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Summary. The effect of stress exposure on the infectivity of heat and desiccation tolerant hybrid strains of
the entomopathogenic nematode Heterorhabditis bacteriophora was assessed against last instars of
Galleria mellonella. Nematode dauer juveniles (DJs) were exposed to desiccation stress at a water activity
(aw-value) of 0.85 for 24 h or a temperature treatment at 40°C or 0°C for 24 h prior to inoculation of 5 DJs
per insect. Hybrid strains resulting from crosses of the three very best heat or desiccation tolerant strains
and crosses of heat with desiccation tolerant strains were compared with a commercial strain of H.
bacteriophora. Exposure to desiccation stress caused significant reduction of the infectivity in all strains
not surpassing 25% mortality, except one that was not affected and achieved 37.5% mortality. Infectivity of
untreated DJs of desiccation tolerant hybrids differed significantly with a mean infectivity of 54%, ranging
from 33.8% to 89.6%. The mean mortality of heat tolerant hybrids was significantly higher (78.2%). The
commercial and two other hybrids were not affected by the heat treatment. The lowest mortality after the
low temperature treatment was recorded for the commercial strain. The reduction in infectivity after cold
temperature treatment was not much different from the effect recorded after heat treatment and results were
not consistent between strains. Consequently, we conclude that the infectivity of heat tolerant strains is not
necessarily affected by low temperature stress. Monitoring of beneficial traits like infectivity is essential
during attempts to improve genetically other traits by crossing tolerant strains or selective breeding.

Key words: adaptation, entomopathogenic nematodes, Galleria mellonella, Heterorhabditis
bacteriophora, mortality, stress tolerant hybrids, temperature, water activity.

Entomopathogenic nematodes (EPNs) of the
family

Enterobacteriaceac (Ehlers et al.,

Heterorhabditidae ~ (Rhabditidomorpha:

1988). The
infective dauer juveniles (DJs) of this worm carry

Strongyloidea) are lethal insect antagonists of many
important insect pests in fruits, vegetables and
ornamentals (Grewal et al., 2005). Heterorhabditis
bacteriophora Poinar 1976 is found on all
continents except Antarctica (Stock & Hunt, 2005)
and is one of the best studied species among EPNs.
It is safe for non-targets and the environment
(Ehlers, 2003), can be produced in large scale liquid
culture (Ehlers, 2001) and has recently been
sequenced  (Ciche, 2007).  Heterorhabditis
bacteriophora is symbiotically associated with the
bacterium Photorhabdus luminescens Poinar and
Thomas 1979, a  Gram-negative gamma
proteobacterium  belonging to the family

cells of their symbiont in the intestine (Ciche et al.,
2006). After invasion of an insect host the bacteria
are released into the haemocoel. Photorhabdus
luminescens kills the host and in the cadaver
produces suitable conditions for reproduction of the
nematode, which is unable to develop in the absence
of its symbiont (Han & Ehlers, 2000).

Although already successfully used in insect
control, beneficial traits of this biocontrol agent can
certainly be improved by domestication. For
instance, the tolerance to environmental stress like
heat and desiccation is rather limited in H.
bacteriophora (Grewal et al., 1994; Glazer, 2002).
Improvement of such beneficial traits of EPN by
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selective breeding was first proposed by Gaugler
(1986). The heritability of the traits heat and
desiccation tolerance is relatively high in H.
bacteriophora (Glazer et al., 1991; Strauch et al.,
2004; Ehlers et al.,, 2005), making selective
breeding a feasible approach for genetic
improvement of these traits. Reasonable progress
was already obtained by Strauch et al. (2004) for
improvement of desiccation tolerance and by Ehlers
et al. (2005) in heat tolerance through genetic
selection. Mukuka et al. (2010a, b) obtained similar
tolerance when screening among natural populations
of H. bacteriophora for heat and desiccation tolerant
strains. In a next step the three most tolerant strains
were crossed and the resulting hybrids provided
additional progress in stress tolerance (Mukuka et
al., 2010c). The mean heat tolerance of a strain was
assessed on a temperature gradient (Ehlers et al.,
2005), the mean desiccation tolerance in hypertonic
solutions of decreasing water activity (Strauch et al.,
2004). Only the most tolerant 10% of each H.
bacteriophora strains were used for production of
the hybrids (Mukuka et al., 2010c). Hybridization of

these tolerant strains resulted in several hybrids with
increased stress tolerance (Table 1). The maximum
mean tolerated temperature (survival of 50% of the DJ
population after heat treatment) reached 42°C and the
desiccation tolerance decreased to a minimum mean
tolerated water activity (ay) of 0.65 (Mukuka et al.,
2010c).

