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Abstract 

Background:  Entomopathogenic nematodes (EPNs) have long been used for controlling soil-dwelling insects. Stein-
ernema carpocapsae HB310, previously showed a high virulence against many pests including Agrotis ipsilon Hufnagel 
(Lepidoptera: Noctuidae). Due to the lack of durable formulations, up until now, S. carpocapsae HB310 has thus far 
been prevented from use in large-scale farming. The present study aimed to get a better EPNs capsule formulation 
suitable for long-term storage and effective application.

Results:  An improved EPNs capsule formulation, herein named: Capsule-C was prepared by the following composi-
tion: Solution I: 18% glycerol, 0.075% formaldehyde, 1% sodium alginate, 0.2% xanthan gum, 0.5% potassium sorbate, 
9% glucose, 2% fructose, 2% sucrose, and the remainder was distilled water. The nematodes suspension was added 
to the alginate mixture in 2 × 104 IJs/mL; Solution II: 18% glycerol, 0.075% formaldehyde, 0.5% calcium chloride, 0.5% 
potassium sorbate, with the remainder being distilled water. After storage for 180 days at 16 °C and 100% RH, the 
survival rate of nematodes in Capsule-C was 75.68 ± 0.48% and the nematodes caused 82.33 ± 1.45% mortality in the 
5th instar larvae of Galleria mellonella. A. ipsilon larvae preferred to chew and ingest Capsule-C due to the addition of 
the glucose compound. The feeding rate of A. ipsilon larvae on Capsule-C reached to 100% within 24 h and the larval 
mortality of A. ipsilon was 90.48 ± 6.35%.

Conclusion:  EPNs-containing capsules were as effective as sprayed EPNs in water solution at killing A. ipsilon. These 
results will provide ideas to acquire a stable and efficient EPNs capsule formulation and further promote the applica-
tion of environmental friendly biological pesticides.

Highlights 

•	 We developed an improved capsule formulation named as Capsule-C supplemented with glucose, which can 
obviously increase the larva feeding amount of Agrotis ipsilon.

•	 The nematodes of Steinernema carpocapsae HB310 in Capsule-C survived well and maintained high patho-
genicity against Galleria mellonella after storage for 180 days.

•	 Under laboratory conditions, Capsule-C could be released into the rhizosphere directly and effectively reduced 
maize seedlings damage by A.ipsilon.

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Open Access

Egyptian Journal of
Biological Pest Control

*Correspondence:  ngzyheb@163.com
Affiliation College of Plant Protection, Hebei Agricultural University, 
Baoding 071001, China

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41938-021-00492-5&domain=pdf


Page 2 of 10NanGong et al. Egyptian Journal of Biological Pest Control          (2021) 31:148 

Background
Entomopathogenic nematodes (EPNs) of the genera 
Steinernema and Heterorhabditis, as important candi-
dates, are used as friendly biological pesticides for pest 
insects in different farming systems, including fruit 
orchards, turf grass, and greenhouses (Katumanyane 
et  al. 2018). The infective juveniles (IJs) from the Stein-
ernematidae and Heterorhabditidae families target and 
penetrate the host pests. They release symbiotic bacteria 
of Xenorhabdus and Photorhabdus, respectively, which 
secrete toxic proteins and kill the host insect of initial 
infection. The IJs then feed on the nutrients of the dead 
host and multiply. Then, new IJs generation leaves the 
cadaver in search of new target hosts (Kaya and Gaugler 
1993).

EPNs are normally suspended in water and then 
sprayed on plants or soil. As a living organism, EPNs 
products still face significant barriers such as the sus-
ceptibility to desiccation and Ultraviolet solar (UV) 
radiation, as well as the lack of durable formulations and 
appropriate application methods. The inconsistent effi-
ciency of this application method has led to the devel-
opment of new formulations. Various formulations for 
EPNs used for below-ground applications include: flow-
able gel formulations (Leite et al. 2018), calcium alginate 
granules (Chen and Glazer 2005), attapulgite or ben-
tonite clay (Strauch et  al. 2000), water-dispersible gran-
ules (Grewal 2000), diatomaceous earth formulations 
(Kagimu et  al. 2019). Notably, the nematodes can also 
be applied in the formulated host cadavers (Wang et al., 
2014). Other works on the formulation of EPNs were 
focused on above-ground applications by adding sur-
factants and absorbents (Hiltpold 2015), or mixing EPNs 
with a surfactant, polymer or insecticide (Guo et  al., 
2017).

