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Simple Summary: The fall armyworm (FAW) is an important pest native to the Americas which was
recently introduced to Africa, where it has become a threat to maize production, a major food and
cash crop. It is usually managed by chemical control. However, due to the drawbacks of large scale
and indiscriminate use of synthetic chemical pesticides on human health and the environment, it
is important to develop safer alternative methods. In a series of laboratory and field experiments
conducted in Benin, West Africa, we evaluated the efficacy of several biorational products (soaps,
detergents, diatomaceous earth, neem oil), and a semi-synthetic insecticide (emamectin benzoate)
against fall armyworm larvae. Overall, the biorational insecticides provided similar and, in some
cases, better control than the semi-synthetic insecticide used as positive control. The results suggest
that the biorational insecticides tested in this study are cost-effective and may constitute viable
control options for the fall armyworm.

Abstract: Spodoptera frugiperda was first reported in Africa in 2016 and has since become a serious
threat to maize/cereal production on the continent. Current control of the pest relies on synthetic
chemical insecticides, which can negatively impact the environment and promote the development
of resistance when used indiscriminately. Therefore, great attention is being paid to the development
of safer alternatives. In this study, several biorational products and a semi-synthetic insecticide
were evaluated. Two household soaps (“Palmida” and “Koto”) and a detergent (“So Klin”) were
first tested for their efficacy against the larvae under laboratory conditions. Then, the efficacy
of the most effective soap was evaluated in field conditions, along with PlantNeem (neem oil),
Dezone (diatomaceous earth), and Emacot 19 EC (emamectin benzoate), in two districts, N'Dali and
Adjohoun, located, respectively, in northern and southern Benin. The soaps and the detergent were
highly toxic t second-instar larvae with 24 h lethal concentrations (LCsg) of 0.46%, 0.44%, and 0.37%
for So Klin, Koto, and Palmida, respectively. In field conditions, the biorational insecticides produced
similar or better control than Emacot 19 EC. However, the highest maize grain yields of 7387 and
5308 kg/ha were recorded, respectively, with Dezone (N’Dali) and Emacot 19 EC (Adjohoun). A
cost-benefit analysis showed that, compared to an untreated control, profits increased by up to 90%
with the biorational insecticides and 166% with Emacot 19 EC. Therefore, the use of Palmida soap
at 0.5% concentration, neem oil at 4.5 L/ha, and Dezone at 7.5 kg/ha could provide an effective,
environmentally friendly, and sustainable management of S. frugiperda in maize.
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1. Introduction

The fall armyworm (FAW) Spodoptera frugiperda ] .E. Smith (Lepidoptera: Noctuidae),
one of the most destructive lepidopteran pest species, has been recently reported in maize
fields in Africa [1]. FAW is native to tropical and sub-tropical regions of the Americas and
is an economically important pest that feeds on maize and other graminaceous plants [2]. It
attacks all growth stages of maize and all aboveground plant structures [3] causing substantial
foliar damage resulting in yield loss in the absence of control measures [4,5]. In 2016, more
than 38,000 ha of maize production were damaged by FAW in northern Benin [1,6]. FAW
has now been detected in over 40 African countries [7]. Several factors including host plants
availability and certain environmental conditions enhance the abundance and persistence
of the pest, which threatens the production of several key crops that provide livelihoods to
millions of farmers in Africa [8].

Currently, FAW control is mainly achieved through the use of synthetic insecticides [9,10].
However, the indiscriminate use of chemical insecticides is often associated with adverse
effects, such as pest resurgence, elimination of natural enemies, and presence of toxic
residues in food, water, air, and soil, which can affect human health and disrupt the
ecosystem [11]. Moreover, because of the biology and ecology of S. frugiperda, chemical
insecticides used to control FAW are not always effective and insecticide resistance has been
reported [12-14]. Therefore, great attention is being paid to promoting and or developing
more effective and environmentally friendly alternative control methods [15].

Biorational substances offer a great source of insecticides that are effective against a
wide range of insect pests and have relatively low environmental impacts. They include
naturally derived active ingredients that are biodegradable, readily available and economi-
cally suitable for resource-limited smallholder farmers in Africa [16-18]. Diatomaceous
earth (DE, fossils of phytoplankton called diatoms), for example, is a highly effective inert
mechanical insecticide used in the management of stored-grain pests [19,20]. Constanski
et al. [21] demonstrated the efficacy of DE applied alone and in combination with neem oil
in the control of S. eridania and S. frugiperda larvae under laboratory conditions. Botanical
extracts of various plant species, especially neem (Azadirachta indica A. Juss.), have also
been reported to show insecticidal properties against FAW [22-27] in the laboratory. Soaps
and detergents are also frequently reported in published surveys as local remedies used
by farmers against the FAW. However, few studies have investigated the real-world appli-
cations of biorational insecticides on FAW in Africa, and, to the authors” knowledge, no
study has evaluated the effectiveness of DE in the field on the continent.

In the present study, the efficacy of natural insecticidal DE, locally available soaps
and detergents, and neem oil against S. frugiperda was compared with that of the standard
treatment, emamectin benzoate. A cost-benefit analysis was also conducted to assess the
profitability of the different FAW management options tested.

2. Materials and Methods
2.1. Laboratory Efficacy of Locally Available Soaps and Detergents against FAW Larvae
2.1.1. Experimental Conditions

Laboratory mortality assays were conducted at the Crop Protection Laboratory of the
National Institute of Agricultural Research of Benin (INRAB). Experiments were carried
out at 27 + 3 °C, 70-75% relative humidity and a photoperiod of 12:12 h (Light:Dark).
Temperature and humidity were recorded twice a week with HOBO data loggers (Onset
Computer Corp., Bourne, MA, USA) placed in the laboratory.

