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Abstract
The use of entomopathogenic nematodes (EPNs) offers the potential of reducing the use of chemical insecticides in the 
agricultural industry. Hydrogels for the long-term storage of EPNs may have the potential to improve the storage ability of 
EPNs. In this study, infective juveniles (IJ) of a South African isolate Steinernema yirgalemense were formulated in different 
gels, which included a laboratory grade and consumer grade of agar, as well as STOCKOSORB® 660, and compared it with 
IJ in water. Their survival and pathogenicity of the IJ were investigated at 25 °C. The last instar larvae of Tenebrio molitor 
were used to test the pathogenicity of the IJs 6 weeks postformulation. IJs stored in 1% and 1.5% agar formulations were 
found to provide the best survival of 77% and 82% after 6 weeks in formulation. Results indicate consumer grade agar to 
be comparable with laboratory grade and can be used as a cheaper alternative for the formulation of S. yirgalemense. When 
comparing the STOCKOSORB® 660 formulations, 80% IJ survival was recorded in a formulation of 1 g in 50 ml of water, 
with 50% of the IJs surviving in a formulation of 1 g in 100 ml of water. The IJs formulated and stored in STOCKOSORB® 
660 gel were found to be more virulent to Tenebrio molitor than were the IJs formulated in agar.
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Introduction

The use of chemicals to control insect pest crop infestation 
often leads to insect chemical resistance, pollution of the 
environment and accumulation in animal bodies. Therefore, 
it is of importance to source and use such eco-friendly alter-
natives as biopesticides and biological control agents to pre-
vent agricultural crop losses caused by insect pests (Ganguly 
et al. 2008). In recent years, entomopathogenic nematodes 
(EPNs) have been well studied and proven to work well as 
biological control agents of both above- and below-ground 
insects (Le Vieux and Malan 2015; Platt et al. 2020). When 
it comes to integrated pest management (IPM) programmes, 
EPNs are of great importance, as they can be incorporated 
when controlling insect pests of a wide range of agricultural 
crops, especially when the use of chemicals is not allowed, 
such as close to harvest (Heriberto et al. 2017).

EPNs are insect parasites of the genera Steinernema and 
Heterorhabditis, which carry a symbiotic bacterium inside 
their intestines. Xenorhabdus spp. bacteria are associated 
with Steinernema and Photorhabdus spp. being associated 
with Heterorhabditis (Poinar 1990). Infective juveniles (IJs) 
of EPNs are the only non-feeding free-living stages in the 
EPN life cycle. They penetrate the insect through its natural 
openings, and when inside the haemocoel, they release the 
bacteria with toxins, causing septicaemia, which leads to 
the death of the insect within 24–48 h. EPNs feed on the 
bacteria-converted insect gut tissues, developing and repro-
ducing (1–3 generations), where after a new cohort of IJs 
leaves the cadaver to search for a new host (Stock 2015).

In South Africa, EPNs have been tested against such 
key pest as codling moth, false codling moth, weevils, 
mealybugs, Bradysia spp. and thrips (Malan and Hatting 
2015; Hatting and Malan 2017; Malan and Ferreira 2017; 
Katumanyane et al. 2018; Dlamini et al. 2019a, b), showing 
great potential in all cases. Great progress has been made 
in terms of EPN formulation techniques, with EPNs being 
formulated in wettable powder, dispersible granules, sponge 
and water-soluble gel forms, which have become available 
both in Europe and on the American continent (Kaya et al. 
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2006; Kagimu et al. 2017; Nxitywa and Malan 2021a). Mar-
ket turnover of EPNs has come to assume second position 
in the biocontrol industry, after Bacillus thuringiensis prod-
ucts (Ehlers 1998). Nevertheless, the success that has been 
attained regarding formulation technology has mostly been 
challenged by the short shelf life of the product (Shapiro-
Ilan et al. 2012), due to the necessity of maintaining the 
biological activity of the EPNs during storage (Georgis 
1990). For the development of a successful EPN formula-
tion, Ehlers (2007) suggests that the formulation should be 
done as soon as possible after the production cycle, or pro-
cess, has been completed.

The most significant reason for EPN formulation is the 
ability of the medium both to enable and condition the EPNs 
to survive in storage for lengthy periods and to improve their 
infectivity (Lacey et al. 2010). The shelf life of EPNs differs 
according to the species and strains, with the expected shelf 
life of Heterorhabditis spp. being 3–6 months and of Stein-
ernema spp. being 6–12 months (Hazir et al. 2003). There-
fore, it is important for researchers to choose the appropri-
ate formulation media, which should possess properties that 
prolong the shelf life, and retain the pathogenicity, of EPNs 
to exceed expectations (Georgis 1990).

In South African plantation forestry, the survival and 
growth of seedlings during transplanting is enhanced by 
using the water-retaining polymer STOCKOSORB® 660 
(Viero and Little 2006). The gel is commonly applied around 
the root zones of seedlings during planting, to retain mois-
ture. It provides a potential medium for the application of 
EPNs in plantation forestry and other environments (Abate 
et al. 2019) where moisture depends on rainfall.