EPNs have a rather short shelf-life and are susceptible 
to desiccation and UV radiation (Gaugler et  al. 1997). 
These limitations can be overcome by encapsulating 
EPNs in capsules, which have been shown to provide a 
humid and UV protective shelter (Vemmer and Patel 
2013). The EPNs capsules produced initially were immo-
bilized by a solid core (Kaya and Nelsen 1985). EPNs kept 
in the calcium alginate granules described by Chen and 
Glazer (2005) could still cause a 100% host insect mortal-
ity after storage for a 6 month period. Additionally, EPNs 
in alginate gel formulations were reported for having high 
infectivity against Corcyra cephalonica (Umamaheswari 
et  al. 2006) and Diabrotica virgifera virgifera (Hiltpold 
et  al. 2012). Moreover, Kim et  al. (2015) produced hard 

capsules by adjusting the capsule properties in order to 
increase the release time of the nematodes. However, per 
aforementioned reports these capsules must be dissolved 
first in water prior to spraying or application in the field.

Black cutworm, Agrotis ipsilon (Hufnagel, 1766) (Lepi-
doptera: Noctuidae), is an agricultural pest of significant 
economic importance on numerous crops. It feeds on the 
underground part of the crop, so the effect of chemical 
control is not ideal (Showers 1997). Biological control 
may fill the gap left by chemical pesticides and can be 
used widely to control this insect pest with an environ-
ment-friendly mode of action (Behle 2018). Steinernema 
carpocapsae HB310 was found to naturally parasitize 
the larvae of A. ipsilon, which was selected to be embed-
ded in the capsule for this study. In the present study, 
improved EPNs capsule formulation and evaluation of 
the infectivity of nematodes in these capsules, following 
long-term storage were targeted. Mortality of A. ipsilon 
larvae after application with the improved EPNs capsules 
and comparison it with spraying EPNs suspension was 
also evaluated.

Methods
Materials
Galleria mellonella L. (Lepidoptera: Pyralidae) and Agro-
tis ipsilon (Huf.) (Lepidoptera: Noctuidae) larvae were 
obtained from the Pest Biocontrol Laboratory (PBL), 
Hebei Agricultural University, China. The larvae of G. 
mellonella were reared on an artificial diet (22% maize 
meal, 22% wheat germ, 11% dried milk, 5.5% dry yeast, 
17.5% bee wax, 11% honey, and 11% glycerin) at 29  °C 
and 70% RH with light conditions (16:8 h L:D). The lar-
vae of A. ipsilon were fed on an artificial diet (13% maize 
meal, 6.5% soybean powder, 5.8% dry yeast, 0.2% sorbic 
acid, 0.2% methyl-para-hydroxybenzoate, 4.7% vitamin 
C, 0.2% compound vitamin B, 3.2% sucrose, 1.3% agar, 
and 64.9% sterilized distilled water) and reared at 29  °C 
and 70% RH with light conditions (16:8 h L:D).

Steinernema carpocapsae HB310 was obtained from 
the Pest Biocontrol Laboratory (PBL) at the College of 
Plant Protection, Hebei Agricultural University. The 
nematodes were maintained on the 5th instar larvae 
of G. mellonella. Newly emerged IJs from G. mellonella 
cadavers were collected in a White trap (White 1927) 
and stored using sponges with 2 × 1 × 2  cm dimensions 
for a maximum of 5 days at 12 °C. They were adapted to 
21–23  °C for 24 h before being subjected to the various 
assays. The pure IJs were suspended in water and pre-
pared in formulations as indicated below.