2.1.2. Insect Rearing

Second-instar larvae (5 days old) of S. frugiperda used in the laboratory assays were
obtained from a laboratory colony. The colony was initially established with larvae collected
from unsprayed maize fields at the research station of INRAB located in Abomey-Calavi,
Benin. Different larval instars were collected from damaged maize plants at the vegetative
stage (15-30 days old), transferred to the laboratory, and fed with tender and fresh maize
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leaves (sprouts) [28]. The pre-pupal stage was transferred to plastic cups (diameter: 14 cm,
height: 10.5 cm) covered with tissue paper for pupation. Pupae were collected and placed
in transparent plastic cups (diameter: 13.5 cm, height: 6.7 cm) used for adult emergence
and as an oviposition device. Newly emerged adults were transferred to oviposition
devices at a ratio of 6:4 (female: male), and sterile cotton soaked in 20% honey solution
was placed inside the oviposition devices as a food source for emerging adults. The lid
of the oviposition device was lined with wax paper as an oviposition substrate [29]. Two-
to three-day-old egg batches were collected from the oviposition device and placed in a
sterile plastic container (diameter: 14 cm, height: 10.5 cm) and covered with tissue paper.
Egg hatch was monitored daily, and neonates were provided with diet made of maize
shoots, and the tissue paper was replaced by a fine mesh lid. The diet was provided
every 48 h throughout the larval stage. The insects were reared as described above until a
sufficient second-generation population of S. frugiperda larvae was obtained to perform the
experiments.

2.1.3. Soaps and Detergent

“Palmida” and “Koto”, two local household soaps, as well as “So Klin” detergent
(referred to as Klin in this paper), one of the most commonly used detergents in Benin, were
tested. The “Palmida” soap (Palmida SA, Porto-Novo, Benin) used in this study results
from the reaction of triglycerides (palm kernel oil, palm oil) with pure sodium hydroxide.
Similarly, “Koto” soap (generally homemade), like most African black soaps, results from
the reaction of triglycerides (palm oil, palm kernel oil) with potassium hydroxide (ashes
from oil palm empty spadices or infructescences soaked in water).

Klin is composed of Linear alkyl benzene sulfonate, sodium tripolyphosphate, sodium
carbonate, sodium sulphate, and enzymes (Natural Prime Resources Nigeria, Ltd. Agbara,
Ogun State, Nigeria). These products were purchased at a local market in Cotonou, Benin.

2.1.4. Bioassay

The different concentrations of soap and detergent solutions needed (g/mL) were
prepared by dissolving the products in tap water 24 h prior to running the tests. The
aqueous formulation of each product was evaluated at 0.25, 0.5, 0.75, 1, 1.5, and 2%
concentrations, respectively, against second-instar larvae of S. frugiperda by immersing
the larvae directly into the solutions for 5 s [30]. Palmida, Koto, and Klin were tested in
separate trials, and treatments were arranged in a completely randomized design (CRD),
with 10 replicates. Water was used as control in each trial, and controls 1, 2, and 3 relate
to detergent Klin, Koto, and Palmida soap, respectively. Ten larvae were immersed for
5 s in each solution and transferred onto a tissue paper to remove excess liquid from the
insect’s body surface. The larvae were then transferred separately into Petri dishes to
avoid cannibalism. A 1 g portion of non-treated maize shoot was provided to each larva as
food. The larvae used in each trial were obtained from the same rearing container. Larval
mortality was recorded at 24 h post-exposure, and death was indicated by a failure to
respond to mechanical stimulation [31].

2.2. Field Efficacy of Several Management Options against FAW
2.2.1. Experimental Sites

The field studies were conducted from 27 August 2019 to 22 December 2019 at Ouénou
village (09.46° N, 002.36° E), located in N’Dali district within the agro-ecological zone III
(food crop region of South Borgou) in northern Benin, and from November 26, 2019 to
24 March 2020 at Lowé village (06.39° N, 002.27° E), located in Adjohoun district within
the agro-ecological zone VIII (Region of fisheries and vegetables) in southern Benin. The
southern regions in Benin are characterized by a bimodal rainfall pattern (rainy seasons in
March—-July and September-November), while the northern regions have a monomodal
rainfall pattern (single rainy season from May to October) [32]. The annual rainfall ranges
between 1000 and 1200 mm in N’Dali and between 950 and 1300 mm in Adjohoun. It is
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important to highlight that Adjohoun district is located in the Lower Valley of the Ouémé
river and benefits from the flood recession period, during which several crops, including
maize, are produced from November to January.

2.2.2. Materials Tested

In field experiments, Palmida soap at 0.5% (based on the laboratory experiments and
existing literature on soaps [33]), Emacot 19 EC (emamectin benzoate 19 g/L) at 0.6 L/ha
(manufacturer’s recommendations), PlantNeem (100% neem oil) at 4.5 L/ha [34], and
Dezone (85% silicon dioxide from diatoms) at 7.5 and 15 kg/ha were tested. Dezone was
provided by Imerys (Imerys Filtration Minerals, Inc., Roswell, GA, USA) and applied as
a wettable powder following manufacturer’s recommendations and based on previous
studies [35]. Table 1 details the preparation of the insecticide solutions to treat 1 ha of
maize.

Table 1. Preparation of different insecticide solutions tested during the experiments.

