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1. Introduction

Supplying food of appropriate quality and quantity while minimizing environmental damage is
increasingly challenging in our world characterized by a steadily growing population and diminishing agricultural
areas (Campos et al. 2016)

In addition to wheat (Triticum aestivum L.) and rice (Oryza sativa L.), maize (Zea mays L.) is one of the
most important cereals, with a global sown area of 140 to 160 million hectares. Maize has multiple uses in animal
nutrition both as roughage and fodder, while it also plays a prominent role in human nutrition; furthermore, it is a
versatile industrial plant (Voros 2019). Today, one of the key pests of maize is the Western Corn Rootworm
(Diabrotica virgifera virgifera LeConte 1868), an insect native to Central America (Krysan 1986) and capable of
causing major economic losses both in its larval and imago stages. Larvae feed on the roots (Palfay 2001; Gyeraj
et al. 2021; Ferracini et al. 2021), while the feeding of mature individuals on the pistils results in fertility issues
(Culey et al. 1992). The injuries caused by adult beetles reduce photosynthetic productivity as leaf veins are
damaged (Camprag et al. 1994; Moeser 2003; Ludwig et al. 1975; Krysan 1986; Tuska et al. 2002). The pest also
serves as vector of the bacterium Pantoea ananatis (Krawczyk et al. 2021). Pest control efforts should focus on
reducing larval damage, as controlling the larvae will significantly reduce the adult population, too. Crop rotation
is one of the most efficient control methods to reduce larval damage (Gilette 1912; Szalai et al 2013; Spencer et
al. 2009), the western corn rootworm being a univoltine species with its females laying their eggs into the soil of
maize fields (Chiang 1973; Miller et al. 2009). Therefore, crop rotation may be used as an environmentally friendly
and cost-effective control measure (Levine et al. 2002).

The quantity of insecticides used for controlling western corn rootworm larvae has increased with the
spreading of the pest. With the recent phasing out of numerous soil active chemicals, tefluthrin products have
become the most widely used soil disinfectants (Rice 2004; Timar 2003). In the U.S., multi-year studies confirmed
that the regular use of pyrethroids as soil insecticides had contributed to the western corn rootworm developing a
resistance to this active ingredient (Pereira et al. 2015; Souza et al. 2020). A further disadvantage of soil treatments
is that chemicals applied in large volumes have a detrimental effect on the environment and are harmful to useful
organisms. Due to both the phasing out of active ingredients and environmental considerations, the focus should
be shifted from chemical control to the application of environmentally friendly yet effective biological products
which do not pose a threat to beneficial organisms while also comply with the requirements of occupational health
and safety (Lengai et al. 2020).

Azadirachtin, an active ingredient extracted from the seeds of the Neem tree (Azadirachta indica) meets
the above criteria (Chaudhary et al. 2017). Neem is a fast-growing, evergreen tree native to India which has spread
to several Asian and African countries (Nortel et al. 1999; Forim et al. 2014). In addition to azadirachtin, which is
the main active ingredient of the extract, need seed oil contains more than 100 biologically active ingredients that
greatly reduce the chance of pests developing resistance to the main active ingredient (Mordue et al. 1997; Feng
et al. 1995; Nicoletti et al. 2012). Azadirachtin has a broad spectrum of activity, acting as a feeding inhibitor,
repellent, and growth regulator. It also blocks the moulting cycle of larvae by disrupting the production of ecdysone
and has an effect on reproduction by inhibiting egg laying and causing fertility disorders and even sterility
(Brahmachari 2004; Gonzalez-Coloma et al. 2013; Schmutterer 1988; Immaraju 1998; Mordue et al. 1997; Feng
1995; Morgan 2009; Mulla et al. 1999). Similar to colchicine, azadirachtin may also interfere with mitosis, and
has a direct histopathological effect on intestinal epithelial cells, muscles, and adipose tissues, resulting in reduced
locomotory and flight activity (Wilps et al. 1992; Mordue et al. 1993; Oiao et al. 2014).

Owing to its systemic effect and translocating properties, azadirachtin provides a long-lasting action (Cox 2002).
Several studies have been published on its successful application against a number of leaf pests in various crops.
For example, it proved to be effective against Hymenoptera (Li et al 2003), Lepidoptera (Mancebo et al. 2002;
Michereff-Filho et al. 2008; Tavares et al. 2010), and Hemiptera (Weathersbee et al. 2005; Senthil et al. 2006;
Formentini et al. 2016) pests.

The beneficial properties listed above served as our motivation to start studying the use of azadirachtin
as a seed dressing agent against the larvae of the western corn rootworm, as this active ingredient also facilitates

2



the transition to sustainable cultivation. Our hypothesis was this botanical insecticide could be used to control the
larvae of the western corn rootworm.