As the slight desiccation of EPNs is reported to reduce 
their metabolism and energy reserves, with it having been 
proved to extend the shelf life of EPNs (Lacey et al. 2010), 
it should be one of the properties to be considered when 
choosing the formulation media. The formulation of EPNs 
using gels serves to minimise the movement of the IJs, 
which leads to their reduced metabolism, thereby helping 
to maintain the energy reserves required for insect infection.

In the current study, a South African endemic EPN spe-
cies was formulated in different types of gels and stored at 
25 °C. The viability of formulated IJs was determined during 
storage as well as pathogenicity after 6 weeks of storage.

Materials and methods

Production of nematodes

Steinernema yirgalemense Nguyen, Tesfamariam, Gozel, 
Gaugler & Adams (Nguyen et al. 2004; Malan et al. 2011) 
was cultured using in vitro liquid culture (Ferreira et al. 
2016; Dunn et al. 2020, 2022). The culture process used 

in short was as follows: Xenorhabdus indica Somvanshi, 
Lang, Ganguly, Swiderski, Saxena & Stackebrandt (Ferreira 
et al. 2016) associated with S. yirgalemense was cultured 
by means of inoculating autoclaved 30 ml of tryptic soy 
broth (TSB) in 250-ml Erlenmeyer flasks with 200 µl bac-
teria. The flasks were shaken in a 28 °C growth incubator, 
in a junior orbital shaker at 140 rpm, for 48 h. The bacte-
rial cultures (4%) were inoculated into 30 ml of dried egg 
yolk-complex media, contained in 250-ml Erlenmeyer flasks 
and left to grow at 25 °C on an open OrbiShaker for 48 h. 
The Erlenmeyer flasks containing both the media and the 
bacteria were inoculated with 3 ×  104 IJs (1000 IJs  ml−1) of 
S. yirgalemense and left to grow and reproduce for 14 days 
at 140 rpm. The flasks containing the IJs were then moved 
to cold storage (14 °C), where they were left on an orbital 
shaker for formulation from day 17 onwards, to ensure IJs 
are fully developed.

Downstreaming of nematodes

After harvesting the IJs from one Erlenmeyer flask using 
a 32-µm sieve [Clear Edge Filtration SA (Pty) Ltd, South 
Africa], they were washed thoroughly with filtered tap 
water. After being scooped into a weighing boat, the paste 
of IJs was used for formulation together with the different 
gel types. Each in vitro cultured Erlenmeyer flask delivered 
approximately 7.5 ×  106 IJs.

Insect host

The larvae of mealworms, Tenebrio molitor L. (Coleoptera: 
Tenebrionidae), used for the pathogenicity tests were pur-
chased from a local pet shop and maintained in the dark at 
the Department of Conservation Ecology and Entomology, 
Stellenbosch University. The mealworms were fed bran, 
together with pieces of carrots as a source of moisture and 
kept in a container with an aerated lid (Van Zyl and Malan 
2015).

Gels for formulation

Nematodes were formulated using two different gel media: 
agar and STOCKOSORB® 660 (Agro-Serve (Pty) Ltd, 
Bryanston, South Africa). Two different agar powders were 
used: agar powder (SIGMA-ALDRICH) and agar–agar 
powder (Health Connection Wholefoods). STOCKO-
SORB® 660, which is a super-absorbent homopolymer 
(hydrogel)-based acid potassium that is acrylamide-free, is 
used for both water and soil management in agriculture and 
horticulture (Table 1).
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Preparation of gels

Agar types

For each of the two agar powders (agar, expensive laboratory 
grade and agar–agar, cheap consumer grade), six different 
concentrations (1%, 1.5%, 3%, 4% and 6%) were used per 
50 ml of distilled water. The agar formulation was prepared 
by means of dissolving the agar powder in water in a micro-
wave. When the temperature of the solution reached ± 28 °C, 
the nematodes were added and stirred, and the mixture was 
poured into Petri dishes to solidify. The Petri dishes were 
stored in a 25 °C incubator. The number of dead and live IJs 
was recorded every week for 6 weeks.

STOCKOSORB® 660

The water-retaining STOCKOSORB® 660 (polyacryla-
mide gel, Agro-Serve (Pty) Ltd, Bryanston, South Africa) 
is commercially available in the form of powder or granules, 
whereas the gel was prepared following the manufacturer’s 
instructions, which involved mixing 5 g of powder with 
500 ml sterilised water. Two compositions were prepared 
by means of adding 100 ml (C1) and 50 ml (C0.5) of nema-
todes in the nematode suspension in distilled water to 1 g of 
STOCKOSORB® 660 powder, upon which it was mixed. 
Each solution contained approximately 5 ×  106 IJs. After the 
polymer had fully retained the water, the formulations were 
packaged in small plastic containers with lids and stored in a 
25 °C incubator. For each combination, three replicates were 
used (involving three packaged containers per formulation). 
The experiment was repeated twice on a different test date, 
using a different nematode batch.