Products 2 Dose/ha Surfactant (Palmida Soap) kg  Volume of Application (L)
Dezone 1 7.5kg 0.15 300
Dezone 2 15 kg 0.15 300
Palmida soap 1.5kg - 300
Emacot 19 EC 0.6 L - 300
PlantNeem 45L 0.6 300

# Dezone 1 and 2 refer to application rates of 7.5 and 15 kg/ha, respectively.

2.2.3. Experimental Design

Experiments were laid out in a randomized complete block design (RCBD) with
4 replicates. Each block contained 6 treatments (5 insecticide treatments (Table 1) + 1
untreated control). Plots treated with Emacot 19 EC were used as the positive control,
while non-treated plots constituted the negative control. In the first experiment conducted
at Ouénou (N'Dali), the treatments were applied to plots of 64 m? (8 x 8 m) with a spacing
of 2 m between plots and blocks. In the second experiment conducted at Lowé (Adjohoun),
the experimental units were 16 m? plots (4 x 4 m) with a spacing of 1 m between plots
and blocks. Maize seeds, variety “Synée 2000” (extra-early maturing variety of 80 days
with an expected yield of 2.5 t/ha) were sown with a spacing of 0.7 m between and within
rows at Adjohoun and 0.8 m between rows and 0.4 m within rows at N’Dali. Three seeds
were sown per plant hole and thinned to 2 plants per hole, 10 days after sowing (DAS).
In the first experiment, the maize plants were provided with 200 kg of NPK fertilizer
(N14P23K1455B1) and 100 kg of urea/ha at 10 and 35 DAS, respectively. In the second
experiment, no fertilizer was applied because of the alluvial nature of the soil in the region,
which is known to be naturally very fertile [32] compared to a ferruginous tropical soil at
Ouénou. Plots were manually kept weed-free throughout the experiments. All treatments
(except the untreated control) were sprayed using a knapsack sprayer from 21 DAS to
42 DAS at 7-day intervals (4 applications), except for Emacot 19 EC, which was applied
fortnightly (2 applications). Insecticides were applied during maize whorl stage. The first
application was conducted at the early whorl stage (V6 stage), and the last application was
performed at late whorl stage (V12) before the emergence of maize tassels [23]. Insecticides
were sprayed from 5:00 to 6:30 p.m.

2.2.4. Data Collection

Observations were performed before each spraying on 30 randomly selected plants
per plot in the first experiment, while, in the second experiment, 15 randomly selected
plants per plot were considered. The number of S. frugiperda larvae per plant (leaves and
inside whorls) was recorded. Foliar damage severity was assessed by scoring each infested
plant based on a rating scale adapted from Adéye et al. [34], as follows: 0—Plant presenting
no visible leaf-feeding damage (no damage); 1—Plant presenting superficial perforations
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and small circular holes or windowing effect (up to 1.3 cm in length); 2—Plant presenting
large perforations (up to 2.5 cm in length); 3—Plant presenting a whorl with superficial
perforations (up to 1.3 cm in length); 4—Plant presenting a whorl severely attacked (many
elongated lesions with presence of larval droppings); and 5—Plant completely distorted
or destroyed. The level of phytotoxicity from Palmida soap application was assessed
following the description given by [36]: 0—Plant presenting no visible sign of toxicity;
1—Signs of yellowing to bronzing; 2—Wilting or curling; and 3—Necrosis and defoliation.
At 60 DAS, plant height, stem thickness (root collar diameter), and leaf number were
recorded. At physiological maturity, maize plants were harvested within three quadrats
of 4 m? per plot in the first experiment, while, in the second experiment, harvest was
performed within one quadrat of 4 m? per plot. Maize cobs and shelled grains (adjusted to
14% moisture) were weighed. Cob and grain yields were estimated in kg-ha—!, and the
percentage reduction in the grain yield loss was calculated as follows:

YT —-YC
— = X

YR = YT

100, @
where YT is the maize grain yield obtained in insecticide plots, and YC is the maize grain
yield obtained in the untreated control plot.

2.3. Statistical Analyses

Concentration-mortality data from laboratory experiments were subjected to logistic
regression analysis by Probit [37,38] to determine the median lethal concentration (LCs)
of soap and detergent solutions tested. Abbott’s correction [39] was performed as part
of the Probit procedure to correct for control mortality. The LCsy values were considered
to be significantly different if the 95% confidence limits did not overlap. Generalized
linear regression (with interaction) was used to assess the effect of sites and treatments on
S. frugiperda larval populations per plant from the different collection dates. ANOVA was
performed on the previous model using Pearson’s chi-square adjustment to determine the
significance of the main factors and their interaction. Multiple comparisons among sites and
treatments were performed using the Student-Newman-Keuls test (SNK, o = 0.05). Data
related to the prevalence of infested plants (number of plants harboring larvae divided
by the total number of plants sampled), as well as the percentage of damaged plants
(number of plants with injury symptoms divided by the total number of plants sampled),
were generated and submitted to a linear mixed effects model using the Ime function
of the nlme package [40]. Sites and treatments were analyzed as main factors and block
as a random factor. Multiple comparisons among sites and treatments were performed
using the Student-Newman-Keuls test. Leaf damage severity and phytotoxicity scores
were analyzed using the Kruskal-Wallis test, and Dunn test was performed to separate
the medians (o« = 0.05). Data related to growth parameters, maize cob, and grain yields
were subjected to two-way ANOVA. Plant height, stem thickness, maize cob, and grain
yields were analyzed in a linear mixed effects model using the Ime function of the nlme
package [40], while leaf number was analyzed with the glmmTMB (generalized linear
mixed models using template model builder) function of the glmmTMB package [41]. Sites
and treatments were analyzed as fixed factors, while block was included as a random factor.
Descriptive statistics (mean =+ standard error) and Student-Newman-Keuls tests were
performed to regroup homogeneous growth parameters by sites and treatments. Statistical
analyses were performed using the R statistical software (Version 4.0.0, R Foundation for
Statistical Computing, Vienna, Austria) (R Development Core Team 2020) [42].

2.4. Profitability Analysis

A cost comparison analysis was performed to assess the profitability of the different
FAW management options. We considered that protectant products could be applied based
on the number of sprayings performed in this study. Costs are related to expenditures on
seeds, fertilizers, insecticides, machinery, water, protective clothing, and labor (weeding,
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fertilizer application, insecticide application, and harvesting) and do not take into account
equipment amortization (Table 2).