Heat and cold shock induce the synthesis of heat
shock proteins and trehalose in H. bacteriophora
(Jagdale et al., 2005); adaptation to desiccation results
in accumulation of glycogen in Heterorhabditis spp.
(O'Leary et al., 2001). These treatments facilitate the
biochemical adaptation necessary for enhanced stress
tolerance (Glazer, 2002). Therefore, the screening
among strains and characterisation of the mean stress
tolerance always assessed tolerance with and without
adaptation to the relevant stress factor.

The objective of this study was to evaluate
whether the infectivity of the hybrid H.
bacteriophora strains to the insect Galleria
mellonella L. (Lepidoptera, Pyralidae) is affected by
exposure to heat or desiccation stress and to
compare the results with a commercial strain.

Table 1. Description of hybrid strains, their temperature and desiccation tolerance given as mean tolerated temperature
(°C) and water activity (a,,) after adaptation (A) and without prior adaptation (NA) to stress conditions according to
Mukuka et al.(2010c).

Strain Description Temperature Desiccation
designation tolerance tolerance
A NA A NA
EN 01 Commercial hybrid strain 38.2 36.5 0.985 0.951
HA1 Hybrid of 2 strains with high heat tolerance after adaptation - 41.3 - -
HA2 HAT1 crossed with another strain with high heat tolerance after adaptation - 39.2 - -
HH1 Hybrid of 2 strains with high heat tolerance without adaptation 39.2 - - -
HH2 HHI crossed with another strain with high heat tolerance without adaptation 42.1 - - -
H3 Hybrid of HA2 and HH2 40.0 39.2 - -
DAl Hybrid of 2 strains with high desiccation tolerance after adaptation - - 0.745 -
DA2 DAL crossed with another strain with high desiccation tolerance after adaptation - - 0.733 -
DD1 Hybrid of 2 strains with high desiccation tolerance without adaptation - - 0.766
DD2 DD1 crossed with another strain with high desiccation tolerance without adaptation - - 0.755
D3 Hybrid of DA2 and DD2 - - 0.755 0.792
HD4 Hybrid of H3 and D3 41.2 399 | 0.672 | 0.697
MATERIAL AND METHODS Prior to testing the infectivity against G.

The nematodes strains used in the study were hybrid
strains produced by crossing three most stress tolerant
strains resulting from a screening for heat (Mukuka et
al., 2010a) and desiccation tolerance (Mukuka et al.,
2010b) among natural populations and inbred lines and
then crossing the obtained hybrids with each other
(Mukuka et al., 2010c) (Table 1). The commercial strain
is a hybrid provided by the biotechnology company e-
nema GmbH (Schwentinental, Germany). All strains
(Table 1) were cultured in G. mellonella according to
Kaya & Stock (1997). All DJs were stored in Ringer’s
solution at 15°C and used within 1 week after harvest
from the insect cadavers.

112

mellonella, DJs of the hybrid strains were exposed
to stress conditions and compared with untreated
DJs. Before exposure to desiccation stress, 6,000
DJs of each desiccation tolerant hybrid strain were
adapted to desiccation by transfer to 5 ml 39.5%
(w/w) polyethylene-glycol 600 (PEG) for 72 h,
corresponding to an a,-value of 0.96 (Strauch et al.,
2004). They were then treated with 62% PEG (ay-
value of 0.85) for 24 h and next kept in Ringer’s
solution for 24 h for rehydration. Untreated DJs
were kept in Ringer’s solution (ay-value of 1.00).
All treatments were done at 25°C.

For heat exposure 5,000 DJs of each heat tolerant
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hybrid strain were placed in Ringer’s solution in an
incubator at 40°C or in a freezer at 0°C for 2 h and
then left at 25°C to recover for 1 h. Untreated DJs
were kept at 25 °C.

For testing the infectivity against last instar G.
mellonella the five-on-one sand bioassay according
to Peters (2005) was used. DJs from untreated
controls and those surviving the stress exposure
were hand-picked with a pipette and 5 DJs were
placed into each cell (16 mm diam.) of a 24 cell-
well plate (Iwaki 24 well, Asahi Techno Glass,
Tokyo, Japan) containing 1g of sterile sand (10%
water w/w). In each cell-well one last instar G.
mellonella was added. Control plates contained
insects without nematodes. The plates were wrapped
with Parafilm and then incubated in a dark room at
25°C. The number of dead insect larvae in each
plate was recorded after 72 h and the percentage
mortality was determined. Insect mortality was
expressed as percentage of the total number of
insects tested in each replicate (n=24). The
experiment was repeated three times with different
batches of DJs of each hybrid strain.

