (Hymenoptera: Encyrtidae) was the most prominent and abundant from mid-July until late August in Louisiana (Table 2). Three pathogens (Nuclear polyhedrosis Virus (NPV), Entomophthora gammae, and Nomuraea rileyi) were identified in soybeans as well; among them, NPV was the most prevalent, infecting 63.7% of SBL larvae.


Table 2 | Different parasitoids and fungus that commonly attack soybean looper larvae.



Pereira et al. (145) observed that larvae of SBL are frequently preyed upon by predatory ants, whose advanced hunting skills and foraging traits contribute to their significance as natural enemies. The main ant species responsible for predation on larvae were Camponotus crassus (Mayr) (Hymenoptera: Vespoidae), Crematogaster evallans (Forel) (Hymenoptera: Formicidae), Pseudomyrmex gracilis (Fabr.) (Hymenoptera: Formicidae), Pseudomyrmex termitarius (Smith) (Hymenoptera: Formicidae), and Solenopsis saevissima (Smith) (Hymenoptera: Formicidae). They also suggested that the suppression of these predators’ actions would lead to an increase in SBL populations. Beach and Todd (146) reported that parasitism by C. truncatellum influenced the feeding behavior and development of SBL larvae on a resistant and susceptible soybean genotypes. The parasitized larvae, when reared on the resistant genotype, had lower weights and resulted in fewer parasitoid adults in comparison to susceptible genotype, suggesting potential compatibility between the resistant soybean genotype and the parasitoid.

Richman et al. (147) observed that Reduviolus roseipennis (Reuter) (Hemiptera: Nabidae) and Chrysopa sp. larvae consumed numerous eggs of SBL, with an average of 28.6 and 19.13 eggs consumed daily, respectively. Chracanthium inclusum (Hentz, 1847) (Araneae: Cheiracanthiidae) was another egg predator that consumed 9 eggs per day. Nevertheless, further investigation is required to learn more about the impact of generalist predators on larvae of SBL in diverse field settings.




6.8 Microbial control

Insect control through microbial agents reduces chemical pesticide dependence and enhances environmental safety (Figure 3), though researchers need to conduct additional studies to improve effectiveness and affordability (148). The application of entomopathogens, such as nuclear polyhedrosis virus (NPVs) and entomopathogenic nematodes (EPNs), as microbial control agents (MCAs) against defoliating lepidopterans in soybean cultivation remains an avenue for further improvement (149). Additionally, using entomopathogenic fungi as microbial control agents has proven to be a crucial strategy for controlling insect pests. Entomopathogenic nematodes (EPNs) from the genera Steinernema and Heterorhabditis have proven effective against a range of insect pests both below and above the ground (150, 151). A recent study by Zhang et al. (152) has investigated EPNs against the SBL. This study tested ten EPN strains for their virulence against eggs, all five instars, and pupae of SBL in the laboratory. For SBL pupae, all strains, except Heterorhabditis bacteriophora (HP88), Steinernema rarum (17c+e), and H. floridensis (K22), had significantly higher mortality than controls. In field tests with the adjuvant 0.066% Southern Ag surfactant (SAg surfactant), S. carpocapsae had a huge impact on controlling fifth instars of SBL on soybean plants compared to S. riobrave. This study demonstrated that EPNs were adequate to control SBL, with SAg surfactant enhancing their efficacy.

In IPM, the use of entomopathogenic viruses offers an environmentally sound replacement for traditional chemical pesticides (153, 154). Baculoviruses belonging to the family Baculoviridae (nucleopolyhedrovirus and granulovirus) infect various insect orders, mainly different species of Lepidoptera (155, 156). The Baculoviridae family is comprised of large circular dsDNA (80-180 kbp) and bidirectionally oriented open reading frames (ORFs), which are distributed on both DNA strands and contain 37 genes (core genes) present in all Baculoviruses (157, 158). The A. gemmatalis nucleopolyhedrovirus (AgMNPV) of VBC is a well-known and widely recognized virus (148, 159), being utilized for soybean pest control in Brazil, Argentina, Paraguay, and Mexico. According to Alexandre et al. (160), SBL nucleopolyhedrovirus (ChinNPV), a highly virulent baculovirus, may be an appropriate bioinsecticide candidate for the targeted control of SBL. The ‘ChinNPV’ is a Group II alphabaculovirus, which is pathogenic and specific to SBL, previously identified under the genus Pseudoplusia (161). In 1972, researchers studied isolates of Psin-IA (I-A) under laboratory and field conditions to explore aspects related to dosage and temperature response. During field trials, the numbers of SBL larvae were significantly decreased in all plots where Psin-IA was applied (162). These viruses are promising selections for incorporation into management strategies owing to their high specificity and natural occurrence. Additionally, they are totally harmless to other microorganisms, natural enemies, pollinating bees, and host plants (148).

In a recent study by Harrison et al. (163), the novel alphabaculovirus identified as ChinNPV #1, derived from the SBL, was shown to control populations of SBL that had developed resistance to other SBL baculoviruses. The vast majority of the pathogens that infect soybean herbivore pest have not been utilized as MCAs at the farmer’s level. Further investigation is required to explore the effectiveness of this approach in the field and facilitate widespread implementation across different soybean growing areas in the southern United States.





7 Conclusion

Recent research on SBL has provided substantial progress with IPM strategies for control of this species, with a focus on soybeans in the southern United States and Brazil. Although significant advancements have been made, more research is necessary to establish sustainable methods for controlling SBL. Several generations of SBL occur during the year in the southern United States, and they overwinter in Florida and Texas. The complexity of dealing with SBL, especially in soybean agriculture, is heightened by the emergence of insecticide resistance in multiple cases. In the southern United States and Brazil, different IPM and crop management strategies have been assessed for dealing with SBL. SBL has a long history of developing resistance and is currently resistant to most classes of insecticides, like pyrethroids, carbamates, and organophosphates. The diacylhydrazide IGR, methoxyfenozide (Intrepid® 2F, DowAgrosciences), was extensively employed to control infestations of SBL in the southern United States. While the excessive application of foliar insecticides for pest management can lead to resistance, the strategic use of this insecticide is recommended. Also, it is necessary to advance the research in order to develop strategies for managing insecticide resistance. Different studies have shown that resistance soybean genotype triggers a cascade of induced defenses against herbivory, thereby slowing the growth rate and feeding efficacy of SBL. Future investigations might offer significant knowledge for the progress and decision-making regarding resilient genetic strains.

Significant research has been conducted on the biology and ecology of SBL in the southern United States, but additional investigation is necessary. Additional research is essential to identify an efficient pheromone for detection of SBL. For large-scale cultivation in United States, further investigation is required to refine action thresholds for SBL before releasing Bt soybean technology to minimize the use of chemical insecticides. RNAi technology, which is based on exogenous dsRNA, is a promising option for next-generation insect pest control strategies. Studies employing RNAi techniques have been conducted on various insect orders. Multiple factors, such as dsRNA-degrading enzymes, cellular uptake efficiency, RNAi machinery expression, gene targets, dsRNA concentration, and insect feeding habits, can influence the efficiency of RNAi technology. Also, each insect poses unique challenges. So far, studies employing RNAi techniques to control SBL have not been reported (164). In summary, the continuous progress in SBL research has greatly enriched our knowledge about biology, ecology, population dynamics, host plant resistance, chemical control, and insecticide resistance. The current knowledge can be utilized for advancements in the integrated management of SBL.





