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ABSTRACT

Leite, L. G., D. 1. Shapiro-Ilan, S. Hazir, and M. Jackson. 2016. A new medium for liquid fermentation of
Steinernema feltiae: Selection of lipid and protein sources. Nematropica 46:147-153.

Entomopathogenic nematode production in liquid fermentation still requires improvements to maximize
efficiency, yield, and nematode quality. The objective of this study was to develop a more suitable liquid
medium for mass production of S. feltiae by selecting lipid and nitrogen sources, and by assessing the
impact of glucose. Seven sources of lipid (corn oil, palm oil, fish oil, peanut oil, sunflower oil, canola oil,
and pork lard) and six of nitrogen (egg yolk, yeast extract, egg white, soy extract, beef extract, and fish
collagen) were tested at a concentration of 4% (v/v) and 1.25% (w/v), respectively. Additionally, egg yolk
and egg white selected in the previous experiment, were tested solely (both at 1.25% w/v) and combined
(at 0.625% w/v each) in media with or without glucose (2.5% w/v), supplemented also with yeast extract
(2.3% w/v), NaCl (0.5% w/v), peanut oil (4% v/v), and agar (0.2% w/v). For the lipid and nitrogen source
experiments, pork lard and yeast extract provided the lowest yields. The combination of egg yolk + egg
white increased nematode yield compared to these nitrogen sources tested individually. Also, the addition
of 2.5% glucose increased nematode yields.
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RESUMEN

Leite, L. G., D. I. Shapiro-Ilan, S. Hazir, y M. Jackson. 2016. Un nuevo medio para la fermentacion liquida
de Steinernema feltiae: Seleccion de las fuentes de lipidos y proteinas. Nematropica 46:147-153.

La produccion de nematodos entomopatéogenos en fermentacion liquida requiere todavia de mejoras
que maximicen su eficacia, productividad y calidad de los nematodos. El objetivo de este estudio fue
desarrollar un mejor medio liquido para la produccién en masa de S. feltiae mediante la seleccion de
fuentes de lipidos y nitrégeno, asi como evaluar el impacto de la glucosa. Siete fuentes de lipidos (aceite
de maiz, aceite de palma, aceite de pescado, aceite de cacahuete, aceite solar, aceite de colza, y grasa de
cerdo) y seis de nitrogeno (yema de huevo, extracto de levadura, clara de huevo, extracto de soja, extracto
de carne de ternera, y colageno de pescado) se ensayaron a concentraciones de 4% (v/v) y 1.25% (p/v),
respectivamente. Adicionalmente, la yema de huevo y la clara de huevo seleccionadas en el experimento
anterior, se ensayaron individualmente (ambas a 1.25% p/v) y combinadas (a 0.625% p/v cada una) en
medio con o sin glucosa (2.5% p/v), suplementado con extracto de levadura (2.3% p/v), NaCl (0.5% p/v),
aceite de cacahuete (4% v/v), y agar (0.2% p/v). En los experimentos para las fuentes de lipidos y nitrégeno,
la grasa de cerdo y el extracto de levadura proporcionaron las menores productividades. La combinacion de
yema de huevo + clara de huevo increment6 la producciéon de nematodos en comparacion con estas mismas
fuentes de nitrégeno ensayadas individualmente. Ademas, la adicion de glucosa al 2.5% incremento la
produccion de nematodos.

Palabras clave: biocontrol, nematodo entomatopatdgeno, produccion, in vitro, fermentacion liquida.
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Entomopathogenic nematodes (EPNs) from the
genera Steinernema and Heterorhabditis have been
identified as commercially viable biological control
agents used for suppression of a vast array of
economically important insect pests of a wide range
of agricultural and horticultural crops (Ehlers, 1996;
Hazir et al., 2003). The free-living, non-feeding,
and developmentally-arrested infective juveniles
(IJs) possess symbiotic bacteria Xenorhabdus spp.
(for steinernematids) and Photorhabdus spp. (for
heterorhabditids) in the lumen of their pharynx
and intestine (Poinar, 1975; Poinar, 1990). The
nematodes penetrate the insect host via natural body
openings (mouth, anus, and spiracles) or through
the cuticle, and release the associated bacteria into
the host’s body cavity (Poinar and Thomas, 1966;
Akhurst, 1980). The bacteria multiply rapidly
to cause a lethal septicemia or toxemia within
24 to 48 hr and create a suitable environment for
reproduction and development of nematodes (Lewis
and Clarke, 2012).

