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Summary - Twenty-one heterorhabditid isolates, most likely belonging to six taxonomic groups and originating from ten countries,
were tested for downward migration in 9 cm vertical sand columns at 20 °C with or without a larva of the greater wax moth, Galleria
mellonella, at the bottom. The fractions of nematodes in the top layer (1.5 ¢cm), middle section (6 cm) and bottom layer (1.5 cm) of
the columns were determined at intervals over 8 h and occasionally at 48 h. All isolates except Heterorhabditis zealandica NZH3
migrated better than isolates of H. bacteriophora. Differences in migration were congruent with putative taxonomic groups within the
genus. In most cases, the presence of a G. mellonella larva increased the downward movement. Nematodes of the North West
European isolates were the most mobile. However, migration also varied between batches of the same isolate. In the presence of G.
mellonella, 95 10 99 % of the nematodes of a number of Dutch isolates left the top layer of the sand column and were recovered from
the bottom layer 6 h later.

Résumé - Migration verticale comparée de vingt et un isolats du nématode entomoparasite Heterorhabditis, dans le
sable, a 20 °C - Vingt et un isolats d’Hétérorhabditides, appartenant principalement 2 six groupes taxonomiques et provenant de
dix pays différents, ont été testés pour leur migration vers le bas, a4 20 °C, dans des colonnes remplies de sable et pourvues ou non
d’une larve de Galleria mellonella déposée au fond. Les nématodes présents dans la couche supérieure (1,5 cm), la partie médiane
(6 cm) et la partie inférieure (1,5 cm) des colonnes sont dénombrés a des intervalles de 8 h et, occasionnellement, de 48 h. Tous les
isolats, 4 'exception d’Heterorhabditis zealandica NZH3, migrent plus aisément que les isolats de H. bacteriophora. Les différences
observées dans la migration sont en accord avec les groupes supposés taxinomiques définis a I'intérieur du genre. Dans la plupart des
cas, la présence d'une larve de G. mellonella augmente la migration vers le bas. Les nématodes appartenant aux isolats du
Nord-Ouest de ’Europe sont les plus mobiles, encore que la migration puisse varier entre les différents lots d’'un méme isolat. En
présence de G. mellonella, 95 2 99 % des nématodes de la plupart des isolats néerlandais quittent la couche superficielle de la colonne
de sable et sont récupérés au fond 6 h plus tard.

Key-words : Heterorhabdins, insect parasitic nematodes, migration, activity, migraton rate, Galleria mellonella.

Insect parasitic nematodes of the genus Heterorhab-
ditis Poinar are used commercially in the Netherlands
and other North West European countries for control of
the black vine weevil, Otiorhynchus sulcatus F., in indoor
ornamentals. The larvae of this weevil cause serious
damage to the root system and base of the plants. The
insect parasitic nematodes, which naturally inhabit the
soil, favour a dark and moist environment and are emi-
nently suited for control of this type of soil-dwelling
pest.

The normal practice in horticulture is to apply nema-
todes to the soil surface as a curative biological insecti-
cide. Quick movement of the nematodes into the soil is
necessary to escape solar radiation and desiccation
(Gaugler, 1988). Since the nematodes search actively
for their hosts, their use for controlling soil-borne insects
has an advantage over chemical pesticides whose con-
tact with the insect depends on diffusion, water percola-
tion or insect movement. However, application of insect
parasitic nematodes must result in high levels of parasit-
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ism even when the host insects are scarce in order to be
economically attractive. This makes exacting demands
on the ability of the nematodes to search for and reach
the host. A high host searching ability is generally re-
garded as the prime requisite of an effective natural
enemy (Doutt & DeBach, 1964). Westerman and Stapel
(1992) found that migration of the Dutch heterorhab-
ditid HFr86 was related to the degree of efficacy against
the black vine weevil. No data are available yet to allow
extrapolation of this relationship to other heterorhab-
ditid species and isolates.