Author contributions

RD: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. JG: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. MG: Conceptualization, Methodology, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. IS: Formal analysis, Investigation, Software, Visualization, Writing – original draft, Writing – review & editing. RK: Conceptualization, Formal analysis, Investigation, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. GR: Conceptualization, Funding acquisition, Investigation, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. U.S. Department of Agriculture, Agricultural Research Service, Research Project# 6066-22000-090-00D Insect Control and Resistance Management in Corn, Cotton, Sorghum, Soybean, and Sweet Potato, and Alternative Approaches to Tarnished Plant Bug Control in the Southern United States.




Acknowledgments

USDA is an equal opportunity provider and employer. The findings and conclusions in this publication are those of the author(s) and should not be construed to represent any official USDA or U.S. Government determination or policy. Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. USDA-NASS M. F. O. Mississippi Crop values 2 (2022). Available online at: https://www.nass.usda.gov/Statistics_by_State/Mississippi/Publications/County_Estimates/index.php (Accessed May 25, 2024).

2. Specht, A, De Paula-Moraes, SV, and Sosa-Gómez, DR. Host plants of Chrysodeixis includens (Walker) (Lepidoptera, Noctuidae, Plusiinae). Rev Bras Entomol. (2015) 59:343–5. doi: 10.1016/j.rbe.2015.09.002

3. Herzog, DC. Sampling soybean looper on soybean. In:  M Kogan, and DC Herzog, editors. Sampling Methods in Soybean Entomology. New York, Springer Verlag (1980). p. 141–62.

4. Betancourt, CM, and Scatoni, IB. Lepidoptera of economic importance in Uruguay: recognition, biology and damage by agricultural and forestry pests. Hemisferio Sur: Montevideo (2006).

5. Bueno, RCO, Bueno, A, Moscardi, F, Parra, JR, and Hoffmann-Campo, CB. Lepidopteran larva consumption of soybean foliage: basis for developing multiple-species economic thresholds for pest management decisions. Pest Manag Sci. (2011) 67:170–4. doi: 10.1002/ps.2047

6. CABI – Centre for Agriculture and Bioscience International. Plantwise Knowledge Bank–Soybean looper (2020). Available online at: https://www.plantwise.org/knowledgebank/datasheet/13245DistributionSection (Accessed 9 Jun 2024).

7. Silva, CS, Cordeiro, EM, de Paiva, JB, Dourado, PM, Carvalho, RA, Head, G, et al. Population expansion and genomic adaptation to agricultural environments of the soybean looper. Chrysodeixis includens. Evol Appl. (2020) 13:2071–85. doi: 10.1111/eva.12966

8. Lafontaine, JD, and Poole, RW. The moths of America North of Mexico. Noctuoidea, Noctuidae (Part) Fascicle 25.1. North America: The Wedge Entomological Research Foundation (1991).

9. Karisch, T, Kramp, K, and Peters, R. Notes on the genus Chrysodeixis Hübner, [1821] (Lepidoptera: Noctuidae) on St Helena Island. Metamorphosis. (2018) 29:137–45.

10. Edde, PA. 12- Arthropod pests of soybean Glycine max (L.). In:  PA Edde, editor. Field Crop Arthropod Pests of Economic Importance. Academic Press, Cambridge, MA, USA (2022). p. 752–810.

11. Boethel, DJ, Mink, JS, Wier, AT, Thomas, JD, Leonard, BR, and Gallardo, F. Managementxxx ofxxx xxxxinsecticide resistant soybean loopers (Pseudoplusia includens) in the Southern United States. In:  LG Copping, MB Green, and RT Rees, editors. Pest Management in Soybean. Kluwer Academic Pub, Essex, England (1992). p. 66–87.

12. Stacke, RF, Godoy, DN, Pretto, VE, Führ, FM, Gubiani, PDS, Hettwer, BL, et al. Field-evolved resistance to chitin synthesis inhibitor insecticides by soybean looper, Chrysodeixis includens (Lepidoptera: Noctuidae), in Brazil. Chemosphere. (2020) 259:127499. doi: 10.1016/j.chemosphere.2020.127499

13. Reisig, DD. Important changes to insecticide recommendations for soybean loopers in the Blacklands (2015). Available online at: https://soybeans.ces.ncsu.edu/2015/08/important-changes-to-insecticide-recommendations-for-soybean-loopersin-the-blacklands/ (Accessed 7 April 2024).

14. Newsom, LD, Kogan, M, Miner, FD, Rabb, RL, Turnipseed, SG, and Whitcomb, WH. General accomplishments toward better pest control in soybean. In:  CB Huffaker, editor. New technology of pest control. Wiley, New York (1980). p. 99–122.

15. Higley, LG, and Boethel, DJ. Handbook of Soybean Insect Pests. Issue (1) of ESA handbook Series Vol. 1. The University of Wisconsin - Madison, United States: Entomological Society of America (1994).

16. Turnipseed, SG, and Kogan, M. Soybean entomology. Annu Rev Entomol. (1976) 21:247–82. doi: 10.1146/annurev.en.21.010176.001335

17. Moonga, MN, and Davis, JA. Partial Life History of Chrysodeixis includens (Lepidoptera: Noctuidae) on summer hosts. J Econ Entomol. (2016) 109:1713–9. doi: 10.1093/jee/tow156

18. Andrade, K, Bueno, AF, Silva, DM, Stecca, CS, Pasini, A, and Oliveira, MCN. Bioecological characteristics of Chrysodeixis includens (Lepidoptera: Noctuidae) fed on different hosts. Austral Entomol. (2016) 55:449–54. doi: 10.1111/aen.12208

19. Carter, E, and Gillett-Kaufman, JL. Soybean looper (EENY-695) (2017). Entomology and Nematology Department, University of Florida. Available online at: https://entnemdept.ufl.edu/creatures/field/soybean (Accessed 27 April 2024).

20. Smith, RH, Freeman, B, and Foshee, W. Soybean loopers: Late season foliage feeders on cotton. Alabama Extension. Circular ANR-843 (1994).

21. Shour, MH, and Sparks, TC. Biology of the soybean looper Pseudoplusia includens: characterization of last-stage larvae. Ann Entomol Soc Am. (1981) 74:531–5. doi: 10.1093/aesa/74.6.531

22. Mitchell, ER. Life history of Pseudoplusia includens (Walker) (Lepidoptera: Noctuidae). J Ga Entomol Soc. (1967) 2:53–7.