2. Materials and Methods

We studied the effect of two seed dressing products, Neemazal T/S and Neemazal F, in 2020 and 2021.
Both products are used against the larvae of the western corn rootworm and contain azadirachtin as their active
ingredient. Neemazal T/S (Trifolio-M GmBH, Germany) is marketed in Europe and contains 1% (10 g/l) of
azadirachtin A. Neemazal F (Coromandel International Limited Bio Products Division Thyagavalli, India), a more
concentrated product authorised in India, contains 5% azadirachtin A+B (50g/l). According to the Safety Data
Sheet of the product, the active ingredient content of Neemazal F is composed of Azadirachtin A and Azadirachtin
B in 80% and 20%, respectively. In addition to the main active ingredient, both products contain smaller amounts
of other components of the Neem extract.

Treatments were repeated 4 times, using 18 m? plots in a randomised setup (Figures 1 and 2). A row spacing of
0.75 m was applied, combined with a 0.19 m distance between plants. Planting depth was 0.08 m and the seeding
rate was 70000 seeds ha. Experiments plots were sown with the hybrid DKC-5141 in both years. This hybrid has
a 1000 seed weight of 360 g. Seed dressing was applied in a dose of 12 | per 1000 kg of seeds i.e. 4.36 ml per 360
g of seeds.

2.1. 2020 experiments

In 2020, the experimental plots were created in a field in Gyomére (Western Transdanubia, Hungary)
where maize had been grown for 3 consecutive years, on a slightly alkaline (pH 7.43), medium heavy soil with a
humus content of 3.21%.

In the various treatments, different concentrations of Neemazal T/S (10 g/L Azadirachtin A) were applied (10%
to 100%). The product was diluted with water whenever a dose below 100% was required (Table 1). Percentages
refer to the concentrations of Neemazal T/S; thus, 100% means the application of undiluted Neemazal T/S as seed
dressing.

Table 1: Concentrations of Neemazal T/S used as seed dressing on DKC-5141 hybrid seeds — 2020

Dose 1000 seed weight Neemazal T/S | Water Azadirachtin A | Azadirachtin A
(ml) (ml) (mg/seed) (g/ha)

100% 360 g 4.32 - 0.043 3.01

75% 360 g 3.24 1.08 0.033 231

50% 360 g 2.16 2.16 0.022 154

25% 360 g 1.08 3.24 0.011 0.77

10% 360 g 0.432 3.89 0.0043 0.30

Plots receiving no treatment whatsoever were used as negative control. The plots used as positive control were
treated with Force 1.5 G (active ingredient: tefluthrin) at a dose of 15 kg/ha.

As the quantity of seeds to be provided with seed dressing was very low, we opted for manual application. Doses
of the necessary quantity and concentration were prepared from Neemazal T/S, by adding water where necessary.
Seeds were mixed with the dressing liquid in batches of 360 g. Uniform dressing was ensured by stirring.
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Fig. 1. Layout of the experimental plots in 2020 (k: negative control; F: positive control; values given as
percentages refer to the treatments i.e. the concentrations of the liquid solution used for seed dressing)

2.2. 2021 experiments

In 2021, the experiments were conducted at 2 locations, in Rojtokmuzsaj (Western Transdanubia, Hungary) and
in Hajdavid (eastern Hungary). In Rojtékmuzsaj, experimental plots were created in a field where maize had been
grown for 60 consecutive years. Various crop protection experiments had already been conducted at this site and
we reasonably assumed to find exceptionally large corn rootworm populations in such an old continuous crop.
Hajduvid is located on the Great Plain, the region most severely affected by western cornworm larvae in Hungary.
The Hajdavid site has a medium heavy and almost neutral (pH 6.9) soil with a humus content of 1.6%. In
R6jtokmuzsaj, the plots were created on a heavy, weakly acidic soil (pH 6.8) with a humus content of 1.8%.

As the density of larvae was expected to be higher at the site used in 2021, we opted for higher
concentrations of the active ingredients, not applying the lowest doses (10% and 25%) from the previous year.
Only Neemazal F (5% azadirachtin, composed of azadirachtin A and azadirachtin B in 80% and 20%, respectively)
was suitable for preparing solutions of such high concentrations. In the 2021 experiments, the combined
concentration of azadirachtin A+B in the 50%, 75% and 100% treatments corresponded to the concentration of
azadirachtin A in the 50%, 75% and 100% treatments of the 2020 experiments, respectively (Table 2).