In the present study, downward movement by twen-
ty-one Heterorhabditis isolates originating from ten
countries, including a large number of isolates from NW
Europe (the Netherlands, U.K., Germany and Ireland),
were measured in sand columns at 20 °C in the presence
and absence of a larva of the greater wax moth, Galleria
mellonella (L.).
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Materials and methods

NEMATODE CULTURES

The isolates of Heterorhabditis tested (Table 1) were
grouped according to their currently proposed taxo-
nomic status (Smits et al., 1991; Dix et al., 1992;Joyce et
al., 1994). All nematodes were propagated on G. mello-
nella at 20 °C and harvested in modified White traps
(Poinar, 1975). Nematode suspensions were cleaned by
decanting and adding fresh tap water, after which the
nematodes were allowed to migrate overnight through a
cotton-wool filter into a water film below, The infective
juveniles were stored in 500 ml water in 11 bottles in a
dark cold room at 4-5 °C under constant aeration with
sterile-filtered air. Eight isolates (B1, NC1, V16, HDa,
HP88, HI82, NZH3 and M198), however, were stored
at 9-12 °C, because 4-5 °C proved lethal to them (West-
erman, unpubl.). Three days before the beginning of the
experiments the nematodes were transferred to 20 °C to
let them adjust to the test temperature.

MIGRATION

Nematode migration was assessed in 9 cm high PVC
cylinders (diam. 4.5 ¢cm), made of six, 1.5 ¢cm rings,
connected with adhesive tape. The bottom of the cylin-
der consisted of a Petri dish (5.5 ¢cm diam.) fixed to the
bottom ring with synthetic modelling clay. The cylin-
ders were filled with fine sterile sand (particle size; 72 %
180-300 pm, 21 % 300-425 pm), moistened with demi-
neralized water (8 % w/w), and kept at 20 °C. Immedi-
ately after preparation, cylinders with and without a last
instar larva of G. mellonella at the bottom, were inoculat-
ed on top with approximately 2000 living nematodes in
0.5 ml water and covered with a Petri dish lid. After
2-8 h or 48 h at 20 °C the rings were separated and the
sand of each ring was rinsed in 50 ml water. The num-
ber of nematodes in ring 1, rings 2-5 and ring 6 were
determined by counting the nematodes in four samples
of 3 ml of the rinse water. Fifty to 60 % of the applied
nematodes were recovered, except after a period of 48 h
when only 20 to 40 % were recovered. The percentage
of nematodes in each layer was calculated, based on the
number of recovered nematodes per cylinder. Nema-
todes found in a ring were considered to have moved
halfway through the ring. Accordingly, migration was
defined here as the average distance migrated :

.. 0.75R,+4.5R,_+ 825K,
migration = cm,
R+ R, s+ Ry

where R,, R,_; and R, are the numbers of nematodes
recovered at 4 h in ring 1, rings 2-5, and ring 6, respec-
tively. Migration and the average migration rate at 4 h
[migration/4 (cm/h)] were used to compare migration and
rates of migration among isolates and different batches
of isolates tested.
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Table 1. Origin of the nematodes isolates.

Isolates Code Location Sources ¥
H. zealondica NZH3  Auckland, New Zealand Akhurst
H. bacteriophora BI Brecon, South Australia Kaya/Smits

NCt NCI Clayton, NC, USA Bumnell/

Vi6 Vié Geelong, Victoria, Australia Brooks

HDa HDa Darmstadt, Germany Ehlers/Bath-
on

HP88 HP88  Logan, Utah, USA Glazer

HI82 HI82 Italy Desed

H. megidss HO1 Ohio, USA Akhurst/
Griffin

Heterorhabdiis sp.

(Irish group)

RL-HK{22 K122 Wexford, Ireland Griffin

IRL-H-M145 M145  Wexford, Ireland Griffin

IRL-H-M198 M198  Cork, Ireland Griffin

Heterorhabditis sp.