Table 2. Costs of required items in maize production.

N° Items Units Unit Price (US $) 2 Quantity/ha Per Crop Cycle
1 Maize seeds (Synée 2000) Kg 1.6849 20
2 Water L 0.0016 (0) Variable
3 Fertilizer NPK Bag of 50 kg 20.2190 (0) 4
4 Fertilizer Urea Bag of 50 kg 20.2190 (0) 2
5 Knapsack sprayer (16 L) b Unit 50.5475 2
6 Protective clothing Unit 8.4245 2
7 Emacot 19 EC L 8.4245 1.2
8 Palmida soap Bar 0.2527 Variable
9 PlantNeem L 5.3917 18
10 Dezone Kg 1.8888 30
11 Labor for weeding Man day 5.0547 (3.3698) 8 (16)
12 Labor for fertilizer application Man day 2.5273 (0) 12 (0)
13 Labor for spraying Man day 8.4245 (3.3698) Variable
14 Labor for harvesting Man day 2.5273 (3.3698) 8 (12)

21US $ = 593.5FCFA in average during the field studies [43]. Unit prices and quantities in parentheses only apply to the study conducted
in Adjohoun. ® The sprayer is typically used for several years. FCFA: Franc de la Communauté Financiére Africaine. One kilogram of
maize grain cost 150FCFA in local markets. The estimated price for Dezone is $34 per bag of 18 kg [44].

3. Results
3.1. Larvicidal Activity of Soap and Detergent Solutions on Second-Instar Larvae of FAW in
Laboratory

Mortality in the controls never exceeded 2%. The Probit analyses revealed that Palmida
soap had the lowest LCsg (0.37%) and was more toxic to FAW larvae than Klin (0.46%) by a
factor of 1.24 (Table 3 and File S1). No statistically significant difference was found between
the LCsg values of the two soaps, but the LCsy of Palmida was 16% lower than that of Koto.

Table 3. Probit analysis and estimated median lethal concentration (LCsp) values of Klin detergent
and Koto and Palmida soaps on fall armyworm (FAW) second instars.

Soap/Detergent N2 Slope (SE?) LCs € (95% CL 9) x2€
Klin 700 1.84 (0.43) 0.462 (0.36-0.60) 2.22

Koto 700 1.84 (0.43) 0.443 (0.39-0.58) 3.19
Palmida 700 1.74 (0.44) 0.373 (0.27-0.51) 3.33

2 Values represent total number of larvae used including 100 control larvae. ° SE = standard error. ¢ Values
represent percentage of product in the solution. Results were Abbott corrected. ¢ Confidence limits. ¢ Degrees of
freedom for the x? values presented = 58 (File S1).

3.2. Field Efficacy of Dezone, Palmida Soap, and other Management Options Evaluated
3.2.1. Impact of Insecticides Application on FAW Population

The statistical analyses indicated significant differences in the average number of
S. frugiperda larvae per plant, induced by factors days after sowing (Deviance = 416.71, df = 1,
p < 0.001), sites (Deviance = 78.39, df = 1, p < 0.001), and treatments (Deviance = 269.48,
df =5, p <0.001), as well as their interaction (Deviance = 68.95, df =5, p < 0.001) (File S2). In
general, the use of an insecticide significantly reduced the number of S. frugiperda larvae per
maize plant. During this study, the number of larvae was higher in the untreated control
compared to other treatments from 28 to 42 DAS at both sites (Figure 1). The average
numbers of larvae per plant recorded with Dezone 2 and the untreated control were not
significantly different at Adjohoun. However, the lowest overall average numbers of larvae
per plant were obtained with Palmida soap at Adjohoun and with Emacot 19 EC at N'Dali
(Figure 1).
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Figure 1. Mean numbers (+SE) of Spodoptera frugiperda larvae per plant based on weekly observations of 15 maize plants per
plot at Adjohoun (a) and 30 plants at N'Dali (b) on each collection date. The treatments included Palmida soap, PlantNeem,
Emacot 19 EC, Dezone, and the untreated control. Dezone 1 and 2 refer to application rates of 7.5 and 15 kg/ha, respectively.

3.2.2. Prevalence of Infested Plants

The statistical analyses indicated significant differences in the prevalence of infested
plants, induced by factors sites (F = 54.06, df = 1, 165, p < 0.001), treatments (F = 16.84,
df =5, 165, p < 0.001), and days after sowing (F = 17.87, df =1, 165, p < 0.001), as well as
their interaction (F = 2.66, df = 5, 165, p = 0.024) (File S3). The prevalence of infested plants
was, in general, higher in untreated plots compared to other treatments at both sites (Figure
2 and File S3). The lowest percentages of infested plants were achieved with Palmida soap
and neem oil at Adjohoun (Figure 2a). The prevalence of infested plants decreased over
time in plots treated with Emacot 19 EC, Palmida soap, neem oil, and Dezone at N'Dali
(Figure 2b). Overall, FAW infestation was higher at Adjohoun compared to N'Dali.

100 — 100 (b)
80 — 80 —
£ 60 £ 60
o o
o =%
o gl
7 40 - 7 40
= £
= Control
20 20 1 -- Palmida soap
— PlantNeem
— Emacot19EC
= = Dezone 2
0 — 0 - --- Dezone1
T T T T I ! I I
21 28 35 42 21 28 35 42
Days after sowing Days after sowing

Figure 2. Percentage of plants harboring Spodoptera frugiperda larvae based on weekly observations of 15 maize plants per
plot at Adjohoun (a) and 30 plants at N'Dali (b) on each collection date. The treatments included Palmida soap, PlantNeem,
Emacot 19 EC, Dezone, and the untreated control. Dezone 1 and 2 refer to application rates of 7.5 and 15 kg/ha, respectively.
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3.2.3. Impact of Insecticides Application on FAW Damage

FAW damage was evaluated with two parameters: the percentage of plants with
typical FAW damage/injury symptoms, as well as damage severity.