23. Bottimer, LJ. Notes on some Lepidoptera from eastern Texas. J Agric Res. (1926) 33:797–819.

24. Folsom, JW. Notes on little-known insects. J Econ Entomol. (1936) 29:282–5. doi: 10.1093/jee/29.2.282

25. Harding, JA. Seasonal occurrence, hosts, parasitism and parasites of cabbage and soybean loopers in the Rio Grande Valley. Environ Entomol. (1976) 5:672–4. doi: 10.1093/ee/5.4.672

26. Moscardi, F, Bueno, AF, Sosa-Gómez, DR, Roggia, S, Hoffmann-Campo,, Pomari, CB, et al. Artrópodes que atacam as folhas dasoja. In:  CB Hoffmann-Campo, BS Corrêa-Ferreira, and F Moscardi, editors. Soja : Manejo Integrado de Insetos e outros Ártropodes-praga. Londrina, Brazil: Embrapa Londrina (2012). p. 213–334.

27. Pansera-de-Araújo, MCG, Da Cruz, IBM, Cavalheiro, M, and Oliveira, AK. Placement of Noctuid eggs (Lepidoptera) on soybean plants. Ann Entomol Soc Am. (1999) 92:702–6. doi: 10.1093/aesa/92.5.702

28. Zulin, D, Ávila, CJ, and Schlick-Souza, EC. Population fluctuation and vertical distribution of the soybean looper (Chrysodeixis includens) in soybean culture. Am J Plant Sci. (2018) 9:1544–56. doi: 10.4236/ajps.2018.97113

29. Felland, CM, Porter, RP, and Pitre, HN. Soybean looper (Lepidoptera: Noctuidae) oviposition preference relative to plant development in soybean and cotton. J Entomol Sci. (1992) 273:217–23. doi: 10.18474/0749-8004-27.3.217

30. Mascarenhas, RN, and Pitre, HN. Oviposition responses of soybean looper (Lepidoptera: Noctuidae) to varieties and growth stages of soybean. Environ Entomol. (1997) 26:76–83. doi: 10.1093/ee/26.1.76

31. Burleigh, JG. Population dynamics and biotic controls of the soybean looper in Louisiana. Environ Entomol. (1972) 1:290–4. doi: 10.1093/ee/1.3.290

32. Canerday, TD, and Arant, FS. The looper complex in Alabama (Lepidoptera, Plusiinae). J Econ Entomol. (1966) 59:742–3. doi: 10.1093/jee/59.3.742a

33. Nagoshi, RN, Davis, JA, Meagher, RL, Musser, FR, Head, GP, Portillo, H, et al. Investigating the migratory behavior of soybean looper, a major pest of soybean, through comparisons with the corn pest fall armyworm using mitochondrial haplotypes and a Sex-linked marker. Genes. (2023) 14:1495. doi: 10.3390/genes14071495

34. Mitchell, ER, Chalfant, RB, Greene, GL, and Creighton, CS. Soybean looper: populations in Florida, Georgia, and South Carolina, as determined with pheromone-baited BL traps. J Econ Entomol. (1975) 68:747–50. doi: 10.1093/jee/68.6.747

35. Felland, CM, and Pitre, HN. Survivorship and development of noctuid larvae (Lepidoptera: Noctuidae) on irrigated and dryland soybean. Environ Entomol. (1991) 20:1315–21. doi: 10.1093/ee/20.5.1315

36. Lambert, L, and Heatherly, LG. Soil Water potential: effects on soybean looper feedin on soybean leaves. Crop Sci. (1991) 31:1625–8. doi: 10.2135/cropsci1991.0011183x003100060049x

37. Santos, SR, Specht, A, Carneiro, E, Paula-Moraes, SV, and Casagrande, MM. Interseasonal variation of Chrysodeixis includens (Walker, [1858]) (Lepidoptera: Noctuidae) populations in the Brazilian Savanna. Rev Bras Entomologia. (2017) 61:294–9. doi: 10.1016/j.rbe.2017.06.006

38. Lambert, L, and Heatherly, LG. Influence of irrigation on susceptibility of selected soybean genotypes to soybean looper. Crop Sci. (1995) 35:1657–60. doi: 10.2135/cropsci1995.0011183X003500060024x

39. Mason, LJ, and Mack, TP. Influence of temperature on oviposition and adult female longevity for the soybean looper, Pseudoplusia includens (Walker) (Lepidoptera: Noctuidae). Environ Entomol. (1984) 13:379–83. doi: 10.1093/ee/13.2.379

40. Crocker, RL, Whitcomb, WH, and Ray, RM. Effects of sex, developmental stage, and temperature on predation by Geocoris punctipes. Environ Entomol. (1975) 4:531–4. doi: 10.1093/ee/4.4.531

41. Felland, CM, and Pitre, HN. Diversity and density of foliage-inhabiting arthropods in irrigated and dryland soybean in Mississippi. Environ Entomol. (1991) 20:498–506. doi: 10.1093/ee/20.2.498

42. McPherson, RM, Layoton, RC, McLaurin, WJ, and Mills, WA. Influence of irrigation and maturity group on the seasonal abundance of soybean arthropods. J Entomol Sci. (1998) 33:378–92. doi: 10.18474/0749-8004-33.4.378

43. Becker, C, Desneux, N, Monticelli, L, Fernandez, X, Michel, T, and Lavoir, AV. Effects of Abiotic Factors on HIPV-Mediated Interactions between Plants and Parasitoids. BioMed Res Int. (2015) 2015:342982. doi: 10.1155/2015/342982

44. Thomas, JD, and Boethel, DJ. Inheritance of permethrin resistance in the soybean looper (Lepidoptera: Noctuidae). J Econ Entomol. (1995) 88:1536–41. doi: 10.1093/jee/88.6.1536

45. Felland, CM, Pitre, HN, Luttrell, RG, and Hamer, JL. Resistance to pyrethroid insecticides in soybean looper (Lepidoptera: Noctuidae) in Mississippi. J Econ Entomol. (1990) 83:35–40. doi: 10.1093/jee/83.1.35

46. Isbilir, S, Catchot, B, Catchot, L, Musser, FR, and Ahn, SJ. Molecular characterization and expression patterns of a ryanodine receptor in soybean looper, Chrysodeixis includens. Arch Insect Biochem Physiol. (2023) 114:e22047. doi: 10.1002/arch.22047

47. Rose, RL, Leonard, BR, Sparks, TC, and Graves, JB. Enhanced metabolism and knockdown resistance in a field versus a laboratory strain of the soybean looper (Lepidoptera: Noctuidae). J Econ Entomol. (1990) 83:672–7. doi: 10.1093/jee/83.3.672

48. Kogan, M, and Pitre, HN Jr. General sampling methods for above-ground populations of soybean arthropods. In:  M Kogan, and DC Herzog, editors. Sampling Methods in Soybean Entomology. New York: Springer-Verlag New York Inc (1980). p. 30–60.