(NW European group)

NL-H-W79 HW79  Wageningen, The Netherlands ~ Viug

NL-H-L81 Hi81  Limburg, The Netherlands Galle

NL-H-F85 HF85  Flevoland, The Netherlands

NL-H-Fr86 HFr86  Friesland, The Netherlands

NL-H-Nbg7 HNb87  N-Brabant, The Netherlands

NL-H-B87.1 HBI'87  Bergeyk, The Netherlands Smits

NL-H-E87.3 HE87  Eindhoven, The Netherlands Smits

GB-H-UK211 HUK211  United Kingdom Rodgers

D-H-HSH HSH Schleswig Holstein, Germany Ehlers

USSR-H-Kem HKem  Kemerovo, Siberia, Russia

* R. Akhurst, CSIRO, Canberra, Australia; H. K. Kaya, Univ. Cali-
fornia, Davis, USA; P. H. Smits and H. Vlug, Research Institute for
Plant Protection Wageningen, The Netherlands; A. M. Burnell and
C. T. Griffin, St. Patrick’s College, Maynooth, Ireland; W. M. Brooks,
NC State Univ., Raleigh, NC, USA; R.-U. Ehlers, C. A. Univ., Kiel,
Germany; H. Bathon, Inst. biologische Schidlingsbekidmpfung,
Darmstadt, Germany; I. Glazer, The Volcani Center, Bet Dagan, Is-
rael; K. V. Desed, Univ. Bologna, Italy; F. Galle, De Groene Vlieg
Company, Nieuwe Tonge, The Netherlands; P. B. Rodgers, Agricul-
tural Genetics Company Ltd, Cambridge, UK.

Five isolates (H. zealandica NZH3, H. bacteriophora
B1,NCI1, V16, and HDa) were tested at both a 4 h and
48 h incubation period and were inoculated on the same
date with the same batch of nematodes. The batch of
HDa was also used in the time series (see below). Five
more isolates (HI82, HW79, HSH, HKem and M198)
were tested at a 4 h incubation period only; M198 was
tested twice using different batches. All other isolates,
including HDa and batches of NZH3, and B1, were
tested In a time series of 2, 4, 6 and 8 h in two to four
replicates, with the exception of HIL81 and HFr&6
(which were tested hourly from 2 to 7 h), and HF85 and

Fundam. appl. Nematol.



Mugration of Heterorhabdits spp.

B1 (which were not tested at a 2 h period). Of these
isolates HF85 and B1, HL.81 and HFr86, HI82 and
HW?79, and HDa and HE87 were tested in pairs on the
same date. Additional data on migration at 4 h of HF85,
HUK?211, and K122 were obtained from experiments
conducted for other purposes (partly obtained from
K. Jung).

Migration data from the time series were analysed
separately for each batch on effects of incubation time
and of the absence and presence of the host using linear
regression analysis. Standard errors of the mean (sem)
were calculated about migration at 4 h to permit com-
parison among isolates. x? test was used to check for
uniform distributions of nematodes in cylinders without
G. mellonella.

After completion of the experiments the G. mellonella
larvae from the cylinders were usually kept at 20 °C for
another 3-4 days and checked for parasitism. Parasitized
larvae were recognized by the characteristic colour
change induced by the symbiotic bacteria. Occasionally
dead larvae were opened after 6-7 days under a dis-
section microscope to count the number of hermaph-
rodite nematodes in the cadaver (done for NZH3, HDa,
HP88, K122, M145, HO1, HUK211 and HE87 in the
time series, and NZH3, B1, NC1, V16 and HDa at both
4 h and 48 h). The numbers of nematodes recovered
from the insects were usually small (< 35/insect at 8 h)
compared to the total numbers recovered (1000-1200)
and were not included in calculations of the distance
migrated, except for NZH3, B1, NC1, V16 and HDa at
the 48 h incubation period and for HE87 in the time
series.