Percentage  mortality data were arcsin
transformed and analysed by ANOVA and
100 -
a
80 A

60 -

Insect mortality (%)

differences between treatments were compared
using Tukey’s HSD test (P < 0.05). The mortality
data were corrected for control mortality following
Abbott (1925). To compare the infectivity of
desiccation with heat tolerant hybrids in the
untreated control, percent mortality data were arcsin
transformed and means were compared by Student’s
t-Test (p<0.05).

RESULTS AND DISCUSSION

Exposure to desiccation stress caused significant
reduction of the infectivity in all strains (F=5.09;
df=6, 20; p=0.006), except in DD2, which decreased
from 42.2% to 37.5% (Fig. 1). Probably, hybrid
strain DD2 needs lower a,-values to cause an effect
on infectivity since this strain had a mean tolerated
water activity a,=0.755 (Table 1). Infectivity of the
other strains did not surpass 25%. Infectivity of
untreated DJs differed significantly among the
strains, ranging from 33.8% (strain DD1) to 89.6
(strain HD4) (F=22.07; df = 6, 34; p <0.0001).
Three desiccation tolerant strains were less and three
more infective than the commercial strain ENO1
(54%).
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Fig. 1. Mean Abbott-corrected mortality of last instar Galleria mellonella after exposure to 5 DJs of different
Heterorhabditis bacteriophora hybrid strains and the commercial hybrid (EN 01) for 72 h at 25°C. Prior to inoculation
in the assays, DJs had been adapted to desiccation stress in PEG solution of a water activity of a,=0.96 for 72 h,
exposed to stress at an a,,=0.85 for 24 h and then rehydrated in Ringer’s solution for 24 h (white bars). Control DJs were
untreated (black bars). Each column represents a mean mortality of three replicates with 24 insects each. Different
letters on the error bars indicate significant differences within equal treatments according to ANOVA HSD test (p <

0.05). The * indicates no significant decrease in infectivity.
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Fig. 2 Mean Abbott-corrected mortality of last instar Galleria mellonella after exposure to 5 DJs of different
Heterorhabditis bacteriophora hybrid strains and the commercial hybrid (EN 01) for 72 h at 25°C. Prior to inoculation
in the assays, DJs were exposed to either 40 °C (white bars) or 0 °C (grey bars) for 24 h and then left to recover for 1 h
at 25°C. Control DJs were kept at 25°C (black bars). Each column represents a mean mortality of three replicates with
24 insects each. Different letters on the error bars indicate significant differences within equal treatments according to
ANOVA HSD test (p < 0.05). The * indicates no significant change in infectivity compared to the control.

The heat treatment at 40°C significantly reduced
the infectivity in four hybrid H. bacteriophora
strains HD4, H3, HA1 and HH1 (F= 24.8; df = 6,
20; p <0.0001). In strain HA2 (96% to 95.4%)
(F=0.89; df=1, 7; p=0.78) and ENOI the reduction
was not significant (F=1.15; df=1, 7, p=0.33), like
in HH2 with an increase in infectivity (67% to
71.5%) (Fig. 2). It cannot be excluded that the high
temperature treatment might also have affected the
infectivity of the symbiotic bacteria in some of the
hybrid strains.

The cold treatment at 0°C reduced the infectivity
in all strains and the reduction was significant in
ENO1, HH1 and H3 (F= 3.7; df = 6, 20; p <0.02).
The lowest infectivity after cold treatment was
recorded for the commercial strain (EN01=18.4%).

The reduction in infectivity was highest after
exposure to desiccation stress (40.2%) followed by
cold treatment (22.2%) and then heat treatment
(17.2%) (F=17.86; df=2, 20; p < 0.0001).

Comparing the results obtained with untreated
DIJs of each strain in the controls (kept at 25°C) the
highest mortality was caused by HA2 (96%), which
was significantly different to the commercial strain
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(54%) and HH2 (67%) (F=9.8; df=6, 34; p<0.0001)
(Fig. 2). The commercial strain was the least
infective. However, the comparison of desiccation
tolerant hybrids with the commercial strain reveals
that the commercial strain ranges in the middle. The
mean infectivity of untreated control DJs of the
hybrids resulting from crosses of desiccation
tolerant strains (Fig. 1) was 54% with a significant
difference (78.2%) to the heat tolerant strains (Fig.
2) (F=4.48; df=24; p<0.0002). Thus, the use of
more heat tolerant strains will not necessarily result
in reduced infectivity of the DJs. These results
contradict results reported by Grewal et al. (2000),
who found that infectivity of S. carpocapsae, S.
riobrave and S. feltiae were not influenced by
exposure to desiccation stress.

