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Abstract

:

The efficacy of two formulations (Foray® 76B AVIO and Rapax® AS AIR) containing different Bacillus thuringiensis kurstaki (Btk) strains (ABTS-351 and EG-2348, respectively) was evaluated against Lymantria dispar larval populations in cork oak forests in Sardinia (Italy), in 2018 and 2019. The experimental design involved the following treatments: (I) untreated control; (II) Foray® 76B at the dose of 2.0 L/ha; (III) Foray® 76B at the dose of 2.5 L/ha; (IV) Rapax® AS AIR at the dose of 2.0 L/ha. Aerial applications were carried out using a helicopter equipped with four electronic rotary atomizers adjusted to sprinkle 160 micron-sized drops. Btk efficacy was evaluated by assessing the larval density reduction 7, 14, and 21 days after the application in each experimental plot in comparison with an untreated check. In addition to field surveys, the mortality of second and third instar larval samples, randomly collected from each plot after treatment and fed with foliage from the same plot, was determined in the laboratory. All Btk treatments were similarly effective, and no differences in larval density reduction among Btk strains and doses were found in either year. Twenty-one days after application, the average larval density reduction in the field was approximately 70% in all treated plots in 2018, whereas in 2019 it reached 80% only in areas treated with Foray 76B at 2.5 L/ha. Laboratory observations showed that all Btk-based products were effective against gypsy moth larvae, with significant differences in mortality between untreated control and the different Btk treatments. Our results shed light on the possibility of alternating different Btk strains for resistance management purposes and of applying lower doses than labeled, in order to achieve cost savings for product shipment and distribution and to reduce the environmental impact.
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1. Introduction


Cork oak (Quercus suber L.) is an evergreen species typical of Mediterranean pure and mixed forests or included in extensive agroforestry systems [1]. In addition to being biodiversity hotspots [2,3], cork oak forests are important economic resources in regard to cork production and their usefulness as pastureland.



A major threat to Mediterranean cork oak is the gypsy moth, Lymantria dispar (L.) (Lepidoptera: Erebidae), one of the main forest pest defoliators worldwide [4,5,6]. Gypsy moth is a univoltine species whose larvae can feed and develop on more than 300 different plant species [7,8,9], even though Quercus species are the main hosts in natural environments [10,11]. Spring larval feeding behavior, mostly targeting young oak shoots, causes a significant loss of the photosynthesizing surface, which leads to a tree growth decrease and consequent cork production reduction of up to 60% in totally defoliated trees and 40% in partially defoliated trees [12]. Moreover, the ordinary development of infested trees might be affected in the following year too, resulting in delayed bud burst and additional cork growth reduction [13].



In order to reduce gypsy moth infestations and consequent damage to trees, different control strategies have been developed [14,15,16,17,18]. Of these, the application of Bacillus thuringiensis serovar kurstaki (Btk) is considered one of the most effective methods to reduce larval population density [16,17] with few biological and practical limitations [19,20]. Btk application success against L. dispar strictly depends on several technical aspects, including timing, which should target second instar larvae [19,21], appropriate dose [14,22], and droplet size [23]. In Sardinia (Italy), according to a multi-year experiment in which various strains and formulations were applied by employing diverse aerial distribution methods against different gypsy moth generations [24,25], Btk was able to protect cork oak forests from this pest [25]. Based on these studies, Foray® 48B and Foray® 76B (Valent Bioscience Corporation, Libertyville, Illinois, USA) suspension concentrates (SC) of strain ABTS-351 authorized against gypsy moth were the Btk-based formulations providing the highest efficacy [26]. Among these two products with equal effectiveness, Foray® 76B is recommended to be used at a nearly half dose, which allows cost saving for product shipment and distribution [19].



Btk-based formulations normally used to control Lepidopteran defoliators are suspension concentrates (SC) of spores and crystals, containing insecticidal Cry proteins, acting by ingestion. Activated Cry proteins bind to specific receptors covering the plasma membrane of the insect’s midgut epithelium, determining the formation of amphiphilic pores and a subsequent abnormal flux of ions and water into the epithelial cells [27]. Consequently, affected gut cells lyse [28] and infected larvae undergo paralysis and death, eventually exhibiting bacterial septicemia [29]. Although Btk acts specifically against Lepidoptera, susceptibility to toxins can vary depending on Btk strains [30,31]. For example, the tent caterpillar, Malacosoma neustria (L.) (Lepidoptera Lasiocampidae), which is often considered a secondary pest of cork oak forests [5,11], was more susceptible to ABTS-351 strain than L. dispar in application experiments conducted in cork oak forests in Sardinia [18]. Such differences were shown to be related to different degrees of Cry toxin affinity for midgut receptors, resulting in different amounts of amphiphilic pore formation on epithelial cells in susceptible insect species [32]. On the other hand, full insecticidal action of a Btk-based formulation is achieved when a sufficient number of spores and Cry proteins are ingested by young larvae [22], which is strictly related to the intrinsic features of the formulation and the way it is applied [33]. Therefore, the characteristics of the formulation and the insecticidal traits of the Btk strain it contains represent key factors to maximize gypsy moth containment efficacy in the field, enabling a longer residual effect.