Keywords:  Steinernema carpocapsae, Calcium alginate capsules, Long-term storage, Agrotis ipsilon
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Zea mays, the host plants were grown in 2 L pots (10 
plants per pot) in a greenhouse (24 ± 5 °C) with light con-
ditions (16:8  h L:D) and watered as needed. They were 
used for the experiments 8–10 days after planting, when 
they had four fully expanded true leaves.
Survival rate of IJs under different osmotic stresses
In order to find out the best concentration of the glyc-
erol solution used in capsules, survival rate of IJs under 
different glycerol concentrations was evaluated. First, 
a sterilized 60% (w/w) glycerol solution and nematode 
suspensions of 10,000 IJs/mL were prepared. Then, the 
nematode suspensions and glycerol solution were added 
to each well of a 24-well plastic plate. The final glycerol 
concentrations were 8, 12, 18, 24 and 30% (w/w), and the 
final concentration of the nematodes was 5000 IJs/mL, 
with 0.075% formaldehyde. Untreated nematodes sus-
pended in distilled water with 0.075% formaldehyde were 
used as a control treatment. The total volume of the sus-
pension was 1 mL in each well. The plates were incubated 
at 23  °C for 24 h in order to ensure good mixing of the 
nematodes with the glycerol solution. Then, 500 µL of the 
suspension was withdrawn from each well, transferred to 
a 1.5-mL Eppendorf tube and stored at 23 °C. EPNs pro-
duced by G. mellonella were used for all the assays. Each 
treatment was replicated 3 times in 3 separate experi-
mental batches. Next, a 50-µL sample was withdrawn 
from each treatment and transferred to a 5-cm plastic 
Petri dish containing 7  mL distilled water. Finally, the 
survival rate of the nematodes was examined using a ste-
reoscopic microscope.

Encapsulation of EPN in calcium alginate capsules
EPNs in calcium alginate capsules were developed 
according to previous capsule formulation (Chen and 
Glazer 2005). First, Solution I, Solution II and the 

nematodes suspension were prepared. Solution I was 
designed to choose the best concentration of the glycerol 
solution from the above experiment, and included 0.075% 
formaldehyde, 1% sodium alginate, 0.5% potassium sorb-
ate, and the rest was distilled water. Solution II included 
the best concentration of the glycerol solution, 0.075% 
formaldehyde, 0.5% calcium chloride, and 0.5% potas-
sium sorbate in distilled water. The nematodes suspen-
sion of S. carpocapsae HB310 was composed of distilled 
water and freshly harvested nematodes. Then, IJs of S. 
carpocapsae HB310 were suspended in 20 mL of Solution 
I (2 × 104 IJs/mL). Calcium alginate capsules with 2-mm 
diameter were formed by dropping droplets of Solution I 
into Solution II. The capsules (named as Capsule-A, here) 
were removed from Solution II with a fine mesh strainer, 
rinsed with water and stored in 9-cm Petri dishes filled 
with distilled water. The Petri dishes were stored in 500-
mL plastic containers with the lid closed.

During the implementation of the experiment, larvae of 
A. ipsilon could directly ingest Capsule-A. Therefore, the 
Solution I of other 2 formulations (named as Capsule-B 
and Capsule-C, respectively) was selected by adding dif-
ferent feeding stimulants based on the original formula-
tion of Capsule-A (Table 1). Among them, Capsule-C was 
an improved formulation that we developed.

Evaluation the infectivity of nematode in Capsule‑C 
following long‑term storage
To examine the impact of the storage on the nematodes 
in Capsule-C, the plastic containers were placed in an 
incubator at 16 °C, 100% RH. The nematodes in the con-
trol treatments were stored in a sponge with distilled 
water containing 0.075% formaldehyde at 16 °C and 100% 
RH. Every month, the survival rate of the nematodes was 
recorded. One hundred EPN capsules of Capsule-C were 

Table 1  Solution I of three capsule formulations adding different feeding stimulants

