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In this study, the effects of microsparger on oxygen transfer velocity caused by micro aeration and
reproduction of Heterorhabditis megidis in the process of using microsparger for mass culture production
of entomopathogenic nematodes, Heterorhabditis megidis were examined. When ringsparger and micro-
sparger were used in the incubator, changes in oxygen transfer coefficients (K;a) were measured. It tended
to significantly increase when microsparger with small pore size was used. It seemed to be caused by increase
in the contact area between air bubbles and media. On the other hand, in the case of microsparger, the K, a
value was not increased, but it tended to be decreased when pore size got smaller despite the increase in
aeration rate and stirring rate. In addition, Oxygen Uptake Rate (OUR) of Heterorhabditis megidis was
0.63%x10*mmol O,/ L-min at appropriate incubation temperature of around 25°C, and it tended to rapidly
increase. While being cultured, the number of the optimal inoculated bacteria in 4,000 showed the highest
yield of 300x10”. On the 9" day of incubation, the final yield of 3 stage IJ per ml was 400Xx10°. 25 zm micro-
spargerwas attached to the incubator with capacity of 3 1 and Heterorhabditis megidis was cultured. As
the result, Heterorhabditis megidisgrew with a high yield only when dissolved oxygen concentration fell
below 20% and it was ventilated rather than continuous aeration.
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INTRODUCTION

Entomopathogenic nematodes belong to Rhabditida
of Sececernentea and symbiotic bacteria reside in their
intestine. If they break into the larvae of the insects and
secrete toxic substance into hemolymph, the insects
which are hosts will be killed within 24-48 hours.

Bacteria of Xenorhabdus and Photorhabdus, which
are symbiotic bacteria are Gram negative bacteria with
motility and they belong to enteric bacteria (Akhurst,
1980). These bacteria represent symbiotic life cycles of
genuses of Steimernematidae and Heterorhabditdae
which are entomopathogenic nematodes (Kaya and
Gaugler, 1993). These nematodes have a different devel-
opmental origin, but the parasitic life cycles which they
show are thought to show a similar pattern through the
convergent evolution process (Adams and Nguyen, 2002).
Bovien (1937) discovered symbiotic bacteria from DJ
(dauer juvenile) of Steinernema felitiae for the first
time. Poinar and Thomas (1966) described the impor-
tance of bacteria of Xenorhabdus mematophilus for
reproduction of Steinernema carpocapsae. If infective
nematodes with motility find the host, they get into the
body through the opening part of the insects. After that,
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they penetrate the epidermal cell layer and break into
the hemolymph. Infective nematodes which invade into
the hemolymph send their specific enteric symbiotic
bacteria (Xenorhadbus for Steinernematidae and
Photorhabdus for Heterorhabditidae) to the hemol-
ymph of insects (Forst et al., 1997). Bacteria coming
out to the hemolymph play a role to suppress the immune
response of insects in order to protect themselves and
nematodes which are host for bacteria (Park and Kim,
2000).

On the other hands, infected insects induce the cel-
lular and humoral immune actions in order to protect
themselves from pathogenic bacteria and nematodes.
Immune response of insects recognizes the foreign
invader by pattern recognition proteins and this recogni-
tion information is delivered to the surroundings by using
eicosanoids. Through this process, the immune response
will be induced systematically (Gillespie et al., 1997).
Both Xenorhabdus and Photorhabdus genuses which
are symbiotic bacteria can suppress the immune response
of insects. It could be caused by that the bacteria can
inhibit the biosynthesis of eicosanoids in insects (Kim,
2009). However, since toxic protein of bacteria is unsta-
ble for the use of insecticides for symbiotic bacteria
except entomopathogenic nematodes, the use is limited.
Thus, entomopathogenic nematodes are cultured and
used as the biological insecticides. Historically, 7n vitro
mass culture production of Steinernema glaser: was
attempted for prevention of Popillia japonica for the
first time in the USA. However, it was failed, because
they did not know the presence of symbiosis of symbi-
otic bacteria (Glaser, 1931). However, mass production
is available now and they can be stored for a long time.
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In addition, effective penetration into the habitats of
pests in which it was difficult for microorganisms to pen-
etrate is available. With such advantages, it is being used
as the biological insecticides in the world (Park and Kim,
1997).