Since the dose, formulation, and strain of Btk products are recognized as the main features determining a successful application against L. dispar, large-scale comparative trials with different Btk-based products and doses were performed in 2018 and 2019 in two cork oak forests in Sardinia. Experiments, including field and laboratory work, involved the two Btk strains ABTS-351 and EG-2348, containing a different assortment of Cry toxins.




2. Materials and Methods


2.1. Experimental Products


Two aqueous suspension concentrate (SC) Btk formulations were used in this study: (1) Foray® 76B AVIO (Sumitomo Chemical Agro Europe S.A.S., Machelen, Belgium), containing 20 billion international units (BIU)/L of Btk strain ABTS-351 expressing the insecticidal crystal toxins Cry1A(a), Cry1A(b), Cry1A(c), and Cry2A and (2) Rapax® AS AIR (Biogard, CBC Europe S.r.l., Grassobbio, Italy), containing 24 BIU/L of Btk strain EG-2348 and Cry1A(a), Cry1A(c), and Cry2A proteins. Foray and Rapax were authorized for aerial applications in Sardinian forests by Reg. n. 17,191 and 17,190 in 2018 and by Reg. n. 17,393 and 17,394 in 2019, issued by the Italian Ministry of Health according to art. 53, p. 1, Regulation (CE) n. 1107/2009.




2.2. Study Area and Experimental Design


Trials were carried out in 2018 and 2019 in pure cork oak forests in northern and eastern Sardinia, respectively, according to a randomized complete block design with three replicates (plots) of approximately 200 ha each, including the following treatments: (1) Foray® 76B AVIO applied at the dose of 2.0 L/ha (hereafter called Foray 2.0); (2) Foray® 76B AVIO applied at the recommended dose of 2.5 L/ha (hereafter called Foray 2.5); (3) Rapax® AS AIR applied at the dose of 2.0 L/ha (hereafter called Rapax); (4) untreated check (control). Btk-based formulations were sprayed at an ultralow volume using a helicopter equipped with a 12-m long bar with four rotary atomizers (model AU) regulated to sprinkle 160 micron-sized drops. Spraying equipment included a flow control system allowing for the management of insecticide distribution rates at variable helicopter speeds. Btk applications were made on 12 May and 11 May in 2018 and 2019, respectively, under optimal weather conditions, corresponding to an average temperature ranging from 19 to 28 °C, 30–60% relative humidity, and wind speeds below 1–2 m/s. Treatments targeted a gypsy moth larval population mainly in the second instar, being highly susceptible to the Btk action [34].



In both years, the level of gypsy moth infestation in the study areas, estimated by assessing the number of egg masses along a standardized 40-plant transect (economic damage threshold = 100 eggs), clearly indicated this species fell in a retrogradation phase within its multi-year cycle, as determined by analysis of data from network stations established in Sardinia since 1980 [35] and including more than 680 permanent monitoring sites [36]. Based on the close correlation between egg mass density and defoliation level in the following spring, in Sardinia, total defoliation is expected when the 100-egg threshold is reached [19]. Despite being in a retrogradation phase, the average density of L. dispar recorded in both 2018 and 2019 was higher than the action threshold, thus justifying the need for a phytosanitary application.




2.3. Evaluation of Btk Treatments


The effect of Btk applications against gypsy moth larvae was evaluated under field and laboratory conditions. In the field, gypsy moth larval population density was estimated in each plot before spraying and 7, 14, and 21 days after spraying. Larval density was assessed by counting the number of larvae on four randomly chosen shoots (approximately 30 cm in length) per tree from 10 consecutive cork oak trees selected along a linear transect (40 shoots/site/sampling date). In addition, larvae were identified according to different instars. Larval density reduction in treatment x after t days (  Δ  D  x t    ) was calculated as


  Δ  D  x t   =    D  x 0   −  D  x t      D  x 0     × 100  



(1)




where    D  x 0     is the initial larval density in treatment x at sampling time 0 (i.e., before spraying), and    D  x t     is the larval density t days after the Btk applications in treatment x.