The nematodes feed upon the proliferating
bacteria and the decomposing insect cadaver
(Strauch and Ehlers, 1998). The nematodes
complete 1-3 generations within the insect host and
then IJs exit to search for new insect targets (Stock,
2015). The 1J is adapted to be durable and survive
in the soil environment until it can find a suitable
insect host (Lewis and Clarke, 2012; Shapiro-Ilan
et al., 2014). Steinernema feltiae Filipjev is one of
the most studied nematodes among the EPNs, and
it is used widely in biocontrol applications such
as for suppression of fungus gnats, an insect pest
of worldwide importance on ornamental, nursery
plants, and mushrooms (Jess et al., 2005; Tomalak
et al., 2005).

Entomopathogenic nematodes have been mass
produced by in vivo, using living insects, and in
vitro, using the bacteria culture as source of food,
with the liquid fermentation process allowing the
large-scale production. Despite great progress in
the past couple of decades, EPNs full potential
has hardly been realized due to non-competitive
costs compared with chemical insecticides and
inconsistent nematode quality. Both issues may be
addressed by improving liquid culture technology.
Improving media is a viable option. A standard
nematode production medium should contain
carbon sources such as sugars, sugar alcohols and
lipids, and a nitrogen source (Pace et al., 1986;
Friedman et al., 1989; Han et al., 1993; Surrey and
Davies, 1996; Ehlers et al., 1998). Lipids support
for 60% of the total energy for the non-feeding I[Js
(Selvan et al., 1993) while several nitrogen sources
including dried egg yolk, lactalbumin, and liver
extract improved nematode production (Buecher
et al., 1970; Friedman, 1989; Friedman, 1990).
Therefore, efforts to optimize media composition,
specifically by selecting key ingredients such as

lipid and nitrogen sources, are critical to increasing
1J yields. The objective of this study was to develop
a more suitable liquid media for mass production
of S. feltiae by evaluating various sources and
combinations of lipid and nitrogen sources, and
by assessing the impact of glucose addition to the
selected lipid/nitrogen combinations. Glucose
has been demonstrated to increase yields in
Heterorhabditis bacteriophora (Gil et al., 2002).
Thus, we hypothesized the addition of glucose would
also enhance S. feltiae yields. The experiments were
conducted using shake flasks, but the results may
also be applicable for bioreactor conditions.

Three experiments on in vitro liquid culture
production of S. feltiae were conducted; the first
one to assess sources of lipids, the second one to
assess sources of nitrogen, and the third one to
assess the combination of the best sources mixed
with glucose.

Bacterial isolation and nematode axenization

Bacterial isolation and nematode axenization
were done according to Leite et al. (2016).

Base medium

For the lipid and nitrogen experiments, the
base medium contained yeast extract (2.3% w/v),
egg yolk (1.25% w/v), NaCl (0.5% w/v), and corn
oil (4% v/v). This medium was selected as a high-
yielding composition for production of S. feltiae in a
previous study conducted by Chavarria-Hernandez
and Torre (2001). This medium was tested with
0.2% agar, which improved the nematode yield in
our previous research (Leite et al., 2016).