Kinds Capsule-A Capsule-B Capsule-C

Sodium alginate 1% 1% 1%

Xanthan gum – – 0.2%

Linoleic acid – 0.48% –

Oleic acid – 0.24% –

Glucose – 3% 9%

Fructose – 0.4% 2%

Sucrose – 0.4% 2%

Glycerol 18% 18% 18%

Formaldehyde 0.075% 0.075% 0.075%

Potassium sorbate 0.5% 0.5% 0.5%

Distilled water Remain Remain Remain

Literature Chen and Glazer (2005) Hibbard et al. (1994), Bernklau and Bjostad 
(2008)

Obtained in this paper
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transferred to 5-cm plastic Petri dishes that contained 
0.2% sodium citrate to dissolve the capsules. After 24  h 
incubation, the nematode survival rate was determined 
with a stereoscopic microscope. The test was repeated 3 
times.

EPNs capsules of Capsule-C were taken from the plas-
tic Petri dish and dissolved to determine the nematode 
infectivity recording to the method described by Ricci 
et al. (1996). The 24-well plastic plates were padded with 
2-cm diameter wet filter paper discs to contain humidity. 
A total of 200 IJs was randomly transferred to each well 
with a needle under a stereoscopic microscope, and one 
5th instar larva of G. mellonella was set into each well. 
Insect corrected mortality was determined after 48  h. 
The experiments were repeated 3 times, and each treat-
ment was comprised of 60 larvae.

Taxis behavior of A. ipsilon on different EPN capsules
In this experiment, taxis behavior of A. ipsilon on Cap-
sule-A, Capsule-B and Capsule-C was studied. So, the 
nematodes were not embedded in each capsule formu-
lation. Fourth instar larvae of A. ipsilon were starved for 
8  h. In advance. Plastic Petri dishes (15  cm diam.) con-
taining 2 pieces of wet sterile filter paper were prepared. 
The space of the plastic Petri dishes was subdivided into 4 
equal parts with cardboard. Capsule-A, Capsule-B, Cap-
sule-C and maize leaf were placed in the separate com-
partment with the same weight of 0.3 g, respectively. Ten 
larvae of A. ipsilon were placed in the blank area in the 
center of Petri dishes and exposed to different EPNs cap-
sules or natural maize leaf. Petri dishes were maintained 
at 28  °C and 90% RH. The feeding rate of larvae was 
recorded after 12  h. There were 3 replicate Petri dishes 
for each treatment and the experiment was conducted 3 
times.

Infectivity of capsule‑C on the A. ipsilon
When the maize host plant had 4 fully expanded true 
leaves, six 4th instar A. ipsilon larvae treated with star-
vation were carefully placed on surface of the soil. Cap-
sules-C (1000 IJs/larva) were placed into the soil. The 
IJs suspension was sprayed on the surface of the soil at 
a dose of 1000 IJs/larva as another treatment. A control 
group was created and treated with sterile distilled water 
without IJs. All plots were watered one day before EPNs 
application and every day thereafter, to provide enough 
moisture for survival of the nematodes. Pots were cov-
ered with parafilm to prevent the larvae from escaping. 
Pots were maintained in the greenhouse at 28 ± 2 °C and 
90% RH. There were 5 replicate pots for each treatment 
and the experiment was conducted 3 times. Insect cor-
rected mortality was determined after 72 h. Dead larvae 

were dissected in distilled water and the nematodes were 
observed under a stereomicroscope to determine the 
cause of the death.

Statistical analysis
The nematode survival rate, corrected mortality data of 
G. mellonella larvae, feeding rate and corrected mortal-
ity data of A. ipsilon larvae in the laboratory assay were 
subjected to analysis of variance with treatment as fixed 
effect (ANOVA). The significant differences between the 
treatments were calculated using Tukey’s test. All data 
analyses were performed using SPSS v 16.0 software 
(SPSS Inc. 2009).

