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of the nematodes were discharged from the cylindrical drippers, with 40%
becoming trapped in the irrigation system. In contrast, over 90% of the nematodes
were successfully discharged from the katif dripper. As a result, the katif dripper
exhibited significantly higher larval mortality compared to all other application
methods. These findings emphasize the substantial impact of the dripper type on
EPN discharge, while also highlighting the applicability of the modular method
for EPN applications.
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1. Introduction

The use of biopesticides is increasing due to the adverse effects of chemical pesticides on the
environment (Glare et al., 2012; Olson, 2015). Biocontrol agents, such as entomopathogenic nematodes
(EPNs), contribute significantly to the biopesticide market. EPNs, soil-dwelling microscopic
roundworms, are among the successfully employed organisms in biological control. They are obligate
endoparasites that require an insect host to complete their life cycle (Kaya and Gaugler, 1993). Although
there are other insect-parasitic species, Heterorhabditis and Steinernema are the foremost genera.
Specialized free-living third-stage juveniles of EPNs, known as infective juveniles (IJs), are the only
stage outside the host that can seek and infect a suitable host in the soil. As IJs enter the host, they release
their symbiotic bacteria, which kill the host and turn it into a cadaver in a short period. After several

138


https://orcid.org/0000-0002-0387-2600
https://orcid.org/0000-0003-3640-1474
https://doi.org/10.29133/yyutbd.1389512

YYU J AGR SCI 34 (1): 138-150
Erdogan and Ulu / Evaluating a Portable Method and Two Irrigation Drippers for Field Application of Entomopathogenic Nematodes

generations in the host, 1Js emerge from the cadaver and seek new hosts in the soil (Gaugler, 2002).
EPNs are effectively used against a broad host range of pests (Askar et al., 2023; Dede et al., 2023).
They can be mass-produced in fermenters and on solid media, and they are potent alternatives to
chemicals used for below ground pests, where pesticides mostly fail (Shapiro-Ilan et al., 2012; Devi,
2018; Sahin et al., 2018; Ulu and Susurluk, 2021).

As with other biological control agents, EPNs have some disadvantages. Mass production of
EPNs requires high initial expenses; their shelf life is approximately 40 days (E-nema GmbH product
info), they need a cold chain during transport, and they need to be applied as fresh products (Grewal,
2000; Guy et al., 2017; Kagimu and Malan, 2019). They also show inconsistent virulence in field
applications (Jaffuel et al., 2019; Oliveira-Hofman et al., 2019). EPN products are generally not
preferred because of their high prices and inconsistent field efficacy, which cannot compete with
chemical products. For this reason, there is a tendency to optimize production in liquid culture medium,
improve formulations, develop superior characteristics by genetic selection, increase resistance to
adverse conditions, and apply using different techniques (Mukuka et al., 2010; Singh and Upadhyay,
2018; Nxitywa and Malan, 2021).

Many methods can be used in the field applications of EPNs, depending on the target pest or
plant. These application methods include spray and fertilization equipment, irrigation systems, and
specific application techniques, such as cadaver application (Wright et al., 2005; Garcia et al., 2008;
Rajaetal., 2015). New robotic techniques are also optimized for EPN applications (Erdogan et al., 2021,
2023). Although EPNs can be applied with all these techniques in theory, the most preferred application
method is drip irrigation because EPNs live belowground and need moisture to move through the soil.
However, there are some obstacles in the application of EPN using drip irrigation. For instance, a
heterogeneous EPN distribution was observed throughout driplines (Garcia et al., 2008; Campos-
Herrera, 2015). The filters used in irrigation systems prevent the exit of nematodes (Laczynski et al.,
2007). There are many types of drippers, and their physical structures differ in such a way that they
affect the application of EPNs (Erdogan et al., 2020). For instance, a wider flow path or higher flow rate
allows the EPNs to pass more easily. To overcome these obstacles, the drip irrigation system should
also be adapted to EPN application, using suitable dripper types, irrigation pressure, filters, or
formulation. However, it is unlikely to replace drip irrigation systems already installed in the field. In
other words, if the irrigation system is not suitable for EPN applications, it is necessary to use external
application equipment. Thus, EPNs can be applied more efficiently using a more modular irrigation
technique.

Improper application of EPNs not only results in waste of commercial products and effort but
also tarnishes the reputation of EPNs as effective biocontrol agents. To ensure successful field
applications, it is essential to have a practical and adaptable technique. Therefore, we integrated driplines
with a battery-powered backpack sprayer to create a modified portable irrigation system for the EPN
application. Our goal was to develop a system that could be tailored to various conditions and offer a
more controlled, precise, and practical method for applying EPNs in a wide range of agricultural settings,
including crops, fields, and greenhouses.