Sources of lipid

In the first experiment, seven lipid sources
(corn oil, palm oil, salmon oil, peanut oil,
sunflower oil, canola oil, and pork lard) were
tested at a concentration of 4% (v/v) in the base
media described above. Three replications were
established for each treatment, with each replication
consisting of an Erlenmeyer flask (150 mL)
containing 50 mL of liquid medium. The media
were inoculated with the bacteria Xenorhabdus
bovienii previously grown in tryptic soy broth (4%
w/v) + yeast extract (0.5% w/v) medium (TSB +
ye) by adding 1 mL (5 x 10° cells) of culture to each
flask. The X. bovienii cultures were grown in an
orbital shaker (G 25, New Brunswick Scientific) at
280 rpm and 25°C for 2 days. After this period,
each flask was inoculated with nematodes by adding
10,000 2-day-old juveniles (suspended in 0.3 mL
of TSB + ye medium) that had hatched from the
surface-sterilized eggs. The initial concentration
of the nematodes in the production media was 200
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juveniles/mL.

The flasks were kept in the shaker, and
evaluations were done 2 days after bacteria
inoculation by counting bacteria cells and 28 days
after nematode inoculation by counting nematode
populations. For the bacterial counts, 25-ul (0.025
mL) samples were taken from each flask and diluted
in 40 mL water in a 50-mL centrifuge tube. After
the tubes were closed and vortexed, the bacterial
suspension was counted in a Neubauer slide using
a compound microscope (x400). For nematode
counts, 1 mL samples were taken from each flask
and diluted in 500 mL water in a 1,000-mL beaker.
While the suspension was stirring, a 2-mL sample
was taken for counting nematode in a Peter’s slide
using a stereomicroscope (x16). Two samples
were measured for each replicate, and the entire
experiment was repeated once in time.

Sources of nitrogen

In the second experiment, 12 media formulations,
which consisted of 6 nitrogen sources (egg yolk, yeast
extract, egg white, soy extract, beef extract, or fish
collagen) at a concentration of 1.25% (w/v) added
to the base medium with 2 different lipid sources
were tested. One group of nitrogen sources was
supplemented with corn oil and another with peanut
oil (both at 4% v/v). The two lipid sources chosen for
this experiment were selected based on the highest
yield of nematodes in previous experiment (see
Results section). The methodology used was the same
as described for the previous experiment. The entire
experiment was repeated once in time.

Nitrogen sources and sugar

For this experiment, six treatments were tested.
Egg yolk and egg white (selected based on the
highest yield of nematodes in previous experiment—
see Results section) were tested solely (both at
1.25% w/v) and combined (at 0.625% w/v each)
in media with or without glucose (2.5% w/v),
supplemented also with yeast extract (2.3% w/v),
NaCl (0.5% w/v), peanut oil (4% v/v), and agar
(0.2% w/v). The methodology used was the same
as described for the previous experiment. The entire
experiment was repeated once in time.

Statistical analyses

Data from repeated trials were pooled and
variation among trials was treated as a block
effect. For all experiments, treatment effects
were detected using ANOVA. If the F value was
significant, then treatment differences were further
elucidated with Tukey’s test. Additionally, in the
factorial experiment involving lipids and nitrogen
sources and nitrogen combinations, with or without

glucose, if the effects of the factorials were found to
act independently (no interaction detected between
them), then the analysis focused solely on these
main effects, and simple effects were not elucidated
further (Cochran and Cox, 1957). Alternatively, if
significant interactions were detected among main
effects, then the analysis focused on simple effects.
Data were square root transformed prior to analysis
(Southwood, 1978); non-transformed means are
presented in the results section. All statistical
comparisons were done using SAS version
9.0 software, with a P value < 0.05 indicating
significance.

For bacterial growth (Fig. 1), no differences
among lipid sources were detected (F = 1.82; df =
6, 34; P = 0.1155). For nematode production (Fig.
1), pork lard supported the lowest nematode yield,
differing significantly from the other treatments (£
= 8.15; df = 6, 34; P < 0.0001). Pork lard, which
contains abundant saturated fatty acids, also
produced the lowest yields of H. bacteriophora
according to Yoo et al. (2000). These authors
observed that, at room temperature, pork lard is
semi-solid during fermentation and may make these
lipids unavailable during liquid culture growth.