In the laboratory, the larval mortality was evaluated on second and third instars randomly collected from each plot a few hours after each spraying. Groups of one hundred larvae from each plot were transferred into aerated plastic containers 18 cm in diameter and 25 cm in height (KartellTM Inc., New York, NY, USA) with a perforated cup. To prevent larvae escaping from the upper holes, a portion of non-woven fabric was inserted between the cap and the top edge of the container. Throughout the entire breeding period, the larvae were fed ad libitum with fresh cork leaves from their original treated plot. Gypsy moth larvae were reared until pupation and the number of live and/or dead larvae, as well as the total number of pupae, was recorded every 2–3 days.




2.4. Statistical Analysis


All statistical analyses were performed using R statistical software version 3.10 [37]. Differences among treatments in instars composition were evaluated before Btk application for all years using a χ2 test for independence (p < 0.05). Moreover, one-way Analysis of Variance (ANOVA) followed by Tukey post hoc test at 0.05 level of significance were performed to test for differences in larval infestation (i.e., average number of larvae counted on 40 shoots) before treatment.



The efficacy of different Btk treatments was evaluated by considering larval density reduction compared to initial density. In order to take into account the natural population decrease, larval reduction due to Btk treatments were corrected for natural mortality (   C  x t    ) using the Schneider–Orelli formula [38]:


   C  x t   =   Δ  D  x t   −   D ¯   C t     100 −   D ¯   C t     × 100  



(2)




where   Δ  D  x t     is the larval density reduction in treatment x after t days, and     D ¯   C t     is the average larval density reduction t days after the Btk applications in untreated control. Differences in corrected larval reduction among Btk treatments were tested separately within sampling times (i.e., 7, 14, and 21 days after application) using ANOVA followed by Tukey’s test at significance level of 0.05.



Data obtained from laboratory assessments were used to evaluate both larval survival and density reduction under controlled conditions. Survival analysis was performed separately for each year of observation using a mixed effects Cox proportional hazard model using survival (version 3.2-11) [39], and coxme (version 2.2-16) [40] packages in R. In each model, treatments were considered as fixed factors and cage (i.e., replicate) as a random effect factor. Further post-hoc analysis was performed using multcomp (version 1.4-16) package in R [41], applying a Bonferroni correction for multiple testing. Larval density reduction corrected using Schneider–Orelli was calculated at 7, 14, and 21 days after treatment in order to evaluate the individual effect of Btk against gypsy moth larvae under laboratory conditions. One-way ANOVA followed by Tukey’s test at 0.05 level of significance was used to test for differences among treatments.





3. Results


In both experimental years, Btk formulations were applied when the gypsy moth larval population was mainly in the second instar (Table 1). Statistical differences in instar distribution among treatments were found in 2018 (χ2 = 108.3, df = 6, p < 0.05), and 2019 (χ2 = 282.4, df = 6, p < 0.05). In 2018, plots treated with Foray 2.5 were characterized by a higher proportion of third instars than other plots, whereas plots sprayed with Rapax showed a significantly higher proportion of first instars (Table 1). In 2019, although treatments targeted a larval population mainly in the second instar, the presence of fourth instars was observed in all treated areas except those treated with Rapax (Table 1). No statistical differences in larval density among treatments were found before microbiological applications in either 2018 or 2019 (Table 2), indicating a similar level of infestation in all experimental areas.



The analysis of larval density reduction in the field exclusively due to Btk treatments applied in 2018 showed a comparable percentage of reduction among treatments 7 (F2,6 = 0.27, p = 0.77), 14 (F2,6 = 1.13, p = 0.39), and 21 (F2,6 = 0.12, p = 0.89) days after spraying (Figure 1a). Similarly, no differences in corrected larval reduction were found in 2019 throughout the sampling period (7 days after application: F2,6 = 3.31, p = 0.12; 14 days after application: F2,6 = 0.08, p = 0.93; 21 days after application: F2,6 = 0.88, p = 0.50) (Figure 1b).



Survival of field-collected larvae maintained in the laboratory in 2018 was different among treatments (χ2 = 210.03, p < 0.01), with a significantly higher survival rate in untreated control than other treatments. Survival observed in larvae fed with foliage sampled from areas treated with Rapax was comparable to larvae from Foray 2.0-treated areas (z = −2.48, p = 0.08), whereas it was significantly lower in respect to larvae fed with Foray 2.5-treated foliage (z = −3.96, p < 0.01).