2. Material and Methods

2.1. Entomopathogenic nematodes

The study involved three nematode species: Heterorhabditis bacteriophora, Steinernema
carpocapsae, and S. feltiae. Commercial products for these EPN species were provided by a local
distributor (Bioglobal A.S.). The selection of these different species was based on variations in their
biology, host-seeking strategies (cruiser, ambusher, and intermediate, respectively), and physical
characteristics such as body size (Poinar and Grewal, 2012). Specifically, S. carpocapsae and H.
bacteriophora have relatively shorter body length (L) and diameter (D) (L: <600 pm, D: <25 pm),
whereas S. feltiae is larger (L: >850 pm, D: >25 pm). To obtain populations of these EPNs, an in vivo
method was employed, using the greater wax moth, Galleria mellonella L. (Lepidoptera: Pyralidae), as
the host. Each larva was inoculated with 100 IJs in a mixture of silver sand and then kept in incubation
at 24 °C £ 1. Subsequently, around 250 000 fresh 1Js were harvested from the White trap and placed
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into a 50 ml falcon tube containing tap water. One-week-old 1Js and nematode batches with 99%
viability were used in the experiments.

2.2. Modified application method

A 16-liter battery-powered backpack sprayer was utilized as both the container and the
application device (Figure 1). The battery powers the pump, creating pressure to facilitate the spraying
process. The backpack sprayer's outlet was connected to the driplines using a hose clamp. Two distinct
types of drippers were selected for the study: the on-line katif dripper (Rivulis Eurodrip, India)
positioned above the dripline, and the in-line cylindrical dripper (MGF Irrigation, Turkey) positioned
inside the dripline. The katif dripper is designed to be pressure-compensated (PC) and features a
simplified and wide flow path without a labyrinth, as depicted in Figure 2A. Conversely, the cylindrical
dripper incorporates a distinctive narrow flow path labyrinth, as illustrated in Figure 2B, but it is non-
pressure-compensated (non-PC). These drippers have different flow rates, with the katif dripper having
a flow rate of 12 1 h™' and the cylindrical dripper having a flow rate of 4 1 h™'. Both drippers are equipped
with inlet filters that have pore sizes larger than 500 um, ensuring easy passage for the 1Js, as depicted
in Figure 2. It's worth noting that both types of drippers have widespread usage on a global scale.

Figure 1. Modular application method. Battery-powered backpack sprayer was combined with
different types of driplines. Main body (a), coupled with the dripline (b), coupling part (c) and battery

().
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Figure 2. Illustrations of katif (upper part) and cylindrical (lower part) drippers. Parts of the
disassembled katif dripper can be seen from the rear (a), above (b), and ready to use the katif dripper
(c), the physical structure of the cylindrical dripper (d) and the water flow illustration of the cylindrical
dripline (e).

The driplines featured consistent dimensions, with a diameter of 16 mm and a length of 10
meters. They were equipped with a total of 50 drippers, positioned at 20 cm intervals along the entire
length of the dripline. Filters were omitted from the system as we relied on pre-filtered tap water for
filling the sprayer tank. The backpack sprayer had an adjustable outlet pressure that allowed for pressure
settings of up to 2 bars. Nonetheless, all applications were executed under a consistent 1-bar pressure
setting, which was ideal for the non-pressure-compensating (non-PC) cylindrical dripper in use. Pressure
within the system was measured using a pressure gauge filled with glycerin. Each application was
systematically named by combining the initials of the EPN species and the specific dripper type. For
example, "Hb Katif" served as the nomenclature for the application of Heterorhabditis bacteriophora
via a katif-type dripper.

2.3. Evaluation of the drippers

The initial experiment aimed to assess the suitability of drippers for EPN application. The first
step involved examining the uniformity of water discharge from the drippers prior to EPN applications.
A 10-meter-long dripline was extended between two iron fences, suspended approximately 20 cm above
the ground. A total of 300 ml glass containers were positioned beneath each dripper. The process began
by filling the driplines with tap water to ensure uniformity. Subsequently, 5 liters of tap water were
passed through the dripline, and the water discharge from all drippers was measured and recorded. In
the second experiment, a solution of 250 000 IJs in 5 liters of tap water was administered to the glass
containers, positioned under every 5th dripper (under the 1st, S5th, 10th, and so forth, up to the 50th
dripper). Prior to the EPN application, the driplines were filled with tap water. Following the application,
the number of 1Js and their mortality rate within each container were quantified, allowing for the
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determination of the total discharged IJs per container. This process was duplicated for both the driplines
and the specific EPN species under examination. Each experiment was replicated three times to ensure
accuracy and reliability.