The statistical analyses indicated significant differences in the percentage of damaged
plants, induced by factors sites (F = 59.52, df = 1, 165, p < 0.001), treatments (F = 17.65,
df =5,165, p < 0.001), and days after sowing (F = 12.61, df = 1, 165, p < 0.001), as well
as their interaction (F = 3.18, df = 5, 165, p = 0.009) (File S4). Damaged plants were, in
general, in higher numbers in the untreated plots compared to other treatments at both
sites (Figure 3 and File S4). At Adjohoun, the lowest damage rates were achieved with
Palmida soap (Figure 3a). FAW damage rates decreased over time in plots treated with
Emacot 29 EC, Palmida soap, neem oil, and Dezone (Figure 3b). Overall, FAW damage
rates were higher at Adjohoun compared to N’'Dali.

100 (b)
—~ 80
g
§2}
‘el 3 60
- . . { o
pel
(0]
(o))
g 40
[0
a
— = Palmida soap 20
— PlantNeem
— Emacot19EC
. 0
T T T T T T T T
21 28 35 42 21 28 35 42
Days after sowing Days after sowing

Figure 3. Percentage of plants with Spodoptera frugiperda damage based on weekly observations of 15 maize plants per plot
at Adjohoun (a) and 30 plants at N'Dali (b) on each collection date. The treatments included Palmida soap, PlantNeem,
Emacot 19 EC, Dezone, and the untreated control. Dezone 1 and 2 refer to application rates of 7.5 and 15 kg/ha, respectively.

Plant damage severity varied significantly among treatments (Kruskal-Wallis chi
square = 333.61, df = 5, p < 0.001) and between sites (Kruskal-Wallis chi square = 703.24,
df =1, p <0.001) (File S5). Insect damage severity was higher in Adjohoun compared to
N’Dali (Figure 4 and File S5). From 28 to 42 DAS, foliar damage was not different between
Dezone applied at 15 kg/ha and the untreated control at Adjohoun (Figure 4a), while, at
N’Dali, Palmida soap and Emacot 19 EC reduced damage to the same level (Figure 4b).

However, the lowest median damage levels were recorded in plots treated with Emacot 19
EC and Palmida soap in both sites.
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Figure 4. Effects of insecticide application on S. frugiperda larvae damage severity based on weekly observations of 15 maize

plants per plot at Adjohoun (a) and 30 plants at N'Dali (b) on each collection date. Insect damage severity scores were

adapted from Reference [34] and described in the Methods section. Dezone 1 and 2 refer to application rates of 7.5 and

15 kg /ha, respectively.

3.2.4. Phytotoxicity Level Assessment

During this study, only Palmida soap induced signs of phytotoxicity (File 56). In
general, the median phytotoxicity score exhibited by this treatment was null at both sites.
However, the phytotoxicity induced by Palmida soap increased from 35 to 42, with a
median score of 1 recorded at 42 DAS.

3.2.5. Impact of Treatments on Growth Parameters

The statistical analyses showed that sites (F = 109.48, df = 1, 1065, p < 0.001) and treat-
ments (F = 15.36, df = 5, 1065, p < 0.001), as well as their interaction (F = 8.87, df = 5, 1065,
p < 0.001), significantly affected plant height (File S7). Sites (F =37.06, df = 1, 1065, p < 0.001),
treatments (F = 18.10, df = 5, 1065, p < 0.001), and their interaction (F = 11.67, df = 5, 1065,
p < 0.001) also affected stem thickness (File S7). Values of plant height and stem thickness
were, in general, significantly higher in plots where an insecticide was used compared
to the untreated control plots. The tallest plants and thickest stems were recorded in the
Dezone treatments at N'Dali, while, in Adjohoun, the plants in Dezone applied at 7.5 kg /ha
displayed the thickest stems (Table 4). However, the number of leaves present on plants
was not significantly affected by treatments (Deviance = 7.45, df = 5, p = 0.189) at either site
(Deviance = 2.70, df = 1, p = 0.100) (File S7).
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Table 4. Mean values (+SE) of plant height, stem thickness, and leaf number of maize under different

treatments in the field.

Growth Parameters 2

Sites Treatments

Plant Height (m)  Stem Thickness (cm) Leaf Number

Dezone 1 1.63 + 0.04 2P 3.45+0.172 11.32 £0.192

Dezone 2 1.58 4 0.04 2P 3.25+0.17 b 11.07 £ 0.23 2

Adjohoun Emacot 19 EC 1.71 4+ 0.032 2.87 + 0.07 be 1142 £0.19°
PlantNeem 1.51 £ 0.05° 3.174 0.14 @b 10.73 £ 0.23 2

Palmida soap 1.52 +0.03P 2.55 + 0.06 <¢ 11.30 £ 0.172

Control 1.62 + 0.04 2P 243 +0.074 11.25 +0.182

Dezone 1 1.89 +0.022 2.81 + 0.03 2 1138 £ 0.152

Dezone 2 1.89 +0.022 272 £0.042 11.09 £ 0.152

N'Dali Emacot 19 EC 1.75 + 0.02 P 2.65+0.04b 10.73 £ 0.14 2
PlantNeem 1.75 4+ 0.02° 2.78 £0.042 10.94 +0.152

Palmida soap 1.71 +£0.02° 2.80£0.042 10.85+0.152

Control 1.62 £0.02°¢ 245+ 0.04°¢ 9.99 + 0.152

4 Means within columns followed by different letters are significantly different, SNK multiple comparison test
(p < 0.05). Dezone 1 and 2 refer to application rates of 7.5 and 15 kg/ha, respectively.