Table 2: Liquid solutions used for seed-dressing in 2021

Dose Mass of 1000 seeds Neemazal F | Water Azadirachtin A+B | Azadirachtin A+B
(9) (ml) (ml) (mg/seed) (9/ha)

150% 360 1.29 3.03 0.065 4.55

125% 360 1.08 3.24 0.053 3.71

100% 360 0.86 3.46 0.043 3.01

75% 360 0.65 3.67 0.033 231

50% 360 0.43 3.98 0.022 1.54

As in the previous year, plots receiving no treatment whatsoever were used as negative control. The plots used as
positive control were treated with Force 1.5 G (active ingredient: tefluthrin) at a dose of 15 kg/ha. The seed-
dressing process and the experimental procedure were identical to those applied in 2020. The layout of the
experimental plots is presented in Fig. 2.



100% 125% 50% 150% K F 75%

K 100% F 75% 125% 50% 150%
50% 75% 150% K 100% 125% F
150% K 125% 50% F 75% 100%

Fig. 2. Layout of the experimental plots in 2021 (k: negative control; F: positive control; values given as
percentages refer to the concentration of liquid solutions used for seed-dressing)

The method of evaluating the results was the same in both years. The larvae present in the root zone were surveyed
and roots excavated. From the survey data, average larval count per plant and root injury levels were established
using the Modified lowa Scale. This is a scale of 1 to 6 with an increment of 0.5. The severity of root injury
increases with the numbers. On the Modified lowa Scale, the economic damage threshold is 3.5.

To be able to properly schedule the survey of larvae, we relied on forecasts using yellow traps with sex
pheromones. The survey was started as soon as the first imagoes appeared as their emergence indicated the
development of larvae had reached the final stages (L3 and pupa). From each experimental plot, 5 plants were
removed with root balls of 20x20 cm. Live larvae were counted both in the soil removed from root balls and in
the pits left behind (pupae, L3 larvae and imagoes freshly emerged were not distinguished). In 2021, the first site
to be surveyed was Hajduavid, followed immediately by Rojtokmuzsaj. This schedule was justified by the advanced
larval development here, with adults emerging 1 to 2 weeks earlier in Hajduvid (Great Plain, Hungary) compared
to Rojtokmuzsaj (Transdanubia, Hungary). The roots excavated from experimental plots were collected in labelled
bags and transferred to the Gyomore Station, where root injury was assessed after soaking, using the Modified
lowa Scale. Larval counts and root injury data were recorded continuously and then analysed using mathematical
and statistical methods.

One-way ANOVA (SPSS 16.0) was used to compare the averages of several independent groups of data. The
Tukey HSD Post hoc test was used for pairwise comparisons. P values of 0.05 or less were considered statistically
significant.

3. Results

3.1. Effect of treatments on larval count

At all three experimental sites, the highest number of larvae was recorded for the untreated control plots
(negative control). Larval density was the lowest at the Gyomore site (2.7+3.05 larvae/plant). Densities almost
twice as high were found in R6jtokmuzsaj and Hajdavid (4.95+2.68 and 4.20+2.91 larvae/plant, respectively). As
Figures 3 to 5 illustrate, the density of larvae decreased with the increasing concentration of azadirachtin at all
three sites.

At the Gyomore site, the 100% treatment resulted in low larval counts (0.40+0.50); the density of larvae
in these treatments was similar to those observed in the positive control (Fig. 3).
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Fig. 3. Average larval counts per plant in the various treatments at the Gyomare site in 2020. Error bars
stand for confidence intervals.

Larval counts recorded for the plots in Gyémore differed significantly (p=0.000; F=6.109). Results of the
post hoc test indicated a significant difference between the negative control and the 100% (SE=0.557 p=0.001),
75% (SE=0.557 p=0.019) and 50% (SE=0.557 p=0.002) treatments. Results from the negative and positive control
plots were also significantly different (SE=0.557 p=0.001). Since results from the plots treated with lowest
azadirachtin concentrations (10%, 25%) were not significantly different from those of the negative control in 2020
(p>0.05), these concentrations were not used again in 2021. Instead, higher doses (125% and 150%) of azadirachtin
were tested.

The analysis of data from 2021 indicated the lowest larval density (1.40 larvae per plant) for the 100%
treatment in Rojtokmuzsaj. The larval count recorded for these plots was even lower than that found in the positive
control (2.40 larvae per plant; Fig. 4).
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Fig. 4. Average larval counts per plant in the various treatments at the Rojtokmuzsaj site in 2021. Error bars
stand for confidence intervals.

One-way ANOVA indicated a significant difference between the plots in R6jtokmuzsaj in terms of larval
counts (p=0.000; F=7.151). According to the pairwise comparisons of the Tukey HSD Post hoc test, each treatment
differed significantly from the negative control i.e. treatments had detectable effects. The difference between
treatments on the other hand was not significant in any of the comparisons (p>0.05).