2.4. Pot application

Plastic seedling pots with a diameter of 9 cm and a height of 12 cm (approximately 750 ml)
were employed to evaluate the application's effectiveness. A mixture of sterilized silver sand and sandy
soil at a 1:1 ratio was used to fill the pots halfway. Four caged G. mellonella larvae were positioned in
the center of each pot, and the remaining space was filled with the same soil mixture. The moisture
content of the pots was adjusted to 10% (w/w) using tap water after the application. Six pots were
prepared and positioned under the 1st, 10th, 20th, 30th, 40th, and 50th drippers (one pot for every 10
drippers). This setup allowed for an assessment of nematode distribution through the dripline. Similar
to previous experiments, the driplines were filled with tap water, and a suspension of 250 000 IJs in 5
liters was applied. Subsequently, the pots were placed in a dark climate chamber maintained at 25 °C +
1, with 70% relative humidity for incubation. Four days post-incubation, dissection of the deceased
larvae confirmed EPN infection. As a positive control, the same amount of [Js per pot was administered
using a Pasteur pipette. In contrast, tap water was utilized for drip irrigation as a negative control. The
application dose closely approximated the commercial dose of 50 1Js cm™ Each experiment was
conducted three times.

2.5. Field application

Field experiments were conducted on a 1000 m? research plot. Prior to the application, the soil
was tested for EPN abundance. For this purpose, soil samples from the field were analyzed using the
insect bait method, and no EPNs were detected. The field received daily irrigation before the application.
The same procedure used in the pot experiments was followed for the field applications. Initially, the
driplines were filled with tap water, and 250 000 1Js were applied with 5 liters of water. After 24 hours,
three different drippers along the dripline were randomly selected, and four caged G. mellonella larvae
were buried at a 20 cm depth in the soil under each selected dripper. The buried larvae remained in the
soil for 5 days without additional irrigation. Subsequently, the mesh cages were removed from the soil,
and dead larvae were dissected to confirm EPN infection. The same amount of IJs per dripper was
applied with a Pasteur pipette as a positive control, while tap water served as the negative control. Each
experiment was replicated four times, and there was a 2 m buffer zone between replicates. An untreated
plot was used for each replicate. Field applications were carried out at sunset, and the average soil
temperature was 26 °C.

2.6. Data analysis

Statistical analyses were conducted using GraphPad Prism v9.4 software. Prior to analysis, all
data underwent a normality check using the Shapiro—Wilk test. One-way ANOVA was performed to
evaluate the results. Since positive control groups were included, Dunnett’s multiple comparison post
hoc test and Bonferroni correction were used to determine the significance between larval mortalities in
pot and field trials, respectively. Tukey’s HSD post-hoc test was employed to compare the means of the
1J discharge data. Additionally, correlation analysis was performed to evaluate the relation between
discharged water volume and 1J numbers. All analyses were conducted with a significance level set at
p<0.05.

3. Results

3.1. Evaluation of drippers

At a consistent pressure of 1 bar during the experiments, the water discharge rates through the
drippers remained uniform (Figure 3). Upon evaluating the drippers' performance, it became evident
that the katif dripper was notably superior and better suited for EPN application [F(5, 60) = 18.54;
p<0.001]. The cylindrical dripper, on the other hand, consistently impeded 1J discharge for all EPN
species (Figure 4). Despite the declining trends and variations in 1J discharge from the drippers located
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further along the line (Figure 5), the distribution of 1Js throughout the dripline had no impact on larval
mortality. The IJ population's mortality remained below 1% both before and after application, signifying
that the drippers did not adversely affect 1J survival.
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Figure 3. Water discharge of katif and cylindrical drippers from all 50 drippers throughout the
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Figure 4. Comparison of mean discharged 1Js of different species and dripper types. H.
bacteriophopra (Hb) and S. carpocapsae (Sc) Katif dripper applications significantly differ from other
applications. Different letters indicate significant differences according to Tukey’s HSD test (p<0.05).

Error bars represent standard error mean.
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Figure 5. Discharged 1Js throughout the driplines.

The correlation analysis revealed that the volume of water and 1J discharge from the drippers
were unrelated. Correlation coefficients exhibited low values in nearly all applications and were
determined to be statistically insignificant (Table 1). The sole exception was the Sc Katif application,
which displayed a strong correlation.