Survival of IJs in gels

Weekly, 0.5 g of the agar or gel formulation was stirred in 
distilled water on a magnetic stirrer, to facilitate the release 
of the IJs. From the solution, 1 ml was pipetted into a graded 
Petri dish, and both the live and the dead nematodes were 
observed under the stereomicroscope. The number of live 
and dead nematodes was counted of the first 100 nematodes 
observed, with the number being used to indicate the per-
centage survival. The experiment was repeated twice on a 
different test date, using a different nematode batch.

Pathogenicity tests

The formulated IJs were evaluated for infectivity after a 6 
week of the storage period. The formulation was stirred on 
a magnetic stirrer in water, to facilitate release of the IJs. 
The concentration of the nematodes in the suspension was 
adjusted to the concentration required for the inoculation 
(100 IJs/50 µl). Twelve filter papers were fitted in alternate 
wells of a 24-bioassay plates, with mealworms being added 
on top of each filter-papered well. The mealworms were 
inoculated with 100 IJs/50 µl of the gel solution. To prevent 
the escape of the mealworms and to retain moisture, glass 
was fitted onto the bioassay lids. Five bioassays were used 
for each treatment concentration (with each consisting of 12 
alternating wells) (n = 60). The bioassay plates were then 
placed in plastic tubs lined with moistened paper towels and 
maintained in a 25 °C incubator for 48 h. Mortality by infec-
tion was verified through the visual colour observation of the 
mealworms and dissection using a stereo microscope. The 
experiment was repeated with each batch of gel formulation, 
with the nematode species and storage conditions remaining 
the same as in the above description.

Statistical analysis

Statistical analyses were conducted using STATISTICA 13.2 
software (StatSoft. Inc). Where the results were not normally 
distributed, bootstraps were performed on the data to obtain 
least significance difference (LSD) multiple comparisons. 
In other instances, the means were accordingly separated 
by means of the administration of Fisher’s least significant 
difference or the Games-Howell post hoc test.

Results

Agar types

The analysis of the data of laboratory grade agar showed 
no significant difference (p > 0.05) between the two batches 
in terms of time and treatments, allowing for the data to be 
pooled and analysed. In week 1, the control, 1%, 1.5% and 
3% agar formulation did not differ significantly (p > 0.05) 
from each other, but they did differ significantly (p < 0.05) 
from the 6% formulation. Within the tested treatments 

Tab 1  Different types of gels 
used for the formulation of 
nematodes

Gel type Trade name Supplier Form

Agar 1 Agar powder (laboratory grade) Sigma-Aldrich Powder
Agar 2 Agar–agar powder (consumer grade) Health connection wholefoods Powder
Waterwise crystals STOCKOSORB® 660 Agro-Serve (Pty) Ltd, Bryan-

ston, South Africa
Granules
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(excluding the control), the formulation with 1.5% agar had 
the highest mean percentage survival of IJs, with a mean per-
centage of 93.00 ± 1.41%, and the formulation with 6% agar 
had the lowest mean percentage survival of 83.00 ± 2.83%. 
From week 2 to week 6, the control, 1%, 1.5% and 3% agar 
formulation were not significantly different from each other 
(p > 0.05), but significantly (p < 0.05) differed from the 4% 
and 6% formulation. The formulations made of 4% and 6% 
did not differ significantly (p > 0.05) from each other. Dur-
ing the last week of the experiment, the treatment with the 
highest mean percentage survival was that which was made 
of 1% agar (81.00 ± 2.23%), while that with the lowest mean 
percentage survival was that which was made of 6% agar 
(50.00 ± 1.41%) (Fig. 1).

Analysis of the data of agar–agar used showed no signifi-
cant difference (p > 0.05) between the two batches in terms 
of time and treatments, allowing for the data to be pooled 
and analysed. The data analysis of IJs survival formulated 
in the agar–agar media showed a relatively slow decrease 

over 6 weeks for all agar percentages that were investigated, 
except for in the case of the IJs that were stored in 4% and 
6% agar–agar gel formulation where a fast decline was 
observed. Significant differences were observed between 
some of the percentages in the different agar tested, 1% 
agar–agar differed significantly from 3%, 4% and 6% from 
week 2 to week 6. Six per cent was always significantly 
lower than the other percentages, while 4% was significantly 
lower than 3% from week 4 to week 6. The IJs stored in 6% 
agar–agar formulation gave the lowest mean percentages 
throughout the 6-week period of the experiment. In week 6, 
the IJs stored in 6% agar–agar had the lowest mean survival 
rate of 49.00 ± 1.47% (Fig. 1B).