3.2.6. Yields and Percentage Reduction in Grain Yield Loss

Cob and grain yields were significantly affected by treatments (cob: F =10.93, df =5, 81,
p < 0.001; grain: F = 10.87, df =5, 81, p < 0.001) and sites (cob: F = 58.51, df =1, 81, p < 0.001;
grain: F =78.22, df =1, 81, p < 0.001) (File S8). The yields obtained at N'Dali were 16 to
123% higher than those of Adjohoun. In general, yields were significantly higher in plots
treated with an insecticide compared to control plots. The highest average maize yields
were obtained in the two Dezone treatments and Emacot 19 EC at N'Dali, but the grain
yield obtained with Dezone 1 was 10% higher than that of the positive control Emacot 19
EC. In Adjohoun, the two Dezone treatments promoted higher yields compared to other
biopesticides, while the highest yields of all treatments were obtained with Emacot 19 EC.
All insecticides substantially reduced yield losses with the percentage reduction in grain
yield loss varying between 20 and 60% across treatments and sites (Table 5).

Table 5. Maize cob and grain yields and yield loss reduction percentages under insecticide applications in the field.

Yield (kg-ha~1) @ Percentage Reduction in the Grain Yield Loss

Sites Treatments

Maize Cob Maize Grain (%)

Negative Control 3538 + 322 b 2060 + 211 ° -

PlantNeem 4840 + 1030 2b 3618 + 826 2 43

Adjohoun Palmida soap 4975 + 608 °° 3830 + 543 % 46
Dezone 2 5298 + 953 ab 3968 + 924 ab 48

Dezone 1 5928 + 572 ab 4408 + 357 ab 53

Emacot 19 EC 7143 + 5332 5308 + 565 2 61

Negative control 5718 +901 P 4612 + 766 ° -

PlantNeem 7163 + 724 b 5804 + 657 b 21

N'Dali Palmida soap 8056 £ 859 2 6577 + 754 2P 30
Emacot 19 EC 8312 + 1065 2 6694 + 1016 2 31

Dezone 2 8073 + 591 2 6712 + 520 2 31

Dezone 1 9003 + 868 2 7387 + 73542 38

2 Means within columns followed by different letters are significantly different, SNK multiple comparison test (p < 0.05). Dezone 1 and 2
refer to application rates of 7.5 and 15 kg/ha, respectively.
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3.2.7. Cost-Benefit Comparison Analysis

In the field, Dezone at 15 kg/ha produced similar results to Dezone at 7.5 kg/ha
and, thus, was not considered in the cost-benefit analysis. Profits per ha of the different
maize protection strategies were different and all positive. Profits were higher in N'Dali
than in Adjohoun. Regardless of the district/site, the highest profits were obtained with
Palmida soap, Dezone, and Emacot 19 EC. The profit was substantially increased when
an insecticide was used. The net gain (percentage increase in profit) induced by the use of
insecticides ranged between 3 and 51% at N'Dali and between 28 and 166% at Adjohoun
(Table 6 and File S9).

Table 6. Profitability of different FAW control strategies in maize production.

District Treatments Grain Yields Average Revenue Total Cost Profit ConI:I;;riGlerl: tl(r)l the
a
(Kg/ha) (US $ per ha) (US$ perha) (US$ per ha) Negative Control (%) ®
Negative control 2060 520.64 128.05 392.59 -
PlantNeem 3618 914.41 413.14 501.27 28
Adjohoun Palmida soap 3830 967.99 325.18 642.81 64
Dezone 4408 1114.08 368.20 745.88 90
Emacot 19 EC 5308 1339.71 269.54 1043.16 166
Negative control 4612 1165.62 245.99 919.62 -
PlantNeem 5804 1466.89 519.59 947.29 3
N’Dali Palmida soap 6577 1662.25 431.67 1230.58 34
Emacot 19 EC 6694 1691.82 408.75 1283.06 40
Dezone 7387 1866.97 474.69 1392.28 51

2 The revenue is obtained by using an estimated sale price of 0.25274US $ for 1 kg of maize grain; b o/ Net gain: percentage increase in profit

due to the use of an insecticide.

4. Discussion

In the present study, we evaluated the efficacy of several biorational insecticides and a
semi-synthetic insecticide against the fall armyworm, Spodoptera frugiperda, in laboratory
and field conditions. In general, the results showed high efficacy of the products tested.

In the laboratory, the two soaps (Palmida and Koto) and the detergent (So Klin) were
highly toxic to second-instar larvae in 5 s direct immersion experiments. The concentrations
required to provide 50% mortality (LCsy) were low and varied between 0.37 and 0.46% (w/v)
of product in the solution (Table 3). Palmida and Koto are two multi-purpose household
soaps (laundry, dishwashing, body wash/care), while Klin is a common detergent found
in Benin.

Palmida soap was the most toxic as it displayed the lowest LCsq (0.37%). The insectici-
dal properties of soaps and detergents have been known for a long period of time [36,45,46].
In 1787, soaps were used to deal with small and soft-bodied insect pests of plants, such
as aphids, thrips, psyllids, whiteflies, scales, and even mites [22,47]. Lee et al. [30] tested
five household soap solutions at 0.4% against adult spider mites, Tetranychus urticae, and
reported over 90% mortality 24 h after dipping the mites in the solutions for 1 s. Even
though the modes of action of soaps and detergents have not been completely understood,
they are known to act as contact insecticides [48], inducing mortality by disrupting the
permeability of insect cuticles and by causing asphyxiation through obstruction of the
spiracles [49].