49. Shepard, M, Carner, GR, and Turnipseed, SG. A comparison of three sampling methods for arthropods in soybeans. Environ Entomol. (1974) 3:227–23. doi: 10.1093/ee/3.2.227

50. Marston, NL, Dickerson, WA, Ponder, WW, and Booth, GD. Calibration ratios for sampling soybean lepidoptera: effect of larval species, larval size, plant growth stage, and individual sampler. J Econ Entomol. (1979) 72:110–4. doi: 10.1093/jee/72.1.110

51. Studebaker, GE, Spurgeon, DW, and Mueller, AJ. Calibration of ground cloth and sweep net sampling methods for larvae of corn earworm and soybean looper (Lepidoptera: Noctuidae) in soybean. J Econ Entomol. (1991) 84:1625–9. doi: 10.1093/jee/84.5.1625

52. Rudd, WG, and Jensen, RL. Sweep net and ground cloth sampling for insects in soybeans. J Econ Entomol. (1977) 70:301–4. doi: 10.1093/jee/70.3.301

53. Studebaker, G. Insecticide recommendations for Arkansas (Publication MP144). In: Studebaker. University of Arkansas System Division of Agriculture, Cooperative Extension Service, Little Rock, AR. (2021).

54. Crowe, W. Insect control guide for agronomic crops. In: Crowe. Mississippi State University, Extension Service of Mississippi State University, Mississippi State, MS. (2021).

55. Turnipseed, SG. Sampling soybean insects by various D-Vac, sweep, and ground cloth methods. Fla Entomol. (1974) 57:217–23. doi: 10.2307/3493247

56. Owen, LN, Catchot, AL, Musser, FR, Gore, J, DC, C, and Jackson, R. Susceptibility of Chrysodeixis includens (Lepidoptera: Noctuidae) to reduced-risk insecticides. Fla Entomol. (2013) 96:554–9. doi: 10.1653/024.096.0221

57. Thrash, BC. Evaluation of Soybean production practices that impact yield losses from simulated insect defoliation. (2018). p. 10748411.

58. Tagliapietra, E, Streck, N, Rocha, T, Richter, G, Silva, M, Cera, J, et al. Optimum leaf area index to reach soybean yield potential in subtropical environment. Agron J. (2018) 110:932–8. doi: 10.2134/agronj2017.09.0523

59. Carvalho, RA, Omoto, C, Field, LM, Williamson, MS, and Bass, C. Investigating the molecular mechanisms of organophosphate and pyrethroid resistance in the fall armyworm Spodoptera frugiperda. PLoS One. (2013) 8:e62268. doi: 10.1371/journal.pone.0062268

60. Dong, K, Du, Y, Rinkevich, F, Nomura, Y, Xu, P, Wang, L, et al. Molecular biology of insect sodium channels and pyrethroid resistance. Insect Biochem Mol Biol. (2014) 50:1–7. doi: 10.1016/j.ibmb.2014.03.012

61. Portillo, HE, Felland, CM, Pitre, HN, and Porter, RP. Pyrethroid resistance levels in soybean looper (Lepidoptera: Noctuidae) in Mississippi. Fla Entomol. (1993) 76:577–84. doi: 10.2307/3495788

62. Boldt, PE, Biever, KD, and Ignoffo, CM. Lepidopteran pests of soybeans: consumption of soybean foliage and pods and development time. J Econ Entomol. (1975) 68:480–2. doi: 10.1093/jee/68.4.480

63. Reid, JC, and Greene, GL. The soybean looper: pupal weight, development time, and consumption of soybean foliage. Fla Entomol. (1973) 56:203–6. doi: 10.2307/3493125

64. Hodgson, EW, Koch, RL, Davis, JA, Reisig, D, and Paula-Moraes, SV. Identification and biology of common caterpillars in U.S. Soybean. J Integr Pest Manage. (2021) 12:13. doi: 10.1093/jipm/pmab006

65. Musser, F, Catchot, AL, Conley, SP, Davis, JA, Difonzo, C, Greene, JK, et al. 2019 soybean insect losses in the United States. Midsouth Entomol. (2020) 13:1–23.

66. Lorenz, G, Johnson, D, Studebaker, G, Allen, C, and Young, S. Insect Pest Management in Soybeans. In: Arkansas Soybean Production Handbook (2000). p. 84–94.

67. Musser, F, Bick, E, Brown, SA, Crow, W, Davis, JA, Difonzo, C, et al. 2022 Soybean insect losses in the United States. Midsouth Entomol. (2023) 16:1–25.

68. Fleming, DE, Davis, JA, Musser, FR, Paula-Moraes, SV, Stephenson, RC, Wheeler, CA, et al. Trapping Soybean Looper (Lepidoptera: Noctuidae) in the Southeastern USA and implications for pheromone-based research and management. Fla Entomol. (2021) 104:186–94. doi: 10.1653/024.104.0307

69. Hammond, RB, Higgins, RA, Mack, TP, Pedigo, LP, and Bechinski, EJ. Soybean pest management. In: CRC Handbook of pest management in agriculture. CRC press, Boca Raton, FL. (1991). p. 341–474.

70. Felton, GW, Summers, CB, and Mueller, AJ. Oxidative responses in soybean foliage to herbivory by bean leaf beetle and three-cornered alfalfa hopper. J Chem Ecol. (1994) 20:639–50. doi: 10.1007/bf02059604

71. Bernardi, O, Dourado, PM, Carvalho, RA, Martinelli, S, Berger, GU, Head, GP, et al. High levels of biological activity of Cry1Ac protein expressed on MON 87701 × MON 89788 soybean against Heliothis virescens (Lepidoptera : Noctuidae). Pest Manag Sci. (2014) 70:588–94. doi: 10.1002/ps.3581

72. Yano, SA, Specht, A, Moscardi, F, Carvalho, RA, Dourado, PM, Martinelli, S, et al. High susceptibility and low resistance allele frequency of Chrysodeixis includens (Lepidoptera: Noctuidae) field populations to Cry1Ac in Brazil. Pest Manage Sci. (2016) 72:1578–84. doi: 10.1002/ps.4191

73. Brookes, G, and Barfoot, P. Environmental impacts of genetically modified (GM) crop use 1996-2018: impacts on pesticide use and carbon emissions. GM Crops Food. (2020) 11:215–41. doi: 10.1080/21645698.2020.1773198

74. Palma, J, Maebe, K, Guedes, JV, and Smagghe, G. Molecular variability and genetic structure of Chrysodeixis includens (Lepidoptera: Noctuidae), an important soybean defoliator in Brazil. PLoS One. (2015) 10:e0121260. doi: 10.1371/journal.pone.0121260

75. Silva, CS, Cordeiro, EMG, and Corrêa, AS. Isolation and characterization of microsatellite markers for soybean looper (Lepidoptera: Noctuidae). J Insect Sci. (2019) 19:22. doi: 10.1093/jisesa/iez101

76. Li, X, Meng, L, Xing, G, and Li, B. Constitutive and induced resistance in soybean interact to affect the performance of a herbivore and its parasitoid. Biol Control. (2016) 101:145–51. doi: 10.1016/j.biocontrol.2016.07.008

77. Karban, R, and Baldwin, IT. Induced responses to herbivory. Illinois, USA: University of Chicago Press, Chicago (1997).