STOCKOSORB® 660

No difference was found in the main effects of survival 
over time in the two test dates, and the data were pooled 
and analysed. The mean percentage survival of IJs in the 
control treatment differed significantly (p < 0.05) from both 
the treatments (C0.5 and C1) investigated throughout the 
6-week period. In week 1, the formulation with half the 
concentration of water did not differ significantly from that 
with the recommended concentration of water. However, a 
change was noticed from week 2 to week 6, wherein the 
mean percentage survival of IJs in C0.5 and C1 differed 
significantly (p > 0.05) from each other, and C0.5 maintained 
the highest mean percentage survival throughout the period. 
The mean percentage survival of IJs in C1 dropped signifi-
cantly at week 5, from 72.00 ± 1.41% in week 4 to as low as 
52.50 ± 0.71% in week 5 (Fig. 2).
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Fig. 1  Mean percentage survival (95% confidence level) of S. yirgale-
mense infective juveniles (IJs) in A agar formulation (F25, 36 = 3.468; 
p < 0.01) and B agar–agar formulation (F25, 36 = 11.723; p < 0.01). 
Stars indicate significant differences (p < 0.05) between treatment 
concentrations and the number of IJs to survive over time
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Fig. 2  Mean percentage survival (95% confidence level) of Stein-
ernema yirgalemense infective juveniles (IJs) in STOCKOSORB® 
660 formulation, prepared by adding 1 g to 100 ml (C1) and 50 ml 
(C0.5) of nematodes to the nematode suspension in distilled water, 
as well as in the control (C0), using nematodes in water only 
(F10, 18 = 75.079; p < 0.01). Different letters above the bars indicate 
significant differences (p < 0.05) between time in weeks and the per-
centage of IJs survival
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Pathogenicity of agar gels

No significant (p > 0.05) difference was obtained between 
the two batches of all the gels in terms of the main effects 
of treatments and time, allowing for the data to be pooled 
and analysed using a one-way ANOVA. The control mortal-
ity did not differ significantly in the case of either the 1% 
(p = 0.15) or the 3% (p = 0.07) agar mortality, but it did dif-
fer significantly from that caused by the 1.5% (p = 0.017), 
4% (p = 0.017) and 6% (p = 0.0026) agar. The percentage 
mortality caused by the IJ formulations with 1%, 1.5%, 
3% and 4% agar did not significantly differ (p > 0.05). The 
percentage mortality caused by IJ formulations with 6% 
agar was significantly different from that of those with 1% 
(p = 0.0026) and 3% (p = 0.034) agar but did not differ sig-
nificantly from those with 1.5% (p = 0.15) and 4% (p = 0.15) 
agar. Within the treatments (excluding the control), the for-
mulation that caused the highest mean mortality was that 
with 1% (79.17± 5.38%) agar, whereas the one that caused 
the lowest mean mortality was that with 6% (54.17± 5.38%) 
agar (Fig. 3A).

No significant (p > 0.05) difference was obtained between 
the two batches of all the gels in terms of the main effects of 
treatments and time, allowing for the data to be pooled and 
analysed through one-way ANOVA. The mortality percent-
age of the IJ control did not differ significantly (p = 0.10) 

from that of the IJs formulated in 3% agar, but it did differ 
significantly from that of formulations made with 1%, 1.5%, 
4% and 6%, with p -values of 0.01, 0.02 < 0.001 and < 0.00, 
respectively. Within the treatments (excluding the control), 
the formulation that caused the highest mean mortality was 
that with 3% agar (79.17 ± 4.50%), whereas the one that 
caused the lowest mean mortality was that with 6% agar 
(54.17± 4.50%) (Fig. 3B).

Pathogenicity of  STOCKOSORB® 660

The mortality percentage of the IJs in the treatment in which 
half of the recommended water was used for the formulation 
did not differ significantly (p = 0.45) from that of the control, 
but it did differ significantly (p < 0.001) from the recom-
mended water addition. The highest mean mortality of T. 
molitor L. occurred with the T.0.5 (91.67 ± 0.00%), whereas 
the lowest mean mortality of T. molitor L. occurred with the 
T1 (54.17 ± 5.89%) (Fig. 4).

Discussion

The short shelf life of EPNs has been seen as being among 
the limiting factors in the commercialisation and expanded 
use of EPNs as the biological control agents of pest insects. 
Maintaining the balance in the water retention, both inside 
and in the surrounding area of the IJs is important for pro-
longed IJ viability since they are aquatic multicellular organ-
isms (Chen and Glazer 2005; Nxitywa and Malan 2021a, 
b). In the current study, to maintain the water balance in 
and around the IJ bodies, different gel media were used. 
Although the IJ survival in the gels tended to be lower than 
was that in the water control, some IJ survival rates did not 
differ significantly from that in the control. The performance 
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Fig. 3  Mean percentage (95% confidence level) of infected Tenebrio 
molitor inoculated with infective juveniles of Steinernema yirgale-
mense formulated in A agar (F5, 6 = 5.6800; p = 0.0282) and B agar–
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yirgalemense formulated in agar and stored at 25  °C for 6  weeks 
(F2, 3 = 36.5; p < 0.01). The letters above the bars indicate significant 
differences (p < 0.05) between the treatments and the percentage nem-
atode mortality of T. molitor 



814 Journal of Plant Diseases and Protection (2023) 130:809–816

1 3

of S. yirgalemense IJs in the gels varied in the different gel 
types used.