In field conditions, Palmida soap, along with two other biorational insecticides, neem
oil and Dezone, as wells as positive and negative controls were tested against FAW larvae.
As is often the case in field trials, and for some parameters measured in this study, insecti-
cide performance varied from one site to another. These variations could be explained by
several factors including differences in pest abundance, soil type, climatic conditions, and
farming practices.
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FAW infestation levels, as well as damage to maize plants, were significant at both
sites. First, the overall average numbers of S. frugiperda larvae per plant obtained in our
study (0.6-1.5 larvae across treatments and sites) are similar to those obtained by Adéye
et al. [34] but higher than the action thresholds of 1.7-2.5 larvae per 10 plants established
by Jaramillo-Barrios et al. [50] in maize crops. Second, it has been reported that FAW
infestations during the whorl stage may result in yield losses of up to 73% when 55 to
100% of the plants are infested [51]. In our study, the percentage of infested plants was
high in the treatments, especially in the untreated controls, where it varied between 80
and >90% at Adjohoun and between 50 and 80% at N’Dali (Figure 2 and File S3). This
parameter also varied between the treatments at each site (File S3). Third, in Africa, the
current recommendations establish action thresholds of 20% (early whorl stage) and 40%
(late whorl stage) of plants with typical FAW damage [23,52]. In our study, the percentage
of damaged plants in the controls was beyond these action thresholds throughout the study
and also varied significantly between the treatments (Figure 3 and File S4).

Palmida soap applied in water significantly reduced larval densities, prevalence of
infested plants, and foliar damage due to FAW larvae compared to the untreated control.
Furthermore, it provided better protection against the FAW and its damage at Adjohoun,
while, in N’Dali, Palmida soap and Emacot 19 EC provided similar protection levels.

Even though the pesticidal activity of soaps (commercial insecticidal soaps and house-
hold soaps) has been shown previously, the real-world application (on-farm trials) of
household soaps has received less attention from the scientific community for various
reasons [30]. Their use as adjuvants, on the other hand, is well documented [30,53,54]. To
the best of our knowledge, this is the second report on the field efficacy of a household
soap used as a stand-alone application against FAW in Africa and the first time Palmida
soap was tested in the field as an insecticide. In contrast, Alata samina soap, an African
black soap (used in Ghana and Nigeria) tested at 0.133% was not effective against FAW
larvae in the field [55]. The results obtained in this study are similar to those of Amin
et al. [33], who successfully field-tested soap solutions at concentrations varying between
0.5 and 3% against sucking pests in cotton. In our study, phytotoxicity (yellowing of
leaves) was noticed in the Palmida treatment. This is not uncommon and has been reported
before [22,36,45,46]. However, it is worth noticing that the phytotoxicity level was low and
did not negatively impact plant growth or yield compared to the controls. Soaps are also
thought to provide a more favorable ecotoxicological profile than broad-spectrum synthetic
insecticides [54,56]. More studies are needed to fully understand the potential of locally
available materials, such as Palmida soap, as control tools for S. frugiperda. In fact, the fate
of household soaps in the environment, soil, etc., and their effects on natural enemies or
other non-target species need to be investigated before wider use.

The present study also demonstrated the efficacy of neem oil (PlantNeem). The
literature on the use of neem-based products (Azadirachta indica) to control various pests
is extensive [54,57]. Neem oil, for example, is reported to control over 400 pests, acting
mainly as an insecticide, antifeedant, or growth disruptor [57,58]. Previous studies have
shown the efficacy of neem against S. frugiperda. Sisay et al. [27] reported high levels of
FAW control in laboratory and field conditions using a wettable powder of neem seeds
applied in water at 5% (w/v). Several other studies also highlighted the efficacy of neem in
the control of S. frugiperda [34,59]. Moreover, the efficacy of neem oil has been reported for
other noctuids, including the African armyworm Spodoptera exempta, the lawn armyworm
Spodoptera mauritia, and the cotton leafworm Spodoptera littoralis [18].

Dezone is another insecticide of natural origin tested in this study with promising
results. It is an EPA (U.S. Environmental Protection Agency) registered and OMRI (Organic
Materials Review Institute)-approved mechanical insecticide/miticide [35]. Dezone is a
high efficacy, natural DE-containing product designed to provide a physical mode of action
against a broad range of insect pests to mitigate chemical insecticide resistance [35,60].
In fact, DE Kkills insects by removing the protective lipid layer of the insect’s cuticle, thus
leading to death by desiccation. Due to their mode of action, inert powders, such as DE,
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are expected to prevent the development of resistance in insects [21,60-62]. DE is generally
regarded as safe and is one of the most used grain protectants [20,63—-68]. Our findings
are in agreement with those of Constanski et al. [21], who demonstrated the efficacy of DE
against second-instar larvae of S. eridania and S. frugiperda under laboratory conditions.
Dezone was also effective against thrips, Frankliniella fusca, both in lab [69] and in cotton
fields, at application rates similar to the ones used in this study [35]. In addition to reducing
FAW infestations and damage levels in the field, plant growth was enhanced with Dezone
applied at 7.5 kg/ha. This treatment also produced the highest yields at N'Dali with
up to 38 and 9% in yield loss reductions compared to the negative and positive controls,
respectively. In fact, it has been shown that spraying agricultural crops with mineral crop
protectants reduces herbivory and oviposition, as well as water stress [70,71]. Furthermore,
Dezone is rich in amorphous silicon dioxide (85% SiO,, Showler et al. [60]), and silicon has
been characterized as a “quasi essential” mineral which promotes growth and increases
yield in many plant species through various mechanisms, such as protection against biotic
(diseases) and abiotic (metal ion toxicity and salinity) stresses [72,73]. However, doubling
the application rate of Dezone (7.5 vs. 15 kg/ha) did not significantly improve the efficacy
of the product. Mitchell et al. [35] did not observe significantly improved thrips control in
cotton either when the dose was tripled (~7 vs. 22 kg/ha). These observations suggest that
more research is needed to determine the optimum dose range for Dezone as a stand-alone
system for FAW control and confirm its potential role as a growth and yield stimulator in
maize fields.