Peanut oil is the cheapest oil among those
tested and provided numerically the highest yield
of nematodes (although not significantly different
from other treatments, except from pork lard).
Peanut oil is low in saturated fats, free from
cholesterol. and contains the essential fatty acid
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Fig. 1. Yield of Xenorhabdus bovienii 2 days post
inoculation, and of Steinernema feltiae 28 days after
nematode inoculation in liquid media consisting of egg
yolk (1.25% w/v), yeast extract (2.3% w/v), NaCl (0.5%
w/v), agar (0.2% w/v), and different sources of lipid
(4% v/v). Different letters above bars indicate statistical
differences (ANOVA & Tukey’s test; P < 0.05).
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Fig. 2. Yields of Xenorhabdus bovienii 2 days post
inoculation, and of Steinernema feltiae 28 days after
nematode inoculation in liquid media consisting of yeast
extract (2.3% w/v), NaCl (0.5% w/v), agar (0.2% w/v),
and different sources of nitrogen (1.25% w/v). Yields
were averaged across media with corn oil and peanut
oil (both at 4%). Different letters above bars indicate
statistical differences (ANOVA & Tukey’s test; P <0.05).
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Fig. 3. Yields of Steinernema feltiae 28 days after
nematode inoculation in liquid media consisting of
yeast extract (2.3% w/v), NaCl (0.5% w/v), peanut oil
(4% v/v), agar (0.2% w/v), and with egg yolk (EY) or
egg white (EW), tested alone (both at 1.25% w/v) or
combined (at 0.625% w/v for each one). Different letters
above bars indicate statistical differences (ANOVA &
Tukey’s test; P < 0.05).

linoleic acid - omega-6, one of the most abundant
fat content in insects (18.2%) (Finke, 2004). Canola
oil, which was selected as the best oil to grow H.
bacteriophora (Yoo et al., 2000), showed similar
results as other lipid sources in our study, but is
more expensive compared to peanut oil.

For bacteria and nematode counts, there was no
interaction between the lipids (corn and peanut oil)
and the nitrogen sources tested (bacteria F' = 80.81;
df =5, 59; P=10.5092; nematodes /= 4.62; df =5,
59; P = 0.3895). Thus, the nitrogen sources were
analyzed across lipid sources (Fig. 2), which did not
differ significantly from each other for bacterial (¥
=1.06; df =1, 59; P =0.308) and nematode counts
(F=0.25;df=1, 59; P=0.62). For bacterial counts,
egg yolk and soybean powder provided the highest
yields, differing significantly from egg white and
fish collagen (P = 0.0005), but not from yeast
extract and beef extract. For nematode counts, only
yeast extract differed significantly (P < 0.0001) by
supporting the lowest yield.

According to Cho et al. (2011), soybean flour
supported the highest yield of H. bacteriophora by
improving symbiotic bacterial growth and nematode
recovery. In our study, soybean powder did not
exhibit superior results except when compared with
egg white and fish collagen for bacteria growth, and
with yeast extract for nematode growth (Fig. 2). The
medium containing yeast extract as the sole source
of nitrogen at a high rate (3.55% w/v) supported
lower yields compared to those containing lower
concentrations of yeast extract (2.3% w/v) but
supplemented with other sources of nitrogen (1.25%
w/v). These results suggest that the combination
of nitrogen sources may provide higher yields of
nematodes compared to sole sources. To confirm
this hypothesis, we assessed the combination of two
nitrogen sources that provided the highest nematode
yields, egg yolk and egg white, as a complement to
yeast extract.

For the combination nitrogen sources and sugar
experiment, the analyses of bacteria and nematode
yields showed no interaction between the nitrogen
sources and the glucose factor (For bacteria F =
0.57; df =2,29; P=0.8284. For nematode F =
6.37; df = 2, 29; P = 0.9767). Thus, the analysis
focused on the main effects.