78. Johnson, MT. Evolutionary ecology of plant defences against herbivores. Funct Ecol. (2011) . 25:305–11. doi: 10.1111/j.1365-2435.2011.01838.x

79. Baldwin, IT, and Preston, CA. The eco-physiological complexity of plant responses to insect herbivores. Planta. (1999) 208:137–45. doi: 10.1007/s004250050543

80. Liu, S, Fan, L, Liu, Z, Yang, X, Zhang, Z, Duan, Z, et al. A Pd1–Ps–P1 feedback loop controls pubescence density in soybean. Mol Plant. (2020) . 13:1768–83. doi: 10.1016/j.molp.2020.10.004

81. Coapio, GG, Cruz-López, L, Guerenstein, P, Malo, EA, and Rojas, JC. Herbivore damage and prior egg deposition on host plants influence the oviposition of the generalist moth Trichoplusia ni (Lepidoptera: Noctuidae). J Econ Entomol. (2016) . 109:2364–72. doi: 10.1093/jee/tow198

82. Hurley, KW. Tricky trichomes: chemical defense in geranium and counteradaptations by soybean loopers. United States: University of Central Arkansas (2014).

83. Krisnawati, A, Bayu, MSYI, and Adie, MM. Identification of soybean genotypes based on antixenosis and antibiosis to the armyworm (Spodoptera litura). Nusantara bioscience. (2017) 9:164–9. doi: 10.13057/nusbiosci/n090210

84. Chiang, HS, Norris, DM, Ciepiela, A, Oosterwyk, A, Shapiro, P, and Jackson, M. Comparative constitutive resistance in soybean lines to Mexican bean beetle. Entomol Exp Appl. (1986) 42:19–26. doi: 10.1111/j.1570-7458.1986.tb02182.x

85. Kogan, M, and Fischer, DC. Inducible defenses in soybean against herbivorous insects. In:  DW Tallamy, and MJ Raupp, editors. Phytochemical induction by herbivores. Wiley, New York (1991). p. 347–378.

86. Bi, JL, Felton, GW, and Mueller, AJ. Induced resistance in soybean to Helicoverpa zea: role of plant protein quality. J Chem Ecol. (1994) 20:183–98. doi: 10.1007/BF02066000

87. Chen, X, Richter, AR, Stout, MJ, and Davis, JA. Effects of induced plant resistance on soybean looper (Lepidoptera: Noctuidae) in soybean. Arthropod-plant Inter. (2018) 12:543–51. doi: 10.1007/s11829-018-9601-5

88. Smith, CM. Expression, mechanisms and chemistry of resistance in soybean, Glycine max L. (Merr.) to the soybean looper, Pseudoplusia includens (Walker). Int J Trop Insect Sci. (1985) 6:243–8. doi: 10.1017/S1742758400004495

89. Hart, SV, Kogan, M, and Paxton, JD. Effect of soybean phytoalexins on the herbivorous insects Mexican bean beetle and soybean looper. J Chem Ecol. (1983) 9:657–72. doi: 10.1007/BF00988774

90. Lin, H, and Kogan, M. Influence of induced resistance in soybean on the development and nutrition of the soybean looper and the Mexican bean beetle. Entomol Exp Appl. (1990) 55:131–8. doi: 10.1111/j.1570-7458.1990.tb01356.x

91. Srinivas, P, Danielson, SD, Smith, CM, and Foster, JE. Cross-Resistance and resistance longevity as induced by bean leaf beetle, Cerotoma trifurcata and soybean looper, Pseudoplusia includens herbivory on soybean. J Insect Sci. (2001) 1:5. doi: 10.1673/031.001.0501

92. Chen, X. Effects of induced plant resistance and potassium fertilization rates on soybean looper (Chrysodeixis includens) development in Soybean. United States: Louisiana State University and Agricultural & Mechanical College (2014).

93. Stout, MJ, Zehnder, GW, and Baur, ME. Potential for the use of elicitors of plant resistance in arthropod management programs. Arch Insect Biochem Physiol. (2002) 51:222–35. doi: 10.1002/arch.10066. Published in Collaboration with the Entomological Society of America.

94. Meagher, RL. Collection of soybean looper and other noctuids in phenylacetaldehyde-baited field traps. Fla Entomol. (2001) 84:154. doi: 10.2307/3496678

95. Meagher, RL, and Landolt, PJ. Attractiveness of binary blends of floral odorant compounds to moths in Florida, USA. Entomol Exp Appl. (2008) 128:323–9. doi: 10.1111/j.1570-7458.2008.00711.x

96. Stringer, LD, El-Sayed, AM, Cole, LM, Manning, LM, and Suckling, DM. Floral attractants for the female soybean looper, Thysanoplusia orichalcea (Lepidoptera: Noctuidae). Pest Manag Sci. (2008) 64:1218–21. doi: 10.1002/ps.1621

97. Berger, RS. Isolation, identification, and synthesis of the sex attractant of the cabbage looper, Trichoplusia ni. Ann Entomol Soc Am. (1966) 59:67–771. doi: 10.1093/aesa/59.4.767

98. Tumlinson, JH, Mitchell, ER, Browner, SM, and Lindquist, DA. A sex pheromone for the soybean looper. Environ Entomol. (1972) 1:466–8. doi: 10.1093/ee/1.4.466

99. Mitchell, ER. Nocturnal activity of adults of three species of loopers, based on collections in pheromone traps. Environ Entomol. (1973) 2:1078–80. doi: 10.1093/ee/2.6.1078

100. Landolt, PJ, and Heath, RR. Role of female-produced sex pheromone in behavioral reproductive isolation between Trichoplusia ni (Hübner) and Pseudoplusia includens (Walker) (Lepidoptera: Noctuidae, plusiinae). J Chem Ecol. (1987) 13:1005–18. doi: 10.1007/BF01020534

101. Linn, CE Jr., Hammond, A, Du, J, and Roelofs, WL. Specificity of male response to multicomponent pheromones in noctuid moths Trichoplusia ni and Pseudoplusia includens. J Chem Ecol. (1988) 14:47–57. doi: 10.1007/BF01022530

102. Ramachandran, R, and Norris, DM. Volatiles mediating plant-herbivore-natural enemy interactions: Electroantennogram responses of soybean looper, Pseudoplusia includens, and a parasitoid, Microplitis demolitor, to green leaf volatiles. J Chem Ecol. (1991) 17:1665–90. doi: 10.1007/BF00984696

103. Schoonhoven, LM, van Loon, JJA, and Dicke, M. Insect-Plant Biology. Oxford, Oxford University Press (2005).

104. Gilbert, C, and Kuenen, LPS. Multimodal integration: visual cues help odor-seeking fruit flies. Curr Biol. (2008) 18:295–7. doi: 10.1016/j.cub.2008.02.020

105. Mink, JS, Boethel, DJ, and Leonard, BR. Monitoring permethrin resistance in soybean looper (Lepidoptera: Noctuidae) adults. J Entomol Sci. (1993) 28:43–50. doi: 10.18474/0749-8004-28.1.43

106. Sullivan, MJ, and Boethel, DJ. Loopers. In:  LG Higley, and DJ Boethel, editors. Handbook of soybean insect pests. (1994) Entomol Soc Am, Lanham, MD. p. 68–70.