Emacot 19 EC performed well and was used in this study as a positive control because
it contains emamectin benzoate, one of the pesticidal molecules registered in South Africa
for the control of S. frugiperda [74]. It is also registered in Benin [75] and is frequently used
by farmers in Benin to control lepidopterous insects, including the FAW [76]. Emamectin
benzoate is a semi-synthetic derivative of the natural fermentation product abamectin
produced by the soil-dwelling actinomycete Streptomyces avermitilis and is used globally
for its insecticidal and acaricidal properties [77]. It has been reported to dissipate quickly
when released into the environment and to be less toxic to beneficial insects and, therefore,
is often regarded as a less harmful active compared to most broad-spectrum synthetic insec-
ticides [78]. However, emamectin benzoate is classified as a moderately toxic/hazardous
compound by the Word Health Organization [79], and the careless use of this product
may pose environmental risks and cause health hazards for animals and humans. For
example, emamectin benzoate has been shown to be cytotoxic to human lung cells [80] and
highly toxic to the silkworm moth, freshwater fish, and some bees [78]. Therefore, actions
need to be taken (sensitization and training) to make sure that farmers use this product
adequately. The good performance of Emacot 19 EC in this study was expected given the
fact that the efficacy of emamectin benzoate against caterpillars is well documented in
many agricultural crops [55,81,82].

Grain yields in our study were, in general, higher than the expected yield of 2500 kg /ha
and substantially higher than the national average yield of ~1500 kg/ha usually obtained
by farmers in Benin [83]. These differences could be explained by the fact that, in Adjo-
houn, for example, the soil is very fertile to the point where no fertilization—a key factor
in yield response—is needed. In N’dali, mineral fertilization was provided (even in the
negative control) following the recommendations from the Benin National Institute of
Agricultural Research, which is not always the case with resource-limited farmers. We also
provided adequate plant protection, thus mitigating yield loss risks due to insect pests.
Another reason is that the expected yield (2500 kg/ha in this case) is often lower than
the attainable/potential yield, which can also vary based on environmental conditions
and farming practices [84]. Moreover, the highest grain yields obtained in this study are
similar to those of Abadassi [85], with up to ~8000 kg/ha using the maize variety TZBSR.
Tovihoudji et al. [84] were also able to obtain up to ~4500 kg/ha in grain yield (maize
variety DMR-ESR) using reduced mineral fertilizer and manure rates.
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It could be argued that factors not considered in this study, such as other pests or
diseases, natural enemies, etc., may have been involved, affecting the yield differentially,
especially among the treated plots. This is a reasonable assumption. However, it appears
that, in this study, those factors may have not had a major impact. For example, the possible
presence of plant diseases or other insect pests in the fields did not prevent the untreated
controls to produce high maize yields (discussed previously). In addition, because the
biorational products tested here (soaps, DE, neem oil), as well as the positive control, have
been reported to be generally safe to beneficial arthropods [36,53,58,63,78], we do not expect,
at least in theory, the populations of natural enemies to be significantly different between
those treatments (and therefore to be a key factor explaining the differences in maize yields).
At each experimental site, all the treated plots were exposed to the same environmental
conditions and subjected to the same farming practices, except for the type of insecticide
applied. The statements/evidence provided earlier (Results and Discussion) clearly show
that pest levels recorded in this study were able to cause significant damage and that
pest damage also varied between the treatments, at levels that can cause the significantly
different effects in the yield recorded among the treatments. However, because other pests,
diseases, and natural enemies, etc., were not investigated in this study, the role of these
factors and other factors (unknown to the authors at this juncture) as yield response factors
cannot be excluded. Additional studies are needed to help elucidate the role of other factors
not considered in the current study in FAW management/yield response in maize.

Profitability was positive for all the treatments included in the cost-benefit analysis
including the control. A legitimate concern could be that the overall higher cost of neem oil
(US$ 97) and Dezone (US$ 57) compared to that of Emacot 19 EC (US$ 10) (File S9) could
prevent the adoption of these biorational insecticides. However, in Benin, neem extracts
(seeds and leaves) are the most commonly used biorational products. In addition, only
one application rate was tested in this study for neem oil, while no improved efficacy was
observed when the application rate was doubled for Dezone. Therefore, it may be possible
to obtain similar or better results with fewer applications or lower application rates. This
would substantially reduce insecticide costs, as well as total production costs, and further
increase profits. Furthermore, Palmida soap, another biorational product tested in this
study, was applied 4 times but only cost $5 more than Emacot 19 EC, which was applied
twice ($15 vs. $10) (File S9). Finally, with the need for the world’s agricultural system to
gradually move towards biorational pesticides, the results from our study could help fill
the lack of biological pesticides availability on the market.

Overall, profitability was higher in the treatments where an insecticide was applied
with increases in profitability, compared to the negative control, varying between 3%
(PlantNeem) and 51% (Dezone at 7.5 kg/ha) at N'Dali and between 28% (PlantNeem)
and 166% (Emacot 19 EC) at Adjohoun. The higher profits obtained in Adjohoun were
mainly justified by lower production costs in this district. These results demonstrate the
importance of using an insecticide in the management of S. frugiperda and suggest that
biorational products, such as the ones tested in this study, are viable and cost-effective
control methods.

5. Conclusions

In summary, this study investigated the bioactivity of several biorational insecticides
against Spodoptera frugiperda larvae in laboratory and field conditions. In maize fields, all
the biorational insecticides [PlantNeem, Palmida soap and Dezone (diatomaceous earth)]
outperformed the untreated control and produced similar and, in some cases, better control
than the chemical insecticide Emacot 19 EC. Furthermore, the cost-benefit analysis showed
that spraying the plants with the biorational insecticides substantially increased profits.
The findings from this study suggest that these insecticides may constitute viable control
options for FAW management in maize. Additional studies are needed to better understand
the potential of these technologies in FAW management.
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