The concentration that had better survival stability for 
the S. yirgalemense IJs in both the agar and the agar–agar 
formulations was 1%. The results of the current study are 
consistent with those of Hussein et al. (2012), who reported 
that IJ of Steinernema feltiae (Filipjev) Wouts, Mráček, 
Gerdin & Bedding in 1% agar formulation had better sur-
vival and viability than did those in the other concentra-
tions (2 and 4%). In addition to the above, they, further, 
discussed that the higher concentrations condensed during 
spraying, which was more like the similar experience in the 
current study, where facilitating the release of the IJs from 
the higher concentrations, being the 3%, 4% and 6%, was 
found to be difficult, as the solutions were inclined to clump. 
Therefore, using relatively high agar concentrations is not 
suitable when the delivery method to fields or greenhouses 
is conducted through spraying, as the presence of the agar 
particles can lead to the blockage of the spray nozzles. How-
ever, to deliver slow release in the blocks in the case of such 
potted plants as blueberries and cucumbers produced under 
cover would be ideal. After 6 weeks of storage, in both agar 
formulations survival of IJ was 50% and 49%, respectively, 
which indicated that the cheaper consumer grade of agar will 
be suitable for formulation of S. yirgalemense.

The survival of the IJs in the STOCKOSORB® 660, 
where half of the recommended amount of water (C0.5) was 
added, was higher than that where the recommended amount 
of water (C1) was added. At week 6, C0.5 had 80% IJ sur-
vival, whereas C1 had 50% IJ survival. The results clearly 
indicate that the free water in the formulation had a negative 
effect on the survival of S. yirgalemense IJs. The results of 
the current study concur with those that were obtained by 
Abate et al. (2019), who reported 66% survival at 6 weeks 
when they formulated the same species, S. yirgalemense, in 
STOCKOSORB® 660. However, their mortality results dif-
fered from those that were obtained in the present study, as 
they reported 71% mortality of G. mellonella, whereas 54% 
mortality of T. molitor was obtained in the current study. 
The difference obtained in the percentage might have been 
due to the host insect susceptibility. The use of STOCKO-
SORB® 660 in the transplanting of tree seedlings in for-
estry in South Africa creates a suitably moist environment 
in which to increase the postapplication survival rate of the 
EPNs (Abate et al. 2019). The authors also suggest that the 
EPNs could be directly applied to the soil to form a soil-gel 
mix to enhance their survival rate.

The use of a slurry to stiffen the gels as the storage medium 
for the IJs could be the way forward in striving to attain long-
term survival of EPNs, as, in the study conducted by Hok-
kanen and Menzler-Hokkanen (2002), the polyacrylate S. 
feltiae gel formulation survived for a period up to 1 year at 
4 °C. Applying S. carpocapsae in a gel formulation has been 

found to protect IJs from UV damage, with the IJs in such 
a formulation being found to be more effective, in terms of 
infecting and killing the larvae of G. mellonella, than are the 
IJs in aqueous solution (Dito et al. 2016).

In this study storage was at a constant 25 °C, with good 
results for both high- and low-quality agar, as well as using 
STOCKOSORB® 660 with survival of > 80% after 6 weeks. 
Kagimu and Malan (2019) used alginate beads for storage of 
three South African EPN isolates. Their results showed poor 
survival and loss of virulence at low temperatures for both 
formulations. However, with the alginate beads the nematodes 
were successfully retained with a longer storage time. Kagimu 
et al. (2022) also indicated that all the South African isolates 
used cannot be stored in a fridge at 8 °C. The disadvantage of 
storing nematodes at room temperature is the tread of getting 
contaminated with the inability of using temperature to restrict 
movement and contamination with micro-organism (Nxitywa 
and Malan 2021b).

The application of nematodes in a gel mixture not only pro-
tects the IJs from such abiotic factors as UV radiation, desic-
cation and high temperatures, but it can also help with soil 
moisture retention, by reducing the amount of water required 
for irrigation (Brixey et al. 2006). Although the agar gel for-
mulation investigated in the current study was found to have 
a relatively high IJ survival and infectivity rate against meal-
worms, further greenhouse experiments or field evaluations 
are recommended for where the gels with a relatively high 
percentage of concentration require placing near the root zone, 
or just below the soil surface, so as to investigate whether the 
nematodes will be able to escape the agar and infect the target 
pests (above- and below-ground pests).

Acknowledgements We want to thank DG Nel of the Central Analyti-
cal Facility for assistance in statistical analysis and the Department 
of Conservation Ecology, Stellenbosch University, for funding of the 
project.