Table 1. Correlation coefficient () and p-values (p) between water discharge (X) and 1J discharge of all

applications (Y)
Water Discharge  Hb Katif Hb Cylindrical Sc Katif Sc Cylindrical Sf Katif Sf Cylindrical
X Y1 Y2 Y3 Y4 Y5 Y6
r 0.085 -0.072 0.810 0.419 -0.144 -0.270
p 0.804 0.834 0.0025 0.199 0.673 0.423

3.2. Pot applications

In all experiments, whether through dripper or positive control applications, all larvae within
the pots were dead (Figure 6). The application dosage per pot was approximately 5000 1Js, slightly
above the commercial dose (50 IJs cm?). A few larvae in the negative control group died due to
excessive water. Notably, all applications exhibited significantly greater efficacy than the negative
control, and there were no discernible distinctions between the applications and the positive control [F(7,
40) = 3088.41; p<0.001].
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Figure 6. Larval mortality among pot applications. All applications except negative control remain
significantly the same according to Dunnet’s multiple comparisons post hoc test (p<0.05) (¥**
indicates p < 0.001). The error bar represents the standard error mean.

3.3. Field Applications

Field application results exhibited a notable reduction in larval mortality in contrast to pot
applications, a result that was anticipated. However, some applications could be regarded as less
effective. When compared to the positive control, all katif applications displayed notably similar levels

of larval mortality (Figure 7). In contrast, larval mortality in all cylindrical applications remained below
20% [F(7, 16) = 34.26; p<0.001].
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Figure 7. Comparison of the larval mortality in field applications. All katif applications showed no
significance compared to positive control according to Bonferroni multiple comparisons post hoc test
(»<0.05) (*** indicates p<0.001, ns: not significant). Error bars represent standard error mean.

4. Discussion
In this study, a portable method was used to perform the application of EPNs under field

conditions. Instead of using an irrigation system, the driplines were connected to a battery-powered
backpack sprayer. The aim was to provide a more precise, controlled, and modular way to apply EPNs.
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The results of this study are promising and demonstrate that this portable technique can be used in EPN
applications. We also determined that the two drippers with different physical structures had a
significant impact on the EPN application. In field conditions, the larval mortality rate was higher in the
katif dripper, while it remained low in the cylindrical dripper. Many studies have been conducted on the
application of EPNs in drip irrigation (Curran and Patel, 1988; Reding et al., 2004; Arrington et al.,
2016). However, few studies have examined the effects of drippers on EPN application (Erdogan et al.,
2020). In fact, we believe that in some studies comparing EPN efficacy with chemical pesticides, EPNs
failed due to unsuitable dripper selection (Arrington et al., 2016). Our results indicate that the dripper
type should be considered in EPN applications.

Three common EPNs species were used in this study. We aimed to determine whether the body
size and foraging strategies of these species affect larval mortality. First, powder formulations were used
in the initial tests to make the results of the study more realistic, but we had to produce 1Js ourselves
because of the difficulty in supplying commercial products. Wax moth larvae were used to evaluate the
pathogenicity as they are easy to produce and susceptible to EPNs (Moreira et al., 2013). Similarly, we
used wax moth larvae to determine the efficacy of the applications (Brusselman et al., 2012a; Dito et
al., 2016). There were no differences between pot experiments (Figure 6). All larvae died because of the
small pot volume, despite applying the recommended field dose (~50 1J cm). However, the results of
the field trials have varied. The first notable result was that S. feltiae had a low discharge rate, even in
the katif dripper (Figure 4). S. feltiae had the longest body length (~850um) among the EPNs used (S.
carpocapsae and H. bacteriophora had less than 600pm). Although the katif dripper does not have any
flow labyrinth, we believe that the [Js of S. feltiae get stuck while passing through the dripper because
of its long body (unpublished data). As expected, the field efficacies were in harmony with the
discharged 1J amount (Figure 7).

EPNs have been applied in many spray and fertilizing equipment and irrigation systems, such
as soil injectors, boom sprayers, hand sprayers, and spinning discs (Mason et al., 1998; Lara et al., 2008;
Morton and Garcia del Pino, 2008; Raja et al., 2015). Although nematodes can be applied to the soil
using these methods, there are problems, such as the inability to adjust the nematode dose, lack of
homogeneous distribution, and low application efficacy. The Dosatron injector is another popular
technique for EPN applications. However, the EPNs tend to settle in the water; therefore, they must be
mixed continuously in the tank (where Dosatron pulls up the EPN suspension) and during the
application, which requires an additional power source. A Dosatron also contains moving parts that can
damage EPNs. These problems mentioned above showed that drip irrigation (or fertigation) is the most
suitable method and is recommended by commercial EPN producers (Wennemann et al., 2003; Wang
et al., 2009; Arrington et al., 2016; Erdogan et al., 2020). Although drip irrigation is the most preferred
method, it also has problems in EPN application, as mentioned above (Conner et al., 1998).