The important first attempt for mass culture produc-
tion was made by Bedding (1984). He obtained the solid
culture technology by using Polyether—polyurethane
sponge containing culture media for Steinernema spp.
for production. In addition, liquid culture for entomopath-
ogenic nematodes was attempted by Stoll (1952) for the
first time. He cultured them in the shaker by using liver
extracts as the liquid media. The reproducibility was
approximately 400 DJ/ml. At the time, Stoll found that it
was productive in the culture process at the culture tem-
perature of 21-25°C and pH of 6.0-6.5, and he had an
important observation in which it was more reproductive
in the dark. Buecher and Hansen (1971) examined the
effects of quantity of air flow and shear stress on the
growth of entomopathogenic nematodes after the air was
supplied to the liquid culture media. It opened the door
to liquid mass production of entomopathogenic nema-
todes and provided the basic data for scaled up cultures.

Pace et al. (1986) attached the Flat-blade impeller
to thel0 1 Bioreactor (Braun Biostat E) and then inocu-
lated Xenorhabdus mematophilus. After they were
incubated for 24 hours, he re-inoculated Steinernema
carpocapsae 2,000 DJ/ml. They were incubated for 10
days while oxygen saturation of 20% was maintained at
23-28°C, 180 rpm. Entomopathogenic nematodes were
reproduced in 40,000 DJ/ml. The first company which
commercialized the liquid culture methods for ento-
mopathogenic nematodes was Biosys (Palo Alto, Calif).
They made mass production of Steinernema carpocap-
sae in large scale of 80,000 1in 1992. Currently, E-Nema
GmbH (www.e-nema.de), Koppert B.V. (www.koppert.
nl) and Microbio Ltd. (www.microbio—group.com) are
doing mass production in Europe. However, it still has
some problems such as low yield of nematodes and high
production expense. The first domestic company which
attempted the liquid culture was Bicosys (Korea). They
were equipped with production facilities in 10,000 1 for
entomopathogenic nematodes, but they finally went out
of business (2010) due to low yield and very low success
rate of culture. In Korea, only WooGene B&G (www.woo-
genebng.com) is currently producing the mass culture of
entomopathogenic nematodes.  Among these ento-
mopathogenic nematodes, Steinernematidae and
Heterorhabditidae species are being used in the market
as the biological insecticides.

In this study, we performed the study on direct aera-
tion method using microsparger with pore size in less
than 100 #m in the bioreactor for mass production of
entomopathogenic nematodes on survival rate and
increase in production yield of nematodes.

MATERIALS AND METHODS

Entomopathogenic nematodes
Heterorhabditis megidis which were entomopatho-

genic nematodes used in this study were collected in the
Gandong district in Gangwon Province and inoculated to
aged larvae of Galleria mellonella. Entomopathogenic
nematodes used in this study were determined by the
phylogenetic analysis through identification of symbiotic
bacteria by using 16S rRNA gene PCR. In this study,
propagated 3 stage IJ nematodes were collected by using
the White trap and stored in the refrigerator at 10°C. The
number of nematodes used in this study was
Heterorhabditis megidis 4,000/ml.

Composition for culture media

Composition of media used for mass culture produc-
tion is as follows : Peptone 45 g, whole milk powder 30 g,
sodium chloride (NaCl) 13g, potassium phosphate
(KH,PO,) 7.5g, yolkpowder 7.5g, yeast 3 g, cholesterol
0.15 g, soybean oil 150 g, lecithin 1.5 g and lard 15 g. After
they were dissolved in triple distilled water and sterilized,
they were used.

Manufacture of a model nematode reactor and
establishment of system for the measurement of
DO

For a reactor, a 71 glass cylindrical nematode reactor
with the external diameter of 15cm, inner diameter of
13 c¢m, thickness of 1 cm and height of 36 cm was manu-
factured by CNS Co., Ltd. For impeller attached to the
inner diameter, a Paddle impeller with two wings was
used. In the case of a Paddle Impeller, the diameter was
6 cm and the height was 10 cm. The distance between
lower impeller and the floor was 13 cm (Fig. 1). For the
aeration device, removable ringsparger (SUS316L) and
microsparger (Mott corporation) with aeration hole size
of 24 yum in external diameter of 1 mm, inner diameter of
0.7mm and length of 5cm were used. Do probe

(Broadley James: USA) was attached to above nematode
incubator and data of output signals sent from probe were
automatically stored every 5 seconds in the computer.
Voltage delivered to the computer was converted into dis-
solved oxygen concentration (%) by the equation and it
was displayed on the screen.