At the Hajdavid site, the lowest average larval counts per plant were observed for the 150% and 125%
treatments; with density values of 1.50 (x1.61) and 1.2 (£1.40), respectively. When these treatments were



compared with the positive control, results were obviously different, with numbers being about twice as high in
the latter case (Fig. 5)
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Fig. 5 Average larval counts per plant in the various treatments at the Hajdavid site in 2021. Error bars

stand for confidence intervals.

According to the results of the Tukey HSD Post hoc test, the negative control only differed significantly
from the 150% and 125% treatments (SE=0.663, p=0.002 and SE=0.663, p=0.000, respectively).

3.2. Effect of treatments on root injury levels

As shown in Figures 6 to 8, the lowest root injury levels were measured in Gyémore (m.lowa: 3.23). This
result is also supported by the larval count data. Root injury levels in both the Rojtokmuzsaj and the Hajduvid
negative controls exceeded the economic threshold (m.Iowa 3.55+1.07 and 4.42+1.16, respectively). Azadirachtin
seed dressing reduced root injury levels in all the applied concentrations.

In Gyomoére, 75% and 100% treatments reduced injury levels by half compared to the negative control

(Fig. 6).
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Fig. 6 Average root injury scores measured on the m.lowa scale at the Gyomore site in 2020. Error bars stand for
confidence intervals.



The statistical analysis indicated a significant difference between the m.lowa scores of the plots (p=0.000;
F=30.441). According to the Tukey HSD Post hoc test, results for the negative control significantly differed from
the 100%, 75% and 50% treatments and the positive control (SE=0.1920 and p=0.000 for all comparisons; Fig. 6).
The 10% and 25% treatments did not show significant differences when compared to the negative control;
however, significant differences could be observed when they were compared to other treatments or the positive
control (p>0.05; Fig.6).

In Rojtokmuzsaj, only the negative control scored higher than 3.5 on the m.lowa scale. This clearly
demonstrates that root injury levels could be reduced below the economic threshold by applying azadirachtin seed
dressing (Fig. 7).
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Fig. 7. Average root injury scores measured on the m.lowa scale at the Rojtokmuzsaj site in 2021. Error bars
stand for confidence intervals.

One-way ANOVA indicated a significant difference between the m.lowa scores of the plots (p=0.000;
F=19.088). The results of the Tukey HSD Post hoc test demonstrated that the negative control plot differed
significantly from all the treatments. Treatments did not differ significantly in the pairwise comparisons.

In Hajduvid, the highest root injury level was measured for the negative control (m.lowa: 4.42+1.16).
This score is far above the economic damage threshold score of 3.5. Regarding the treatments, the highest root
injury level (2.68+0.75) was detected for the plots treated with 50% azadirachtin, followed by the 100% and 75%
treatments and the positive control (2.28+0.92 and 2.13+0.67 and 2.03+0.60, respectively). The least severe
damage was observed in the case of the 125% and 150% treatments (1.85+0.49 and 1.75+0.62, respectively; Fig.
8).
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Fig. 8. Root injury levels as measured on the m.lowa scale (Hajduvid, 2021). Error bars stand for
confidence intervals.

The results of the Tukey HSD Post hoc test demonstrated a significant difference between the negative
control and the treatments in terms of m.lowa scores in all the pairwise comparisons. (ANOVA: p=0.000;
F=28.322). Treatments did not differ significantly in the pairwise comparisons.

4. Discussion

Controlling the western corn rootworm has become increasingly difficult in the European Union as a
result of phasing out a growing number of active ingredients. Indeed, the list of available active ingredients has
become so limited that the pest is very likely to develop a resistance to the authorised insecticides, currently
considered effective, in the near future. Novel, effective active ingredients are needed that can be incorporated into
existing integrated agricultural practices.

In our experiments, the active ingredient azadirachtin used as seed dressing was tested against the larvae
of the western corn rootworm. Azadirachtin proved to be highly effective, reducing larval counts and hence root
injury levels.

Our experiments confirmed that azadirachtin could be successfully used against the larvae of the western
corn rootworm. Above a concentration of 50%, positive effects were achieved at all the sites. At the sites with
extremely high larval density (Hajdavid and Ro6jtékmuzsaj), the highest concentrations (125% and 150%) proved
to be the most effective. Our studies demonstrated identical and, in some cases, superior effectiveness compared
to the positive control (Force 1.5 G containing tefluthrin).

In comparison with chemical pest control products, azadirachtin as an active ingredient of biological
origin has the advantage that it does not pose a threat to beneficial organisms nor to the staff performing the control
measures. Furthermore, it does not have a negative impact on the environment, and as such it may also be used in
ecological farming. The product used in our experiments can be applied easily as seed dressing, and the associated
costs are not higher than those of the other insecticides available on the market.

Azadirachtin seed dressing renders the control of the most dangerous pest of maize, a crop with one of
the largest global sown areas, simple, efficient, and sustainable.
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