QuaLITY

The experiments were performed in the course of
several years (1990-1994), in which the influence of
culturing, time and storage conditions on motility be-
came gradually clear (Westerman, 1992; Westerman &
Stapel, 1992). Therefore, from 1991 onwards, the visual
appearance of the nematode batches was evaluated us-
ing two samples of approximately 300 nematodes as de-
scribed by Westerman and Stapel (1992) and, except
where noted, only batches with a good visual appear-
ance were used in experiments. Fourteen batches and
six of the batches that were used in the additional migra-
tion experiments were subjected to this test (Tables 2,
3). Criteria used were mortality less than 5 %, less than
5 % exsheathed nematodes and less than 10 % of the
nematodes without ample food reserves. Occasionally
these criteria were not met, particularly in the case where
the isolates were stored at 9 °C, viz. NZH3 (72 % with
ample food reserves and 32 % exsheathed in the second
batch), Bl (17 % mortality, 76 % with ample food re-
serves, 16 % exsheathed in the second batch), NC1
(12 % exsheathed), V16 (81 % with ample food re-
serves, 19 % exsheathed), M198 (13 % mortality, 86 %
with ample food reserves in the first batch; 27 % mortal-
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ity, 71 % with ample food reserves in the second batch),
and both batches of HUK211 in the additional experi-
ments (17 % mortality in the first batch and 27 % with
ample food reserves and 12 % exsheathed in the second
batch). Percentage mortality was the only characteristic
assessed for the first batch of H. zealandica NZH3
(53 %). The time of storage from the onset of emer-
gence from the host to the start of the experiments rang-
ed from 10 to 62 days (average 28 days).

Results

H. zearanprcAa NZH3

In the time series 15 % of the recovered NZH3 had
migrated from the first layer in the absence of an insect
at 8 h; 23 % in the presence of G. mellonella (Fig. 1A).
Downward movement was very slow (0.22-0.25 cr/h at
4 h) and the first nematodes reached the bottom layer
not earlier than 8 h (= 1 % of the recovered nematodes).
Both test insects at 8 h contained two hermaphrodites.
Migration was not significantly increased by the pres-
ence of G. mellonella (e.g. Table 2). The other batch of
NZH3 yielded similar results at both 4 h (Table 2) and
48h (1.0x0.0cm (xxsem) without insect and
1.1 £0.1 cm in the presence of G. mellonella). None of
the test insects was parasitized.

H. BacTERIOPHORA B1, NC1, V16 anD HDA

In the time series only 5 % of the recovered Bl and
17 % of HDa had dispersed from the first layer in the
absence of an insect at 8 h; in the presence of G. mello-
nella these percentages were 14 % and 23 %, respectively
(Fig. 1B, C). Downward movement was slow (0.20-
0.25 cv/h at 4 h) and the first nemartodes reached the
bottom layer at 4 h (B1) and 2 h (HDa). Migration of
HDa seemed to increase at 6 h but this was not followed
up at 8h. At 8 h 1 % and 7 % of the recovered Bl and
HDa, respectively, were found in the bottom ring. Test
insects exposed to HDa at 6 and 8 h contained negligible
numbers of hermaphrodites (= 7/insect). Migration was
not significantly increased by the presence of G. mello-
nella for either isolate (P = 0.2).

The nematodes of the other batch of B1, tested at 4 h,
migrated better than those used in the time series; 2 %
and 10 % of the recovered nematodes were found in the
bottom layer at 4 h in cylinders without and with G.
mellonella, respectively, resulting in higher distances mi-
grated (Table 2). The mean distance migrated by NC1,
V16 and HDa ar 4 h did not differ from thart of either
batch of B1 at 4 h (Table 2). Two and 5 % of the reco-
vered nematodes were found in the bottom layer for
NC1 and V16, respectively. Test insects either survived
exposure to the nematodes in sand columns (HDa and
V16) or they contained = 1 hermaphrodite per insect
(B1 and NC1).

Darta of the four isolates tested at 48 h were less re-
liable than those at 4 h since percentage recovery from
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Fig. 1. Percentage of recovered nematodes in the course of time tn three sections of 9 cm high sand columns, in the absence (=) and presence (+)
of a last instar of Galleria mellonella at the botiom of the cylinders, afier application of approximately 2000 living heterorhabditid nematodes
on top of the cylinders. A : Heterorhabdius zealandica NZH3; B : H. bacteriophora B, C : H. bacteriophora HDa; D : HP88; E :

K122; F: M145.