Fig. 1. Nematode Reactor model used in this study.
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Calculation of oxygen transfer coefficient (K a)

In order to calculate the oxygen transfer coefficient
(K,a), we used dynamic method which was widely used in
general (Jonson et al., 1990).

Culture of entomopathogenic nematodes based on
the size of air bubbles upon aeration in the reactor

In order to examine the growth of nematodes and the
yield based on size of air bubbles in the culture of
Heterorhabditis megidis, a 71 Glass Cylindrical Vessel
produced by CNS Co., Ltd. containing 3 1 of media in the
working volume was maintained at the culture tempera-
ture of 25°C. For nematodes, 3 stage 1J propagated by in
viwo method in larvae of Galleria mellonella was inocu-
lated at 4,000/ml. At the time, for Spager, ringsparger
(aeration hole size: 1 mm) and microsparger (aeration
hole size: 24 ym) were attached (Figs. 2). In order to
supply oxygen to the culture media, air was supplied
through sparger attached to the bottom of vessel. In
order to prevent the generation of excessive foams in the
vessel during the aeration, antifoam LS-303 (Korea Dow
Corning) was added from 0.005% to 0.01% based on the
condition. After they were incubated at the agitation
speed of 200 rpm and by controlling the aeration rate for
10 days, the yield of nematodes was compared.

Motor
Disk
Storage
— [ ADIDA Convertor ‘
[
Mass Flow M 1)
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—— — |
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Fig. 2. Schematic diagram of System for Measurement of K, a.

Measurement of oxygen uptake rate (OUR) of
Heterorhabditis megidis

For measurement of oxygen uptake rate (OUR) of
Heterorhabditis megidis, a 71 Glass Cylindrical Vessel
was used. Three 1 of distilled water was poured into a 7 1
Glass Cylindrical Vessel and dissolved oxygen was main-
tained at 100% by supplying air while stirring it continu-
ously at 100 rpm. In addition, after inoculating 3 stage 1J
nematodes, air supply was stopped and the oxygen uptake
rate (OUR) was measured. In addition, oxygen uptake
rate (OUR) was measured at various temperatures rang-
ing from 10°C to 30°C by every 5°C. After agitation speed
was changed at 50, 100, 150, 200, 250 and 300 rpm, oxy-
gen uptake rate (OUR) was measured.

Measurement of CO, in a reactor
As Heterorhabditis megidis is growing, the amount
of carbon dioxide produced in the incubator was meas-

ured. At the time, the silicon tube was attached to the
condenser where air of the upper part of a 71 Glass
Cylindrical Vessel is vented, and it was connected to
TOA EXHAUST CO, Meter to measure CO.,,.

RESULTS AND DISCUSSION

Effect of aeration hole size on the oxygen transfer
rate

Since it gives a very big economic burden to use ento-
mopathogenic nematodes as a biological insecticide, the
use is limited and the propagation based on mass culture
production which is very important as the economic value
is required. However, in order to make mass culture pro-
duction of entomopathogenic nematodes as the commer-
cialized biological insecticide, liquid culture method
using a biological reactor is needed. Like an incubator of
general aerobic microorganism, it is important to main-
tain oxygen transfer rate higher than oxygen uptake rate
for nematode culture at high concentration. However,
because oxygen has very low solubility in water (6-8
ppm) and nematodes are very sensitive to the shear rate,
there is limitation to increase the agitation rate in a bio-
reactor in order to increase overall oxygen transfer coef-
ficient (Kim and Park, 1998). In addition, oxygen uptake
rate significantly varies based on life cycles of nematodes,
and the oxygen supply is maintained at 5 mmol/hr during
the culture of larvae. Oxygen should be supplied at up
to 20 mmol/hr when they are propagated as the adult or
female adults lay eggs (Friedman et al., 1991). In other
words, we need to resolve or minimize above problems for
mass culture production of nematodes. When a reactor
for nematodes is designed, a small shear stress, high mix-
ing capacity, optimal oxygen delivery system and possi-
bility of scale—up should be considered as important con-
ditions.