Author contributions APM and AN conceived and designed the study; 
AN collected the data, while both authors contributed to the data analy-
sis and manuscript preparation. Both authors read and approved the 
manuscript.

Funding Open access funding provided by Stellenbosch University. 
This study was funded by Department of Environment and Conserva-
tion and Entomology.

Declarations 

Conflict of interest All authors declare no conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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 



815Journal of Plant Diseases and Protection (2023) 130:809–816 

1 3

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/.

References

Abate BA, Slippers B, Wingfield MJ, Conlong DE, Burger DA, Hurley 
BP (2019) Virulence and survival of native entomopathogenic 
nematodes for the management of white grubs in South Africa. 
Biol Control 137:104043. https:// doi. org/ 10. 1016/j. bioco ntrol. 
2019. 104043

Brixey JM, Moore R, Milner AD (2006) Effect of entomopathogenic 
nematode (steinernema carpocapsae Weiser) application tech-
nique on the efficacy and distribution of infection of the large 
pine weevil (Hylobius abietis L.) in stumps of Sitka spruce (Picea 
sitchensis Carr.) created at different times. Forest Ecol Manag 
226:161–172. https:// doi. org/ 10. 1016/j. foreco. 2006. 01. 044

Chen S, Glazer I (2005) A novel method for long-term storage of the 
entomopathogenic nematode Steinernema feltiae at room tem-
perature. Biol Control 32:104–110. https:// doi. org/ 10. 1016/j. bioco 
ntrol. 2004. 08. 006

Dito DF, Shapiro-Ilan DI, Dunlap CA, Behle RW, Lewis EE (2016) 
Enhanced biological control potential of the entomopathogenic 
nematode, Steinernema carpocapsae, applied with a protective 
gel formulation. Biocontrol Sci Technol 26(6):835–848. https:// 
doi. org/ 10. 1080/ 09583 157. 2016. 11596 59

Dlamini BE, Malan AP, Addison P (2019a) Control of the banded 
fruit weevil, Phlyctinus callosus (Schönherr) (Coleoptera: Cur-
culionidae) using entomopathogenic nematodes. Austral Entomol 
58(3):687–695. https:// doi. org/ 10. 1111/ aen. 12386

Dlamini TM, Allshopp E, Malan AP (2019b) Entomopathogenic nema-
todes to control of western flower thrips, Frankliniella occiden-
talis (Thysanoptera: Thripidae), under laboratory conditions. Afr 
Entomol 27(2):322–335. https:// doi. org/ 10. 4001/ 003. 027. 0322

Dunn MD, Belur P, Malan AP (2020) In vitro liquid culture and optimi-
zation of Steinernema jeffreyense, using shake flasks. Biocontrol 
65:223–233. https:// doi. org/ 10. 1007/ s10526- 019- 09977-7

Dunn MD, Belur PD, Malan AP (2022) Development of cost-effective 
media for the in vitro liquid culture of entomopathogenic nema-
todes. Nematology 24(7):763–775. https:// doi. org/ 10. 1163/ 15685 
411- bja10 166

Ehlers R-U (1998) Entomopathogenic nematodes–save biocontrol 
agents for sustainable systems. Phytoprotection 79:97–102. 
https:// doi. org/ 10. 7202/ 70616 4ar

Ehlers RU (2007). Entomopathogenic nematodes: from science to 
commercial use. In Vincent C, Goettel MS, Lazarovits G (ed). 
Biological control: a global perspective: case studies from around 
the world, CABI, Wallingford, 136–151, https:// doi. org/ 10. 1079/ 
97818 45932 657. 0136

Ferreira T, Addison MF, Malan AP (2016) Development and popula-
tion dynamics of Steinernema yirgalemense and growth charac-
teristics of its associated Xenorhabdus symbiont in liquid culture. 
J Helminthol 90:108–112. https:// doi. org/ 10. 1017/ S0022 149X1 
50004 50

Ganguly S, Kumar A, Parmar BS (2008) Nemagel–a formulation of 
the entomopathogenic nematode Steinernema thermophilum miti-
gating the shelf-life constraint of the tropics. Nematol Mediter 
36:125–130

Georgis R (1990) Formulation and application technology. In: Gaugler 
R, Kaya HK (eds) Entomopathogenic nematodes in biological 
control. CRC Press, Boca Raton, Florida, pp 173–191

Hatting JL, Malan AP (2017) Status of entomopathogenic nematodes 
in integrated pest management strategies in South Africa. In: 

Abd-Elgawad MMM, Askary TH, Coupland J (eds) Biocontrol 
agents: entomopathogenic and slug parasitic nematodes. CABI, 
Wallington, pp 409–428

Hazir S, Kaya HK, Stock SP, Keskin N (2003) Entomopathogenic nem-
atodes (Steinernematidae and Heterorhabditidae) for biological 
control of soil pests. Turkish J Biol 27:181–202

Heriberto CM, Jaime RV, Carlos CM, Jesusita RD (2017) Formulation 
of entomopathogenic nematodes for crop pest control–a review. 
Plant Protec Sci 53:15–24. https:// doi. org/ 10. 17221/ 35/ 2016- PPS

Hokkanen HM T, Menzler-Hokkanen I (2002). Formulation of the 
nematodes Steinernema feltiae for a shelf-life up to one year. 
viii international colloquium on invertebrate pathology and 
microbial control. Foz do Iguassu, Brazil. Poster abstract MC25.