One could also suggest that more heat tolerant
strains might loose in infectivity after cold
treatment. However, the data do not show any
indication for such an assumption. The results
underline the importance of monitoring beneficial
traits like infectivity during attempts to improve
heat or desiccation tolerance by crossing tolerant
strains or genetic selection.
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Mukuka, J., Strauch, O., Hisham Al Zainab, M., Ehlers, R.-U. Bo3zneiictBue Temmeparypsl u
BBI3BAHHOTO HCCYLIEHHEM CTpecca Ha WHBA3HOHHYIO CIIOCOOHOCTh YCTOHYMBBIX K BBICYIIMBAHUIO
mrrammoB Heterorhabditis bacteriophora.

Pesrome. MccnenoBaHo BO3AeHCTBUE CTPECCOBBIX COCTOSHUM, BEI3BAHHBIX U3MEHEHHUSMU TEMIIEPaTyphl U
BI&XXHOCTH Ha CIIOCOOHOCTh JIMYMHOK THOPHIHBIX MITaMMOB 3HTOMOIATOI€HHONH HEMaTOJbI
Heterorhabditis bacteriophora, ycToifunBbIX K BBICYLIMBAHHUIO, 3apaXkaTh I'YCEHHI] OCICIHETO BO3pacTa
Galleria mellonella. CrpeccoBbie Bo3zmeiicTBusi Ha uWHBa3HOHHBIX JsuuuHOK (MJI) cocrosiim B
NOJICYIIMBaHUM B TeueHne 24 yacoB (3HaueHue a,, = 0.85), a taxxe coxepxanuu npu 40°C umm 0°C Ha
npoTsbKeHNH 24 yacos nepex nHoKy sinuer st MJI B Hacekomoe. ['mOpuaHbIe MITaMMBI, TIOJTyYSHHBIC B
pe3yJbTaTe CKpEeIIMBaHUs TpeX HayajbHBIX IITAMMOB C HAWIYYIIUMH IOKa3aTeIsIMH yCTOWYHBOCTH B
BBICYLIMBAaHWIO ¥ TOBBIIIEHHOH TeMIlepaType, CpaBHMBAIM C KOMMEpYECKMMH mTammamMu H.
bacteriophora. [oacyimmBanie MPUBOANIO K CYLIECTBEHHOMY COKPAICHUIO WHBA3HOHHOCTH JIS BCEX
IITAaMMOB, KOTOpasl, B TaKMX Cilydasx He IpeBbimana 25%. JIMmb oauH IITaMM I0Ka3ajl CMEPTHOCTD
HacekoMbIX Ha ypoBHe 37,5%. WuBaznonHas cnocobHocts WMJI He MOABEPTHYTHIX CTPECCOBBIM
BO3JICHCTBUSIM CYIIECTBEHHO pasiMyajack MEXIy MITaMMaMu, B cpegHeM cocraBisist 54% (33,8% -
89,6%). CpenHsii CMEPTHOCTh HACEKOMBIX IIPM HWHOKYJSIIMM MX IITaMMaMH YCTOWYHMBBIMH K
MOBEBIIICHHBIM ~ TeMIlepaTypaM Obuta gocToBepHO BbIme (78,2%). BosnmeiicTBre NOBBINICHHBIME
TEMIIEpaTypaMH HE BBI3BIBAJIO M3MEHEHUsI HHBA3MOHHOM CIIOCOOHOCTH y OJJHOTO KOMMEPUYECKOTO U JIBYX
ruOpuaHbIX TaMMoB. Camasi HU3Kash MHBAa3MOHHOCTH IIPH BO3JCHCTBHM ITOHM)KEHHOHM TeMIeparypbl
Obuta OTMeuYeHa Uil OJHOTO M3 KOMMEpYECKHMX IITaMMOB. BosneicTBre HH3KOHM TeMmIeparypbl He
OTIIMYAJIOCh JOCTOBEPHO OT BO3AEUCTBHS BBICOKOM Temmeparypsl. IIpum 3ToM xapakrep BO3AEHCTBHSA
CYLIECTBEHHO pa3Iuyancid MEXIy OTAeNbHbIMU ITaMMamu. IIpenmomaraercs, 4TO WHBa3sHOHHAs
CIIOCOOHOCTH IITAMMOB, YCTOWYMBBIX K MOBBIIIEHHBIM TEMIIEPATypaM, HE MEHSETCSl CYIECTBEHHO IPH
BO3JCUCTBUM IOHIDKEHHBIX TeMmmepaTyp. [IOCTOSHHBIM KOHTPOJIb 3a COXPAHEHHEM TaKHX BaXKHBIX
MIOJIE3HBIX CBOMCTB IITAMMOB, KaK WHBAa3HOHHAs CIIOCOOHOCTh, HEOOXOJMMa Ha BCEM MPOTSDKEHUH
mporecca NeHEeTUYECKOro YIyJIIeHUs MPUPOJHBIX INTAMMOB, KaK 3a CUET CKpEIUBaHMSA, TaK U B
Ipolecce CEIEeKIHU.
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