107. Trichilo, PJ, and Mack, TP. Soybean leaf consumption by the soybean looper (Lepidoptera: Noctuidae) as a function of temperature, instar, and larval weight. J Econ Entomol. (1989) 82:633–8. doi: 10.1093/jee/82.2.633

108. Jensen, RL, Newsom, LD, and Gibbens., J. The soybean looper: effects of adult nutrition and oviposition, mating frequency, and longevity. J Econ Entomol. (1974) 67:476–0. doi: 10.1093/jee/67.4.467

109. Kogan, M, and Cope, D. Feeding and nutrition of insects associated with soybeans. 3. food intake, utilization, and growth in the soybean looper, Pseudoplusia includens. Ann Entomol Soc Am. (1974) 67:66–72. doi: 10.1093/aesa/67.1.66

110. Soares, JRS, da Silva, RS, Ramos, RS, and Picanço, MC. Distribution and invasion risk assessments of Chrysodeixis includens (Walker, [1858]) (Lepidoptera: Noctuidae) using CLIMEX. Int J Biometeorol. (2021) 65:1137–49. doi: 10.1007/s00484-021-02094-0

111. Makbul, S, Saruhan Güler, N, Durmuş, N, and Güven, S. Changes in anatomical and physiological parameters of soybean under drought stress. Turk J Bot. (2011) 35:369–77. doi: 10.3906/bot-1002-7

112. Sammons, DJ, Peters, DB, and Hymowitz, T. Screening Soybeans for Drought Resistance. I. Growth Chamber Procedure 1. Crop Sci. (1978) 18:1050–5. doi: 10.2135/cropsci1978.0011183x001800060037x

113. Chen, JJ, Sun, Y, Kopp, K, Oki, L, Jones, SB, and Hipps, L. Effects of water availability on leaf trichome density and plant growth and development of Shepherdia ×utahensis. Front Plant Sci. (2022) 13:855858. doi: 10.3389/fpls.2022.855858

114. Watts, S, and Kariyat, R. Picking sides: feeding on the abaxial leaf surface is costly for caterpillars. Planta. (2021) 253:1–6. doi: 10.1007/s00425-021-03592-6

115. Gautam, M, Shafi, I, and Kariyat, R. Compensation of physiological traits under simulated drought and herbivory has functional consequences for fitness in soybean (Glycine max (L.) Merrill). Environ Exp Bot. (2024) 226:105944. doi: 10.1016/j.envexpbot.2024.105944

116. Soderlund, DM. Toxicology and mode of action of pyrethroid insecticides. In: Haye’s Handbook of Pesticide Toxicology. Academic press, San Diego. (2010) 3:1665–86.

117. Caviness, CE, and Thomas, JD. Yield reduction from defoliation of irrigated and nonirrigated soybeans. Agron J. (1980) 72:977–9. doi: 10.2134/agronj1980.00021962007200060027x

118. USDA ERS. Genetically engineered varieties of corn, upland cotton, and soybeans, by State and for the United States, 2000-12. United States: USDA ERS (2012). Available at: http://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us.aspx.

119. Heinrichs, EA, and Muniappan, R. Integrated pest management for tropical crops: soyabeans. CAB Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources (2019) 13:1–44. doi: 10.1079/PAVSNNR201813055

120. Heatherly, LG, and Bowers, G. Early soybean production system handbook. Starkville, USA: Office of Agricultural Communications, Mississippi State University (1998).

121. Bushman, LL, Pitre, HN, and Hodges, HF. Soybean cultural practices: effects on populations of green cloverworm velvetbean caterpillar, loopers and Heliothis Complex. Environ Entomol. (1981) 10:631–41. doi: 10.1093/ee/10.5.631

122. Hamadain, EI, and Pitre, HN. Oviposition and larval behavior of soybean looper, Pseudoplusia includens (Lepidoptera: Noctuidae), on soybean with different row spacings and plant growth stages. J Agric Urban Entomol. (2002) 19:29–44.

123. Alfo, RA, and Hammond, AM. Plusiinae (Lepidoptera: Noctuidae) populations in Louisiana soybean ecosystems as determined with looplure-baited traps. J Econ Entomol. (1982) 75:647–50. doi: 10.1093/jee/75.4.647rd

124. Marsaro Júnior, Al, Pereira, P, Silva, WR, and Griffel, SCP. Flutuação populacional de insetos-praga na cultura da soja no estado de Roraima. Rev Acadêmica Ciec Animal. (2010) 8:71–6.

125. Baldin, ELL, Lourenção, AL, and Schlick-Souza, EC. Outbreaks of Chrysodeixis includens (Walker)(Lepidoptera: Noctuidae) in common bean and castor bean in São Paulo State, Brazil. Bragantia. (2014) 73:458–61. doi: 10.1590/1678-4499.0277

126. Amtmann, A, Troufflard, S, and Armengaud, P. The effect of potassium nutrition on pest and disease resistance in plants. Physiol Plant. (2008) 133:682–91. doi: 10.1111/j.1399-3054.2008.01075.x.2008

127. Parthipan, S, and Kulasooriya, SA. Effects of nitrogen- and potassium-based fertilizers on nitrogen fixation in the winged bea, Psophocarpus tetragonolobus. MIRCEN J Appl Microb. (1989) 5:335–41. doi: 10.1007/BF01741764

128. Chen, P, Du, Q, Liu, X, Zhou, L, Hussain, S, Lei, L, et al. Effects of reduced nitrogen inputs on crop yield and nitrogen use efficiency in a long-term maize-soybean relay strip intercropping system. PLoS One. (2017) 12:e0184503. doi: 10.1371/journal.pone.0184503

129. Bonser, CAR, Chen, X, Astete, CE, Sabliov, CM, and Davis, JA. Elucidating efficacy of ingested positively charged zein nanoparticles against noctuidae. J Econ Entomol. (2020) 113:2739–44. doi: 10.1093/jee/toaa199

130. Wille, PE, Pereira, BA, Wille, CL, Restelatto, SS, Boff, MIC, and Franco, CR. Natural resistance of soybean cultivars to the soybean looper larva Chrysodeixis includens (Lepidoptera: Noctuidae). Pesquisa Agropecuaria Brasileira. (2017) 52:8–25. doi: 10.1590/S0100-204X201700010000

131. Van Duyn, JW, Turnipseed, SG, and Maxwell, JD. Resistance in soybeans to the Mexican bean beetle. Crop Sci. (1971) 11:72–573.