No difference in survival was found between larvae fed with Foray 2.0- and Foray 2.5-treated foliage (z = 1.49, p = 0.81). The survival of larvae fed with untreated foliage was approximately 80% at the end of the laboratory observations (30 days), in contrast to 24.7%, 10.0%, and 6.3% in larvae fed with foliage treated with Rapax, Foray 2.0, and Foray 2.5, respectively (Figure 2a). A similar pattern was observed in laboratory observations conducted in 2019 (Figure 2b), in which the survival of larvae fed with Btk-treated foliage after 30 days was slightly lower than that observed in larvae from untreated areas (Foray 2.0 = 1.3%; Foray 2.5 = 4.3%; Rapax 2.0 = 10.0%; untreated control = 68.3%). In these experiments, significant differences in survival among treatments were found (χ2 = 339.92, p < 0.01), with a higher survival rate of larvae fed on untreated foliage than those fed with Foray 2.0 (z = −17.25, p < 0.01), Foray 2.5 (z = −15.66, p < 0.01), and Rapax (z = −15.76, p < 0.01).



The corrected larval mortality observed in the laboratory in 2018 and 2019 is illustrated in Figure 3a,b, respectively. In 2018, larval mortality attributable exclusively to Btk formulations was similar 7 (F2,6 = 3.79, p = 0.09) and 14 (F2,6 = 5.24, p = 0.05) days after their application in all treatments (Figure 3a). However, significant differences among Btk-based formulations were found 21 days after sprayings, with a lower mortality in larvae fed with Rapax than those fed with Foray at both assayed doses (F2,6 = 9.69, p = 0.01). In 2019, the average corrected larval mortality observed in the laboratory seven days after application was, respectively, 75.4%, 73.9%, and 59.2% for larvae fed with Foray 2.0, Rapax, and Foray 2.5. Larval density decreased over time and the reduction of reared larvae reached more than 80% in all treatments 21 days after the application. No differences in larval mortality among treatments attributable to Btk were found at different times of observation (7 days after application: F2,6 = 0.51, p = 0.62; 14 days after application: F2,6 = 1.03, p = 0.41; 21 days after application: F2,6 = 2.39, p = 0.17) (Figure 3b).




4. Discussion


All Btk applications in this study successfully contributed to the reduction in L. dispar larval populations in the forest. Foray® 76B AVIO, commonly used in large-scale gypsy moth management programs in Sardinia [19], caused a significant decrease in larval density when applied either at a standard (2.5 L/ha) or lower (2.0 L/ha) dose. The efficacy of Rapax® AS Air, which is characterized by a different Btk strain (i.e., EG-2348), was generally comparable to Foray® 76B AVIO (i.e., ABTS-351). However, the latter, as a whole, appeared more effective in controlling the L. dispar larval population. On the other hand, the efficacy of these Btk products observed in 2018 and 2019, compared to the untreated control areas, was less evident than expected due to the target population being under retrogradation. Another aspect affecting efficacy comparisons between the two experimental years is the larval age at the time of application, which is a factor correlated to Btk effectiveness [22]. In 2019, the larval population at the time of application was characterized by a higher larval age than that in 2018. Therefore, to achieve the same level of mortality when targeting older larvae, a higher dose would have been needed [14,22]. Nevertheless, differences in larval age are also related to other natural control factors affecting population. Older larvae which survive Btk treatments are exposed for a longer time to several biotic and abiotic mortality factors, which act more consistently during a gypsy moth retrogradation phase [42]. Among these, the biological control agent community, whose population is host-density dependent, expresses its highest potential during retrogradation [42,43,44,45]. The effects of the complexity of natural phenomena affecting Btk efficacy evaluations based on population density measurements before and after treatments and during retrogradation were mitigated in this study by including laboratory observations of larval samples collected from treated plots. This approach allowed the demonstration of clear treatment efficacy, with larvae feeding on non-treated foliage showing a significantly higher survival rate than that of larvae from treated areas in both years (Figure 2a,b).



Based on this study, both Btk formulations were equally effective in attaining larval density reduction in the field. The EG-2348 strain characterizing Rapax® AS Air formulation was previously assayed against L. dispar and M. neustria populations, proving to be effective when applied on individual cork oak trees [17]. However, in those experiments, Btk suspension was diluted with water and applied from the ground with an atomizer at a volume of 10 L/100 m2. No recommendations for aerial application of this product were available, but our results demonstrated that the same procedures in use in Sardinia since the 1990s for aerial application of Foray® [19,24,25] can also be used effectively for Rapax®. This aspect is not secondary to achieving an appropriate size and density of suspension droplets, which is strictly dependent on the type of distribution and the physico-chemical features of the formulation [33]. These results provide important practical information for the aerial application of Foray® 76B AVIO and Rapax® AS AIR, as both are aqueous suspensions. Our results align with previous trials reporting the effectiveness of Btk-based SC formulations on different Lepidopteran species affecting forest and agricultural crops, under different field conditions [17,46].