Consequently, it is known that fewer EPNs emerge from further drippers in long driplines
(Cabanillas and Raulston, 1996; Wennemann et al., 2003). EPNs are distributed more homogeneously
throughout the dripline in high-flow drip irrigation systems. However, at the same time, these EPNs
must also leave the system and reach the target for a successful application. We used katif and cylindrical
drippers, which have completely different physical structures (Figure 2). While the katif dripper drips
water in the dripline without hindrance, the cylindrical dripper drips water by passing it through a long
flow labyrinth. According to the study results, the katif dripper statistically outperformed the cylindrical
dripper in terms of both nematode discharge and larval mortality. Although the first thing that comes to
mind is that the nematodes were trapped in the cylindrical dripper (inside the flow labyrinth), however,
the pipes were split in half after experiments, and nematodes were also found inside the dripline. That
means the flow rate of the dripper also affects the nematode discharge. EPNs are carried by water when
they exit the irrigation system. For successful application, drippers must allow 1Js to pass through the
flow path and exit from the irrigation system. Although the water and 1J discharge from the drippers are
closely related, it cannot simply be said that they are related to each other. As a matter of fact, correlation
analysis between water and 1J discharge showed that there is no significant relation. Pressure-
compensated drippers mostly have a uniformly distributed water discharge. However, non-PC drippers
may have fluctuating data. Because we carried out all the experiments at constant pressure, the water
discharge between the drippers did not vary significantly (Figure 3). However, using non-PC drippers
may lead to an uneven distribution of EPN throughout the field. In addition to the physical properties of
the dripper, pressure compensation increases the homogeneity and success of its application.
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Many methods have been used to increase the success of EPNs. While EPNs are only applied
against belowground pests, they can also be applied to aboveground parts owing to various
supplementary chemicals and new-generation formulations (Shapiro-Ilan et al., 2012; Platt et al., 2018,
2020). The efficiency of EPNs can be increased by using spreader-adhesive chemicals during their
application (Portman et al., 2016). It is also possible to increase its efficacy by changing the EPN
behavior in the soil. For example, in a study conducted by Oliveira-Hofman et al. (2019), it was observed
that the behavior of EPNs was changed by using pheromones. Although S. carpocapsae is an ambusher,
its dispersal increases after pheromone application (Kaplan et al., 2020). Customized applications of
EPNs can be developed to replace conventional systems. For instance, Erdogan et al. (2021) designed a
robotic system to apply IJs to the desired location. In their work, a customized mixing method was
developed for EPNs, and a new peristaltic pump was used that did not damage EPNs during application.
In another set of studies, pressure and nozzle types suitable for EPN application were researched, and
the appropriate nozzle types were determined (Brusselman et al., 2011, 2012b). Furthermore, Erdogan
et al. (2020) investigated suitable dripper types for EPNs and found a significant difference in
application success among different drippers, in parallel with this study. These studies showed that the
efficacy of EPNs can be increased during and after application. Improvements at many stages, from
production to field application of EPNs, will make significant contributions to environmental pest
control in the future.

Although the use of pesticides is inevitable in agricultural production, the use of biological
products is increasing (Celik et al., 2023). EPNs are natural and safe alternatives to chemical control.
The most critical disadvantage of EPNs is that their commercial formulations are expensive (Dunn et
al., 2021). Other factors also reduce the effectiveness of EPNs under field conditions. Many
microorganisms, natural enemies, stimulants, and odors in the soil affect the behavior of EPNs and
reduce their success. As with other biological control agents, EPNs must be able to compete with
pesticides. To make EPNs more attractive, products must be cheaper, more effective, and easier to apply.
In addition to reducing production costs, studies are also carried out to increase the efficiency in field
conditions and to increase the success of EPNs with new application methods (Wright et al., 2005; Beck
et al., 2013; Kapranas et al., 2017; Dunn et al., 2020).

In summary, the study's objective was to assess a portable method applicable to various scales
and product patterns. The modular approach allows adaptation to longer dripline configurations,
different dripper types, microjets, or nozzles for specific target pests or crops. It was highlighted that the
use of appropriate drippers is crucial for successful field applications. Additional research is essential to
refine the effective application of EPNs in field conditions. The aspiration is that refined application
methods will enhance the future efficacy of EPNs.
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