132. Boethel, DJ. Assessment of soybean germplasm for multiple insect resistance.  C S. L., and S. S, editors. Boca Raton: CRC (1999). doi: 10.1201/9781420049336.ch6

133. Smith, CM, and Gilman, DF. Comparative Resistance of Multiple Insect-Resistant Soybean Genotypes to the Soybean Looper. J Econ Entomol. (1981) 74:400–3. doi: 10.1093/jee/74.4.400

134. Beach, RM, Todd, JW, and Baker, SH. Antibiosis of four insect-resistant soybean genotypes to the soybean looper (Lepidoptera Noctuidae). Environ Entomol. (1985) 14:531–4. doi: 10.1093/ee/14.4.531

135. Beach, RM, and Todd, AW. Oviposition preference of the soybean looper (Lepidoptera: Noctuidae) among four soybean genotypes differing in larval resistance. J Econ Entomol. (1988) 81:344–8. doi: 10.1093/jee/81.1.344

136. Arends, B, Reisig, DD, Gundry, S, Huseth, AS, Reay-Jones, FPF, Greene, JK, et al. Effectiveness of the natural resistance management refuge for Bt-cotton is dominated by local abundance of soybean and maize. Sci Rep. (2021) 11:17601. doi: 10.1038/s41598-021-97123-8

137. Fast, BJ, Schafer, AC, Johnson, TY, Potts, BL, and Herman, RA. Insect-protected event DAS-81419-2 soybean (Glycine max L.) grown in the United States and Brazil is compositionally equivalent to nontransgenic soybean. J Agric Food Chem. (2015) 63:2063–73. doi: 10.1021/jf505015y

138. Walker, DR, All, JN, McPherson, RM, Boerma, HR, and Parrott, WA. Field evaluation of soybean engineered with a synthetic cry1Ac transgene for resistance to corn earworm, soybean looper, velvetbean caterpillar (Lepidoptera: Noctuidae), and lesser cornstalk borer (Lepidoptera: Pyralidae). J Econ Entomol. (2000) 93:613–22. doi: 10.1603/0022-0493-93.3.613

139. Boernel, DJ, Mink, JS, Wier, AT, Thomas, JD, Leonard, BR, and Gallardo, F. Management of insecticide resistant soybean loopers (Pseudoplusia includens) in the Southern United States. Pest Manage Soybean. (1992), 66–87. doi: 10.1007/978-94-011-2870-4_7

140. Herbert, DA, and Harper, JD. Podworm, soybean looper, and green cloverworm control on soybeans with synthetic pyrethroids and Baciilus Thuringiensis, 1981. Insecticide Acaricide Tests. (1982) 7:183. doi: 10.1093/iat/7.1.183

141. Thomas, JD, Ottea, JA, Boethel, DJ, and Ibrahim, S. Factors influencing pyrethroid resistance in a permethrin-selected strain of the soybean looper, Pseudoplusia includens (Walker). Pestic Biochem Physiol. (1996) 55:1–9. doi: 10.1006/pest.1996.0029

142. Stacke, RF, Godoy, DN, Halberstadt, SA, Bronzatto, ES, Giacomelli, T, Hettwer, BL, et al. Inheritance of lambda-cyhalothrin resistance, fitness costs and cross-resistance to other pyrethroids in soybean looper, Chrysodeixis includens (Lepidoptera: Noctuidae). Crop Prot. (2020) 131:1–8. doi: 10.1016/j.cropro.2020.105096

143. O’Brien, RD. Insecticides: action and metabolism. Academic Press (1967).

144. Daigle, CJ, Boethel, DJ, and Fuxa, JR. Parasitoids and pathogens of soybean looper and velvetbean caterpillar (Lepidoptera: Noctuidae) in soybeans in Louisiana. Environ Entomol. (1990) 19:746–52. doi: 10.1093/ee/19.3.746

145. Pereyra, PC. Efecto de la edad de las hojas de soja sobre el crecimiento y reproducción de Rachiplusia nu (Lepidoptera: Noctuidae). Ecol Austral. (1994) 4:41–7.

146. Beach, RM, and Todd, JW. Foliage consumption and larval development of parasitized and unparasitized soybean looper, Pseudoplusia includens [Lep.: Noctuidae], reared on a resistant soybean genotype and effects on an associated parasitoid,Compidosoma truncatellum [Hym.: Encyrtidae. Entomophaga. (1986) 31:237–42. doi: 10.1007/BF02373332

147. Richman, DB, Hemenway, RC Jr, and Whitcomb, WH. Field cage evaluation of predators of soybean looper, Pseudoplusia includens (Lepidoptera: Noctuidae). Environ Entomol. (1980) 9:315–7. doi: 10.1093/ee/9.3.315

148. Moscardi, F. Assessment of the application of baculoviruses for control of Lepidoptera. Annu Rev Entomol. (1999) 44:257–89. doi: 10.1146/annurev.ento.44.1.257

149. Lacey, LA, and Shapiro-Ilan, DI. Microbial control of insect pests in temperate orchard systems: potential for incorporation into IPM. Annu Rev Entomol. (2008) 53:121–44. doi: 10.1146/annurev.ento.53.103106.093419

150. Kaya, HK, Aguillera, MM, Alumai, A, Choo, HY, de la Torre, M, Fodor, A, et al. Status of entomopathogenic nematodes and their symbiotic bacteria from selected countries or regions of the world. Biol control. (2006) 38:134–55. doi: 10.1016/j.biocontrol.2005.11.004

151. Lacey, L. Microbial control of insect and mite pests. FNP: Academic Press (2017). 446p.

152. Zhang, M, Spaulding, N, Reddy, GVP, and Shapiro-Ilan, DI. The efficacy of entomopathogenic nematodes plus an adjuvant against Helicoverpa zea and Chrysodeixis includens in aboveground applications. J Nematol. (2024) 56:20240018–20240018. doi: 10.2478/jofnem-2024-0018

153. Moscardi, F, Souza, ML, Castro, MEB, Moscardi, ML, and Szewczyk, B. Baculovirus Pesticides: present state and future perspectives. Microbes Microbial Technol. (2011), 415–45. doi: 10.1007/978-1-4419-7931-5_16

154. Haase, S, Sciocco-Cap, A, and Romanowski, V. Baculovirus insecticides in Latin America: historical overview, current status and future perspectives. Viruses. (2015) 7:2230–67. doi: 10.3390/v7052230

155. Theilmann, DA, Blissard, GW, Bonning, B, Jehle, JA, O’Reilly, DR, Rohrmann, GF, et al. Baculoviridae. In:  CX Fauquet, MA Mayo, J Maniloff, U Desselberger, and LA Ball, editors. Virus Taxonomy-Classification and Nomenclature of Viruses. 8th Report of the International Committee on the Taxonomy of Viruses. Elsevier, Amsterdam (2005). p. 177–85.

156. EA Herniou, BM Arif, JJ Becnel, GW Blissard, B Bonning, R Harrison, AMQ et al. In: King, et al eds. Virus Taxonomy: Ninth Report of the International Committee on Taxonomy of Viruses. In: Family Baculoviridae. Elsevier Academic Press. p. 163–73.

157. Thumbi, DK, Béliveau, C, Cusson, M, Lapointe, R, and Lucarotti, CJ. Comparative Genome Sequence Analysis of Choristoneura occidentalis Freeman and C. rosaceana Harris (Lepidoptera: Tortricidae) Alphabaculoviruses. PLoS One. (2013) 8:e68968. doi: 10.1371/journal.pone.0068968

158. Craveiro, SR, Santos, LA, Togawa, RC, Inglis, PW, Grynberg, P, Ribeiro, ZM, et al. Complete Genome Sequences of Six Chrysodeixis includens Nucleopolyhedrovirus Isolates from Brazil and Guatemala. Genome Announc. (2016) 4:e01192–16. doi: 10.1128/genomeA.01192-16

159. Moscardi, F. Development and use of the nucleopolyhedrovirus of the velvetbean caterpillar in soybeans. In:  C Vincent, MS Goettel, and G Lazarovits, editors. Biological Control: A Global Perspective. CAB International, Wallingford, UK (2007). p. 344–53.