Results
Survival rate of IJs under different osmotic stresses
Survival rate of IJs under different glycerol concentra-
tions was evaluated. When directly exposed to 24 or 
30% glycerol solution for 24  h, IJs of S. carpocapsae 
HB310 entered the dormant state quickly, but the sur-
vival rate of IJs declined sharply at the first 10 days and 
dropped down to 0 after 70 days (Fig. 1). The data of 24 
or 30% glycerol treatment groups were significantly dif-
ferent from those of CK, 8, 12, and 18% glycerol groups. 
So, the osmotic pressure of glycerol solution with 
higher concentration induced IJs to enter dormancy 
quickly and had a significant effect on IJ survival. When 
exposed to 8 or 12% glycerol solutions, IJs of S. car-
pocapsae HB310 failed to go into a state of quiescence. 
So these 2 glycerol concentrations were not suitable for 
the long time storage of nematodes. For 18% glycerol 
solution, the S. carpocapsae HB310 IJs could maintain 
the survival rate above 85% after storage for 40  days 
and kept quiescence for approximately 80  days. Based 
on these results, the 18% glycerol solution was regarded 
as the suitable osmotic stress for the next step of EPNs 
encapsulation.
Composition and preparation of the calcium alginate 
capsules
Based on the Capsule-A formulation, an improved EPNs 
capsule formulation (Capsule-C) was composed of the 
following: Solution I: 18% glycerol, 0.075% formaldehyde, 
1% sodium alginate, 0.2% xanthan gum, 0.5% potassium 
sorbate, 9% glucose, 2% fructose, 2% sucrose, the remain-
der is distilled water. The nematodes suspension was 
added to the alginate mixture in 2 × 104 IJs/mL. Solu-
tion II: 18% glycerol, 0.075% formaldehyde, 0.5% calcium 
chloride, 0.5% potassium sorbate, the remainder is dis-
tilled water. Capsule-C was transparent sphere particles, 
2  mm in diameter similar to Capsule-A and Capsule-
B (Fig.  2A). The alginate capsules were stored in Petri 
dishes, which were stored in 500-mL plastic containers 
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in an incubator at 23 °C and 100% RH. Using a stereomi-
croscope, majority of EPNs moved to the capsule center 
within 30 min and after this, most of IJs (> 95%) stopped 
moving and entered in a glycerol-induced quiescence 
after 48 h (Fig. 2B).

Infectivity of the nematodes in Capsule‑C 
following long‑term storage
The survival rate of nematodes in Capsule-C was exam-
ined and compared with that of nematodes in the sponge 
block at 16 °C (Fig. 3A). After dissolving in 0.2% sodium 
citrate, IJs of S. carpocapsae HB310 broke the quiescence 

and transported into the water in the Petri dishes. The 
survival rate of the nematodes kept in Capsule-C at 16 °C 
was 75.68 ± 0.48% after storage for 180 days. The viability 
of the nematodes kept in the sponge block at 16  °C was 
gradually reduced, reaching 40.35 ± 2.69% after 180 days. 
Thus, the survival rate of the nematodes in sponge blocks 
was lower than that of Capsule-C in the same storage 
condition.

Further, the infectivity of the nematodes stored in Cap-
sule-C was compared with that of sponge blocks. The 
nematodes in Capsule-C had a better infectivity on 5th 

Fig. 1  Effect of glycerol concentration on the survival of Steinernema carpocapsae HB310 IJs. CK—IJs stored in distilled water; 8, 12, 18, 24, and 30% 
glycerol—direct exposure of IJs to concentrations of 8, 12, 18, 24, and 30% glycerol. Values are expressed as the percentage of viable nematodes in 
the samples obtained from each treatment. The bars represent the standard errors of the means

Fig. 2  Photographs of Capsule-C. A Alginate capsules in an Ø9-cm Petri dish. Capsule-C products were transparent sphere particles 2 mm in 
diameter. B Morphology of the inactive IJs of S. carpocapsae HB310 in Capsule-C. Majority of EPNs entered in a glycerol-induced quiescence. The 
arrows show some of the IJs that are in dormant
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instar larvae of G. mellonella according to insect correct 
mortality (Fig. 3B). After 180 days of storage, the nema-
todes stored in Capsule-C caused 82.33 ± 1.45% mortal-
ity in G. mellonella, whereas the nematodes in the sponge 
blocks caused 6.67 ± 4.41%.