Hussein HM, Adel MM, Gelbič I (2012) Effectiveness of the 
entomopathogenic nematode Steinernema feltiae in agar gel 
formulations against larvae of the Colarado potato beetle, 
Leptinotarsa decemlineata (Say.) (Coleoptera: Chrysomeli-
dae). Cent Eur J Biol 7(1):77–82. https:// doi. org/ 10. 2478/ 
s11535- 011- 0090-0

Kagimu N, Malan AP (2019) Alginate and diatomaceous earth for-
mulations of entomopathogenic nematodes. Biocontrol 64:413–
422. https:// doi. org/ 10. 1007/ s10526- 019- 09945-1

Kagimu N, Ferreira T, Malan AP (2017) The attributes of survival 
in the formulation of entomopathogenic nematodes utilised as 
insect biocontrol agents. Afr Entomol 25(2):275–291. https:// 
doi. org/ 10. 4001/ 003. 025. 0275

Kagimu N, Nxitywa A, Malan AP (2022) Room temperature stor-
ability in diatomaceous earth and the effect of antifungal agents 
on the efficacy of Steinernema yirgalemense. J Plant Dis Prot 
129:137–144. https:// doi. org/ 10. 1007/ s41348- 021- 00521-3

Katumanyane A, Ferreira T, Malan AP (2018) Potential use of local 
entomopathogenic nematodes to control Bradysia impatiens 
(Diptera: Sciaridae) under laboratory conditions. Afr Entomol 
26(2):337–349. https:// doi. org/ 10. 4001/ 003. 026. 0337

Kaya HK, Aguillera MM, Alumai A, Choo HY, De la Torre M, Fodor 
A, Ganguly S, Hazir S, Lakatos T, Pye A, Wilson M, Yamanaka 
S, Yang H, Ehlers R-U (2006) Status of entomopathogenic 
nematodes and their symbiotic bacteria from selected countries 
or regions of the world. Biol 38:134–155. https:// doi. org/ 10. 
1016/j. bioco ntrol. 2005. 11. 004

Lacey LA, Shapiro-Ilan D, Glenn GM (2010) Post-application of 
anti-desiccant agents improves efficacy of entomopathogenic 
nematodes in formulated host cadavers or aqueous suspension 
against diapausing codling moth larvae (Lepidoptera: Tortrici-
dae). Biocont Sci Technol 20(9):909–921. https:// doi. org/ 10. 
1016/j. bioco ntrol. 2005. 11. 004

Le Vieux PD, Malan AP (2015) Prospects for using entomopatho-
genic nematodes to control the vine mealybug, Planococ-
cus ficus, in South African vineyards. S Afr J Enol Vitic 
36(1):59–70

Malan AP, Hatting J (2015) Entomopathogenic nematode exploita-
tion: case studies in laboratory and field applications from South 
Africa. In: Campos-Herrera R (ed) Sustainability in plant and crop 
protection: ecology and applied technologies for sustainable plant 
and crop protection. Springer, Cham, pp 475–506

Malan AP, Knoetze R, Moore SD (2011) Isolation and identification 
of entomopathogenic nematodes from citrus orchards in South 
Africa and their biocontrol potential against false codling moth. J 
Invertebr Pathol 108:115–125. https:// doi. org/ 10. 1016/j. jip. 2011. 
07. 006

Malan AP, Ferreira T (2017) Entomopathogenic nematodes. In: Fourie 
H, Spaull VW, Jones RK, Daneel MS, De Waele D (eds) Nema-
tology in South Africa: a view from the 21st century. Springer 
International, Cham, pp 459–480