Oxygen transfer rate is mainly proportional to the
agitation rate, aeration rate, and surface area of gas in
contact with liquid per unit volume. When the air is sup-
plied by using water and culture media with ringsparger
in the reactor or water is used as media, oxygen transfer
coefficient (K a) is 5-10h™". When the culture media is
used as media, the oxygen transfer coefficient (Ka) is
5-20h". When water and culture media are used with
Microsparger, the oxygen transfer coefficient (Ka) is
measured. When water is used as media, it is 5-30h™.
When culture media is used as media, it is 560 h™', which
is higher. It seems to be caused by the increase in oxy-
gen transfer, because the phenomenon is alleviated by
media ingredients in which air bubbles are condensed in
sparger when oxygen is supplied. In addition, according
to the results of measurement, K a is bigger in micro-
sparger which has small pore size of sparger than that in
ringsparger. When both water and culture media are
used, the same tendency is shown. It might be caused
by bigger surface area, because relatively smaller air
bubbles are produced when pore size gets smaller. In the
case of ringsparger, K,a is observed to increase con-
stantly when the agitation rate and the aeration rate are
increased. However, in the case of microsparger, K,a does
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Fig. 4. Agglomeration of air bubbles by stirring.
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Fig. 5. Effects of agitation and aeration rates on K a in bioreactor
with ringsparger.
Solute: water (a), medium (b)

not tend to constantly increase with increasing agitation
rate when culture media is used as the media. In high
aeration rate, K,a is not increased with increasing agita-
tion rate. It is confirmed that small air bubbles are con-
densed at the axis of rotation rather than increase of oxy-
gen transfer by agitation when agitation rate is increased
and they affect the oxygen transfer (Figs. 3, 4 and 5).
Oxygen uptake rates of Heterorhabditis megidis
Gandong strain based on different temperature of 10, 15,
20, 25 and 30°C and microsparger at agitation speed of
50 rpm were measured. As the result, OUR at 10 and 15°C
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Fig. 6. Effects of agitation and aeration rates on K a in bioreactor
with microsparger.
Solute: water (a), medium (b).
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Fig. 7. Effect of temperature on oxygen uptake rate of nematodes
(Heterorhabdilis megidis Gandong strain).
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was 0.7x10” mmol O,/L-min which was relatively con-
stant. However, OUR began to increase rapidly at 20°C
and it was 0.63x10® mmol O,/L-min at around 25°C
which was the optimal temperature for culture. It was
increased to 0.8x10” m mol O,/L - min at 30°C (Fig. 6).

Culture yield based on counts of inoculated
Heterorhabditits megidis Gandong strain

The final culture yield based on counts of inoculated
Heterorvhabditits megidis Gandong strain was measured.
As the result, the highest yield of 300X10?/ml was shown
when 4,000/ml was inoculated. When 5,000/ml was inoc-
ulated, the yield was lowered to 200x10%/ml (Fig. 7).

Culture yield based on using the microsparger with
Heterorhabditits megidis Gandong strain

Based on above results, we used the microsparger
and agitation speed of 100 rpm. Amount of aeration was
constant speed of approximately 0.5 vvm in the initial
culture. The amount of aeration was increased up to
1vvm, only when dissolved oxygen concentration fell
below 20% in the incubator. Since dissolved oxygen con-
centration could not be maintained at 20% with this aer-
ation speed after 72 hours, they were incubated with
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Fig. 8. Final 3-stage 1J yields/ml in relation to the density of
Heterorhabdiltis megidis on day 3 after nematode inocu-
lation.

500

[__IREIaN]
2stlJ
400 4 R 3st 1)
4st 1J
EEE Adults

300 A

200 A

Nematode (10%ml)

100 o

Time (days)

Fig. 9. Evolution of the population of Heterorhabditis megidis in
culture.

media.

increasing aeration speed by 0.1 in each step. The final
culture yield of 3 stage 1J/ml was 400x10° (Figs. 8). In
the light of above results, when it is scaled up and mass
culture production of entomopathogenic nematodes is
made by using the direct aeration method with micro-
sparger in the mass incubator, it is very important to
intermittently supply oxygen when dissolved oxygen
concentration falls below a certain level rather than con-
tinuous aeration. In particular, it was confirmed that the
appropriate counts of inoculated bacteria for mass cul-
ture production was 4,000/ml (Fig. 9 and 10)
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