Sponges are the cheapest and most suitable substrates 
used to store the IJs of EPNs. Then EPNs are normally 
suspended in water and sprayed onto the soil. But the 
inconsistent efficiency of this application method had 
led to the development of new formulations. With this, 

the preservation effects of the nematodes in the capsules 
were superior to that of the sponge blocks. EPNs capsules 
were the favorable application in the future.

Taxis behavior of different EPNs capsules to A. ipsilon
Taxis behavior of different EPNs capsules to the test 
insects was evaluated. Larvae of A. ipsilon could directly 
chew and ingest all the capsules (Fig.  4A). But, A. ipsi-
lon larvae preferred to choose Capsule-C (EPNs cap-
sules adding glucose compound) at the same condition 

Fig. 3  Lethal effect of S. carpocapsae HB310 IJs at different storage conditions. A Survival rate of S. carpocapsae HB310 IJs stored in the sponge 
blocks and Capsule-C at 16 °C, 100% RH. B Corrected mortality rate of the fifth-instar larvae of Galleria mellonella infected by S. carpocapsae HB310 
IJs stored in the sponge blocks and Capsule-C. C-16: the nematodes in Capsule-C. S-16: the nematodes in the sponge blocks. Bars represent mean 
percentage ± SE. Probability levels: ***p < 0.001

Fig. 4  Taxis behavior of 4th instar larvae of Agrotis ipsilon on different EPNs capsules and maize leaf. A Feeding rate of A. ipsilon larvae on different 
EPNs capsules and maize leaf. B Taxis behavior of A. ipsilon larvae on different EPNs capsules and maize leaf. Bars represent mean percentage ± SE. 
Different letters above bars indicate significant difference among different treatments (p < 0.05, Tukey’s test)
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(Fig.  4B). Within 24  h, A. ipsilon larvae almost finished 
feeding on Capsule-C (Fig.  4A). Therefore, Capsule-C 
had a better feeding effect on A. ipsilon larvae than other 
capsule formulations.

Infectivity of the nematodes in Capsule‑C on the A. ipsilon
In the pot assay tests, Capsule-C was directly scat-
tered on the rhizosphere of the maize seedling, com-
paring the nematodes suspension of S. carpocapsae 
HB310 (Fig. 5A-a). The larval mortalities caused by the 
nematodes suspension of S. carpocapsae HB310 and 
Capsule-C were 95.24 ± 4.76 and 90.48 ± 6.35%, respec-
tively (Fig. 5B). The larval cadavers infected with nema-
todes were found in the treatment pots of nematodes 
suspension and Capsule-C (Fig.  5A-b). In the control 
pots, the larvae were found feeding on the young stems 
of maize seedlings and drilling into the soil (Fig.  5A-
c). The results were toppling down, wilting and drying 
of the maize seedlings. The results showed that EPNs 
Capsule-C was as efficient in reducing maize damage as 
EPNs suspension.

Discussion
During the complex infection processing, the successful 
use of EPNs depend on several critical factors, including 
UV and an adequate environment humidity and temper-
ature (Preisser et al. 2005). Different from other microor-
ganisms biocontrol agents, EPNs are aquatic multicellular 
organisms, needing enough water for their survival and 
infectivity. Chen and Glazer (2005) were the first to pro-
pose that these problems can be solved by inducing EPNs 
quiescence with the addition of glycerol to the solution 
before encapsulation. Guide et al. (2016) concluded that 
15% glycerol is effective as cryoprotectant for Stein-
ernema feltiae. In this paper, 18% glycerol was regarded 
as the suitable osmotic stress and moisturizer for S. car-
pocapsae encapsulation. There was enough moisture and 
aeration for long-term storage of nematodes by keeping 
EPNs embedded in Capsule-C. The nematodes encap-
sulated in Capsule-C still had a better infectivity after 
storage for 6 months. Alginate capsules can improve the 
nematodes stability and effectiveness as pesticides.