Nguyen KB, Tesfamariam M, Gozel U, Gaugler R, Adams BJ (2004) 
Steinernema yirgalemense n. sp. (Rhabditida: Steinernematidae) 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.biocontrol.2019.104043
https://doi.org/10.1016/j.biocontrol.2019.104043
https://doi.org/10.1016/j.foreco.2006.01.044
https://doi.org/10.1016/j.biocontrol.2004.08.006
https://doi.org/10.1016/j.biocontrol.2004.08.006
https://doi.org/10.1080/09583157.2016.1159659
https://doi.org/10.1080/09583157.2016.1159659
https://doi.org/10.1111/aen.12386
https://doi.org/10.4001/003.027.0322
https://doi.org/10.1007/s10526-019-09977-7
https://doi.org/10.1163/15685411-bja10166
https://doi.org/10.1163/15685411-bja10166
https://doi.org/10.7202/706164ar
https://doi.org/10.1079/9781845932657.0136
https://doi.org/10.1079/9781845932657.0136
https://doi.org/10.1017/S0022149X15000450
https://doi.org/10.1017/S0022149X15000450
https://doi.org/10.17221/35/2016-PPS
https://doi.org/10.2478/s11535-011-0090-0
https://doi.org/10.2478/s11535-011-0090-0
https://doi.org/10.1007/s10526-019-09945-1
https://doi.org/10.4001/003.025.0275
https://doi.org/10.4001/003.025.0275
https://doi.org/10.1007/s41348-021-00521-3
https://doi.org/10.4001/003.026.0337
https://doi.org/10.1016/j.biocontrol.2005.11.004
https://doi.org/10.1016/j.biocontrol.2005.11.004
https://doi.org/10.1016/j.biocontrol.2005.11.004
https://doi.org/10.1016/j.biocontrol.2005.11.004
https://doi.org/10.1016/j.jip.2011.07.006
https://doi.org/10.1016/j.jip.2011.07.006


816 Journal of Plant Diseases and Protection (2023) 130:809–816

1 3

from Ethiopia. Nematol 6:839–856. https:// doi. org/ 10. 1163/ 15685 
41044 038605

Nxitywa A, Malan AP (2021a) Formulation of entomopathogenic nem-
atodes for the control of key pests of grapevine: a review. S Afr 
J Enol Vitic 42(2):123–134. https:// doi. org/ 10. 21548/ 42-2- 4479

Nxitywa A, Malan AP (2021b) Formulation of Steinernema yirgale-
mense by entrapment in alginate beads. Rus J Nematol 29(1):49–
58. https:// doi. org/ 10. 24411/ 0869- 6918- 2021- 10005

Nxitywa A, Malan AP (2022) Formulation of high concentrations of 
entomopathogenic nematode in diatomaceous earth. Biocontr Sci 
Technol 32(9):1107–1121. https:// doi. org/ 10. 1080/ 09583 157. 
2022. 20905 11

Platt T, Stokwe NF, Malan AP (2020) A review of the potential use 
of entomopathogenic nematodes to control above-ground insect 
pests in South Africa. S Afr J Enol Vitic 41:1–16. https:// doi. org/ 
10. 21548/ 41-1- 2424

Poinar GO Jr (1990) Taxonomy and biology Steinernematidae and 
Heterorhabditidae. In: Gaugler R, Kaya HK (eds) Entomopatho-
genic nematodes in biological control. CRC Press, Boca Raton, 
pp 23–61

Shapiro-Ilan DI, Han R, Dolinksi C (2012) Entomopathogenic 
nematode production and application technology. J Nematol 
44:206–217

Stock SP (2015). Diversity, biology and evolutionary relationships In: 
Campos-Herrera R (ed) Nematode pathogenesis of insects and 
other pests sustainability in plant and crop protection 1, Springer 
International Publishing, Cham, 3–27. https:// doi. org/ 10. 1007/ 
978-3- 319- 18266-7_1

Van Zyl C, Malan AP (2015) Cost-effective culturing of Galleria mel-
lonella and Tenebrio molitor and nematode production in various 
hosts. Afr Entomol 23:361–375. https:// doi. org/ 10. 4001/ 003. 023. 
0232

Viero PWM, Little KM (2006) A comparison of different planting 
methods, including hydrogels, and their effect on eucalypt survival 
and initial growth in South Africa. South Afr for J 1:5–13. https:// 
doi. org/ 10. 2989/ 10295 92060 95052 56

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1163/1568541044038605
https://doi.org/10.1163/1568541044038605
https://doi.org/10.21548/42-2-4479
https://doi.org/10.24411/0869-6918-2021-10005
https://doi.org/10.1080/09583157.2022.2090511
https://doi.org/10.1080/09583157.2022.2090511
https://doi.org/10.21548/41-1-2424
https://doi.org/10.21548/41-1-2424
https://doi.org/10.1007/978-3-319-18266-7_1
https://doi.org/10.1007/978-3-319-18266-7_1
https://doi.org/10.4001/003.023.0232
https://doi.org/10.4001/003.023.0232
https://doi.org/10.2989/10295920609505256
https://doi.org/10.2989/10295920609505256

	Formulation of Steinernema yirgalemense in gel for long-term storage at room temperature
	Abstract
	Introduction
	Materials and methods
	Production of nematodes
	Downstreaming of nematodes
	Insect host
	Gels for formulation
	Preparation of gels
	Agar types

	STOCKOSORB® 660
	Survival of IJs in gels
	Pathogenicity tests
	Statistical analysis

	Results
	Agar types
	STOCKOSORB® 660
	Pathogenicity of agar gels
	Pathogenicity of STOCKOSORB® 660

	Discussion
	Acknowledgements 
	References