Another relevant finding emerging from this work is the availability of two formulations containing Btk strains bearing different Cry genes, both resulting in a satisfactory pest control capability. This relates to the need to develop a longer-term control strategy involving the alternate or combined use of different strains, according to a resistance management approaches based on modes of action diversification. Insect resistance to Bt toxins was in fact reported in both laboratory and field conditions [47,48,49], being developed by different mechanisms, most of which are still under investigation [32]. Possible adaptation to Bt toxins by natural populations should therefore also be considered in the forest environment, where the selection pressure caused by the application of the same active substance for several years may facilitate the onset of resistance [50]. In addition to strains rotation, resistance management should include the maintenance of treatment-free areas as a reserve of Bt-sensitive populations.



The present study indicated similar efficacy of using the standard dose of 2.5 L/ha or a reduced dose of 2.0 L/ha for Foray® 76B AVIO. This dose was also adequate for Rapax® AS AIR. The consistent employment of reduced doses is recommended in order to minimize the possible environmental impact and the costs related to product shipment and distribution [19].



In conclusion, our results confirmed the high efficiency of Btk applications to manage L. dispar infestations in the Mediterranean area, which represents an effective method to protect forests from defoliation. The two formulations containing different Btk strains (i.e., ABTS-351, EG-2348) did not show significant differences in efficacy against gypsy moth larval population, providing a choice of alternative products to be considered in insect resistance management strategies. In addition, Foray® 76B AVIO proved to be equally effective at a lower dose than that labeled, which allows treatment cost saving or the opportunity to use locally available budgets to increase the surfaces of the forest to be protected. On the other hand, the use of different doses might be calibrated according to the typical spatial heterogeneity of gypsy moth infestations, applying lower doses in less infested areas and standard doses in areas with higher population density.
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Figure 1. Percentage reduction of Lymantria dispar larval population caused by application of Foray 76B® (2.0 L/ha and 2.5 L/ha) and Rapax AVIO® 7, 14, and 21 days in (a) 2018 and (b) 2019 panel. Larval reductions were corrected with the Schneider–Orelli formula. 
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Figure 2. Survival of Lymantria dispar larvae fed in the laboratory with untreated and Btk-treated foliage in (a) 2018 and (b) 2019. 
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Figure 3. Lymantria dispar mortality (%) under laboratory conditions caused by Foray 76B® (2.0 L/ha and 2.5 L/ha) and Rapax AVIO® 7, 14, and 21 days in (a) 2018 and (b) 2019 panel. Mortality was corrected with the Schneider–Orelli formula. 
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Table 1. Occurrences of Lymantria dispar larval instars observed in 2018 and 2019 in untreated (control) areas and areas treated with Foray® 76B AVIO and Rapax® AS AIR 2018 in Sardinia (Italy). Pearson standardized residuals measuring the deviation from expected values are reported in brackets (+ = positive deviation; − = negative deviation).
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	Year
	Treatments
	First Instar
	Second Instar
	Third Instar
	Fourth Instar





	2018
	Foray 2.0 L/ha
	242
	521
	121
	-



	
	Foray 2.5 L/ha
	278
	527 (−)
	218 (+)
	-



	
	Rapax
	106 (+)
	120
	8 (−)
	-



	
	Control
	192
	467 (+)
	65 (−)
	-



	2019
	Foray 2.0 L/ha
	11 (−)
	190 (−)
	163 (+)
	24 (+)



	
	Foray 2.5 L/ha
	15
	118
	61 (+)
	2



	
	Rapax
	42
	308
	46 (−)
	0



	
	Control
	48
	394 (+)
	26 (−)
	1 (−)










[image: Table] 





Table 2. Average (mean ± standard error) Lymantria dispar larval density occurred in 2018 and 2019 in untreated and Btk treated plots before insecticide applications. Analysis of Variance (ANOVA) statistics and p-value are reported.
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	Year
	Foray 2.0 L/ha
	Foray 2.5 L/ha
	Rapax
	Control
	F
	p





	2018
	294.7 ± 101.3
	247.0 ± 19.2
	78.0 ± 35.7
	241.3 ± 65.9
	2.20
	0.17



	2019
	129.7 ± 61.6
	65.3 ± 13.7
	132 ± 12.2
	156.3 ± 51.9
	0.89
	0.49
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