The success of EPNs field applications depends largely 
on environmental conditions, formulation type, and 
application techniques (Toepfer et al. 2010). Comparing 
with the novel formulation methods, EPNs capsules have 
the potential for a wide range of agricultural applications 

as carriers of agricultural ingredients for insect pest con-
trol (Hoffman 2012). Basis of existing chemical pesticide 
techniques, the application of EPNs capsules in the field 
relies on the modification of the existing farm equipment, 
such as pressurized sprayers and mist blowers (Shapiro-
Ilan and Dolinski 2015). But the capsule wall ingredients 
which were not completely dissolved by sodium citrate 
will block the device nozzle. During the experiment, 
an interesting observation is that the host insects could 
ingest the capsules directly. Bernklau and Bjostad (2008) 
validated that glucose compound can attract and stimu-
late feeding effects on western corn rootworm (Coleop-
tera: Chrysomelidae) larvae. In the present study, an 
improved capsule formulation added with 9% glucose 
compound ingredients which can obviously increase the 
larva feeding amount of A. ipsilon was developed.

Kapranas et  al. (2020) confirmed that application of 
EPNs in alginate beads can be more effective than in sus-
pension, most likely because it increases EPNs persis-
tence. Jaffuel et  al. (2019) obtained similar results when 
comparing the application of Heterorhabditis bacterio-
phora in capsules/beads and in suspension to control the 
western corn rootworm D. virgifera virgifera LeConte 
and the banded cumber beetle D. balteata LeConte. Kim 
et al. (2021) observed that EPNs beads were as effective 
in reducing root damage by the western corn rootworm 
(D. virgifera virgifera) as that was applied in water in a 
field trial. In this paper, the nematodes in alginate cap-
sules could be released into the rhizosphere and increase 
their efficacy. Potential of encapsulated S. carpocapsae 
HB310 in Capsule-C to kill the larvae A. ipsilon under 
laboratory conditions was tested and found that spread-
ing the capsules directly had obvious control effect on A. 
ipsilon. For the future application, it may be more practi-
cal to directly bury EPNs capsules, which would be more 
convenient than conventional EPNs application methods.

Capsule formulation, acting as a proprietary metabolic 
inhibitor to decreasing nematode oxygen demand, was 
developed for the storage and transporting of nematodes. 
All tests in this paper showed encouraging results for the 
application of the improved EPNs capsules to control A. 
ipsilon. Additional research is necessary to clarify the 
details of keeping EPNs healthy and infectious in cap-
sules for a longer period. Proper timing of application is 
critical to ensure an effective protection of the plants, fol-
lowed by field temperature conditions. So, the researched 

(See figure on next page.)
Fig. 5  Protection of the maize seedlings against A. ipsilon larvae with Capsule-C. A: (a) Display of maize pot assay. (b) The dead larvae of A. ipsilon 
after swallowing Capsule-C. The arrow indicates the cadaver of A. ipsilon larvae. (c) Control–maize seedlings without nematode capsules or 
nematode suspension. The arrow indicates the young stem of maize seedlings chewed by A. ipsilon larvae. B Mortality of 4th instar larvae of A. 
ipsilon infected by Capsule-C and nematodes suspension. Bars represent mean percentage ± SE. Different letters above bars indicate significant 
difference among different treatments (p < 0.05, Tukey’s test)
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Fig. 5  (See legend on previous page.)
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on release time, field temperature and other application 
technology in the field should be mainly considered in 
the next step.

Conclusions
In this study, an improved EPNs capsule formulation was 
prepared using S. carpocapsae HB310 as the core mate-
rial. After storage for 180 days at 16 °C and 100% RH, the 
survival rate of the nematodes embedding in Capsule-C 
was 75.68 ± 0.48%. After 180  days of storage, the nema-
todes stored in Capsule-C caused 82.33 ± 1.45% mortality 
in G. mellonella. The feeding rate of A. ipsilon larvae on 
Capsule-C reached 100% within 24 h. The larval mortality 
of A. ipsilon caused by the nematodes of Capsule-C was 
90.48 ± 6.35%. It may be more practical to bury EPNs cap-
sules directly.

Abbreviations
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