For bacterial growth, there were no significant
differences among nitrogen sources (F' = 0.57; df =
2,29; P=0.2486) (ranging from 2.6 x 10'°to 3.1 x
101° cells/ml), and no effect of glucose addition was
detected (F=0.57;df=1,29; P=0.755) (2.9x 10"
for medium with and without glucose).

For nematode yields, the combined nitrogen
source EY+EW significantly increased the yield (#
= 6.37; df = 2, 29; P = 0.0003) compared to EY
and EW, which did not differ from each other (Fig.
3). Also, the addition of 2.5% glucose increased
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Fig. 4. Yields of Steinernema feltiae (1Js) 28 days after
nematode inoculation in liquid media consisting of yeast
extract (2.3% w/v), NaCl (0.5% w/v), peanut oil (4%
v/v) and agar (0.2% w/v), with or without glucose (2.5%
w/v). Yields were averaged across media with egg yolk
(1.25% w/v), egg white (1.25% w/v), or a mixture of both
sources (at 0.65% w/v for each one). Different letters
above bars indicate statistical differences (ANOVA &
Tukey’s test; P <0.05).

nematode yields (F = 6.37; df = 1, 29; P = 0.0005)
(Fig. 4).

Several studies used egg yolk as a source of
nitrogen for nematode production (Friedman et
al., 1989; Surrey and Davies, 1996; Chavarria-
Hernandez et al.,2003; Chavarria-Hernandez, 2010;
Chavarria-Hernandez et al., 2011), but no studies
have tested egg white. Egg yolk and egg white
provided a significant increase in nematode yield
when mixed together, suggesting they complement
each other for nematode nutrition. The yolk makes
up about 34% of the liquid weight of the egg. It
contains all of the fat in the egg and a little less than
half of the protein. With the exception of niacin and
riboflavin, the yolk contains a higher proportion
of the egg’s vitamins. The yolk also contains more
calcium, copper, iron, manganese, phosphorus,
selenium, and zinc than the white. The white
contains more than half the egg’s total protein, a
majority of the egg’s niacin, riboflavin, magnesium,
potassium and sodium, and none of the fat.

Chavarria-Hernandez et al. (2001) obtained
the highest yield of S. feltiae in a medium
containing egg yolk (1,25%) and yeast extract
(2.3%) when compared to a medium containing
lower concentrations (1% egg yolk and 0.5% yeast
extract) but supplemented with soybean flour (2%).
Thus, it is clear that the components of combined
ingredients and their concentrations are important
in determining potential benefits.

The addition of glucose significantly increased
the production of S. feltiae, especially when
supplemented with egg yolk + egg white, increasing
nematode production to 157,125 IJs/mL with more
than 98% IJs 27 days post nematode inoculation.
Studies suggest that a standard nematode production
medium should contain a carbon source such as

glucose or glycerol (Pace et al., 1986; Friedman
et al., 1989; Han et al., 1993; Surrey and Davies,
1996; Ehlers et al., 1998). According to Gil et
al. (2002), glucose is a superior carbon source
for bacterial growth whereas canola oil is optimal
for the nematode production. Higher yields of H.
bacteriophora were obtained when glucose was
initially added and oil was fed to the culture after
the bacterial growth phase and concurrent with
nematode inoculation. However, in our study,
glucose did not significantly increase bacterial
growth, but increased nematode yield, suggesting it
is important for nematode production. How glucose
isused by the nematode is not clear since the bacteria
produce exoenzymes that may interact with media
components before the nutrient is available to the
nematode. Furthermore, the bacteria can synthesize
an array of nutrients that the nematodes cannot,
and therefore the nematodes rely on the bacteria to
provide these nutrients (Ferreira and Malan, 2014).

The experiments were conducted using shake
flasks, but the results may also be applicable
for bioreactor conditions. We grew S. feltiae
successfully in a 5-liter fermenter using this selected
new medium, obtaining 150,000 1J/ml (unpublished
data). Additional research is needed to assess other
media components and combinations as well as
the use of the developed medium for production of
other EPNs species.
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