160. Alexandre, TM, Ribeiro, ZMA, Craveiro, SR, Cunha, F, Fonseca, IC, Moscardi, F, et al. Evaluation of seven viral isolates as potential biocontrol agents against Pseudoplusia includens (Lepidoptera: Noctuidae) caterpillars. J Invertebr Pathol. (2010) 105:98–104. doi: 10.1016/j.jip.2010.05.015

161. Craveiro, SR, Melo, FL, Ribeiro, ZMA, Ribeiro, BM, Báo, SN, Inglis, PW, et al. Pseudoplusia includens single nucleopolyhedrovirus: Genetic diversity, phylogeny and hypervariability of the pif-2 gene. J Invertebr Pathol. (2013) 114:258–67. doi: 10.1016/j.jip.2013.08.005

162. Livingston, JM, Mcleod, PJ, Yearian, WC, and Young, SY. Laboratory and field evaluation of nuclear polyhedrosis virus of the soybean Looper, Pseudoplusia includens. J Georgia Entomology Society. (1980) 15:194–9.

163. Harrison, RL, Rowley, DL, and Popham, HJR. A Novel Alphabaculovirus from the Soybean Looper, Chrysodeixis includens, produces tetrahedral occlusion bodies and encodes two copies of he65. Viruses. (2019) 11:579. doi: 10.3390/v11070579

164. Santos-Ortega, Y, and Flynt, A. Double-Strand RNA (dsRNA) Delivery Methods in Insects: Diaphorina citri. Methods Mol Biol. (2022) 2360:253–77. doi: 10.1007/978-1-0716-1633-8_19




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Debnath, George, Gautam, Shafi, Kariyat and Reddy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/finsc-04-1480940-g001.jpg
Mating pair

2-3 days

Prepupa Lﬁu

First instar
5-6 days

-

Second instar
2-3 days






OEBPS/Images/finsc.2024.1480940_cover.jpg
& frontiers | Frontiers in Insect Science

Ecological interactions, host plant defenses,
and control strategies in managing soybean
looper, Chrysodeixis includens
(Lepidoptera: Noctuidae)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Ecological interactions, host plant defenses, and control strategies in managing soybean looper, Chrysodeixis includens (Lepidoptera: Noctuidae)

      

        		

          1 Introduction

        



        		

          2 Biology and life stages

        



        		

          3 Host plants, crop damage, promoting factors behind outbreaks, and a variety of defense mechanisms

        

          		

            3.1 Host plants and distributions

          



          		

            3.2 Crop damage

          



          		

            3.3 Promoting factors behind soybean looper outbreaks

          



          		

            3.4 Defenses in soybean against soybean loopers

          

            		

              3.4.1 Constitutive defenses as trichomes

            



            		

              3.4.2 Induced defenses

            



          



          



        



        



        		

          4 Behavior and ecology of Chrysodeixis includens

        

          		

            4.1 Semiochemicals

          



          		

            4.2 Trap characteristics associated with SBL capture

          



          		

            4.3 Feeding performance of SBL

          



        



        



        		

          5 Effects of external factors on soybean looper

        

          		

            5.1 Impact of abiotic factors

          



          		

            5.2 Consequences of long-term insecticide application

          



        



        



        		

          6 Integrated management strategies

        

          		

            6.1 Sampling methodologies

          



          		

            6.2 Sampling thresholds

          



          		

            6.3 Cultural, mechanical, and physical control

          



          		

            6.4 Plant nutrition in relation to SBL infestation

          



          		

            6.5 Host plant resistance strategies

          



          		

            6.6 Chemical control

          



          		

            6.7 Biological control

          



          		

            6.8 Microbial control

          



        



        



        		

          7 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/finsc-04-1480940-g003.jpg
. Mass release of
appropnate natural
enemies (parasitoids
and predators)to
control the insect pest

Chemical control through potential
insecticides

Larval damage @ ‘

Entomopathogenlc fungi & nematodes
applied through irrigation system

(Use of naturally

resistant
Adult insects @ catching adult A soybean
catch through insects by using . dultoths cultivars for
pheromone trap HIPVsas alure better control of
5 . Alternative usage of soybean looper,
g transgenic soybeans (Bt)
o
o

" RNAi technology
could offer effective
control of this insect
pestin the future

Protection of crops from soybean loopers

through attraction by semiochemicals with
a novel attract-and-kill strategy






OEBPS/Images/table2.jpg
Parasitoid/fungus

Parasitisation
intensity and year

Infected host stage

References

Hymenoptera: Encyrtidae

Hymenoptera: Braconidae

Hymenoptera: Icheumonidace

Hymenoptera: Trichogrammatidae

Hymenoptera: Trachinidae

Entomophthorales

Clavicipitaceae

Copidosoma
truncatellum (Dalman)

Cotesia marginiventris (Cresson)

Meteorus autographae Ashmead
Campoletis sonorensis Cameron
Casinaria plusiae Cavalier-Smith

Trichogramma pretiosum Riley

Chaelophlepsis
plathypenae Sabrosky

Lespesia aleliae (Riley)
Entomophthora gammae Weiser

Nomuraea rileyi (Farlow) Samson

15.9% in 1985

13.5% in 1984

20.4% in1982-84

1st-6th instars

Ist-4th instars

1st-4th instars
larval stage
larval stage

Ist-4th instars (emerges during
pre-pupal stage)

3rd-5th instars

4th-6th instars
larval stage

larval stage

Diagle et al. (144)

Diagle et al. (144), Beach
and Todd (135)

Diagle et al. (144)
Burleigh (31)
Burleigh (31)

Harding JA (25)

Diagle et al. (144)

Diagle et al. (144)
Beach and Todd (135)

Beach and Todd (135)





OEBPS/Images/logo.jpg
’ frontiers ‘ Frontiers in Insect Science





OEBPS/Images/finsc-04-1480940-g002.jpg
OH

o CH,

CHy CH,
Phytoalexins

®L
Attacks of microbes :

Constitutive defense

Trichomes

Exogenous application of different elicitors
(i.e., Actigard 50WG Regalia, MeJA)

Soybean looper attractions anq verall
development

Induced defenses





OEBPS/Images/table1.jpg
Lure composition Volatile type Natural origin References

Phenylacetaldehyde Aldehydes leaf/flower/fruit Meagher (94)
Linalool + Phenylacetaldehyde Terpene alcohol + Aldehydes Flower Meagher and Landolt (95)
Phenylacetaldehyde with 2-phenylethyl alcohol, methyl Aldehydes + primary alcohol + methyl ester — Stringer et al. (96)

salicylate, dimethyl salicylate, benzaldehyde and benzyl alcohol | aromatic aldehyde + aromatic alcohol

(Z)-9-tetradecenyl acetate Carboxylic ester Sex pheromone Flemming et al. (68)