the sand was low (20-40 %). In the absence of G. mello-
nella 10, 21, 2 and 16 % of the nematodes were found in
the bottom layer for B1, NC1, V16 and HDa, respec-
tively (mean distances migrated (x + sem); 2.0 £ 0.4 cm,
27+20.2cm, 1.2+£0.2cm, and 2.5+ 0.6 cm, respec-
tively). Relatively high numbers of hermaphrodites were
recovered from the insect cadavers (x +sem); 45+ 6,
281 +49,144 +25,and 184 + 58 for B1, NC1, V16 and
HDa, respectively, thus boosting the values for migra-
tion in these cylinders (2.8+0.2cm, 4.0+0.4 cm,
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3.4+ 0.3 cmand 2.9 £ 0.5 cm, respectively).

HPP88 anD HIS2

In the time series 53 % and 68 % of HP88 had left the
top layer of sand at 8 h in the absence and presence of G.
mellonella, respectively (Fig. 1D). At the same time 4 %
and 33 %, respectively, were found in the bottom layer.
The nematodes moved slowly (0.3-0.5 cm/h at 4 h).
Ten hermaphrodites were recovered from the one insect
killed at 6 h and one and two hermaphrodites from the

Fundam. appl. Nemaiol.



Migration of Heterorhabdids spp.

Table 2. Migration (x; average distance covered [cm]), with stan-
dard error of the mean (sem), at 20°C 1 4 h of a number of
(batches of) isolates of Heterorhabdits in a number of 9 cm sand
columns (n) without (-) and with (+) a G. mellonella larva at the
bortom. (For each isolate migration followed by different letters
are significantly different from each other, P < 0.05).

n x = sem x * sem
- +
H. zealandica NZH3 2 09%0.1a 1.0£0.04
3 1.1£02a 0.9%0.1 0%
H. bacteriophora
B1 4 1.0£0.1a 0.8+£0.0 4
3 1.6+02a 2.5%0.14%
NC1 3 1.2%20.1a 1.9%0.1 g%¢
Vié 3 1.0£00a 1.7 £0.2 g8
HDa 3 1.2+0.1a 2.1£0.1 g%
3 14+02a 2.1%£0.2q%¢
HP88 2 1.1£02a 21084
HI82 3 20+£03a 38+0.7m
H. megidis HO1 4 28+£02a 52£0.5%
Heterorhabditis sp.
(Irish group)
K122 2 25%0.1a 26104 a
M145 2 1.3£00a 14+024
M198 3 1.7£02a 4212034
8 0.9%+00a 13%0.1 48
Heterorhabditis sp.
(N'W European group)
HW79 3 1.9+0.1a 7.5£03HM
HI 81 4 3.0£02a 7.7x0.1%
HF85 4 1.9£03a 6711.0%
HFr86 3 27%x01a 6.7£0.7 8
HNb87 3 23102a 7.0x£0.4 p3!
HB1°87 3 23%02a 5.3£0.6 %!
HES87 3 2330.1a 5.2%0.5 p3*
HUK211 2 1.5£0.2a 2.8+£0.3 4
HSH 3 3.1+203a 7.0%x0.1
HKem 3 33+0.1a 6.3 +£0.6

4 Batch subjected to evaluation of quality (see text), * data from ume
series, 4 h, 9 batch also tested at 48 h (see text).

two insects killed at 8 h. The mean distance covered by
HP88 significantly increased in the presence of G. mello-
nella (P = 0.02) and in time (P = 0.05). Fewer nema-
todes of HI82 had left the top layer at 4 h (22-46 %), but
they moved at a higher rate (0.5-0.9 cm/h at 4 h), result-
ing in higher migration compared to HP88 (Table 2).

THE IRISH ISOLATES M 145, K122 anp M198

In the time series only 34-35 % of K122 and 20-21 %
of M145 had left the top layer at 8 h (Fig. lE, F),
and nematodes moved slowly (0.6 cm/h and 0.3 cm/h at
4 h for K122 and M 145, respectively). The percentage
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of recovered nematodes that remained in the top layer
stabilized at 60 % for K122 and 80 % for M145. At 8 h,
30 % of K122 reached the bottom layer, compared with
8-11 % for M145. Test insects exposed to K122 were
killed from 4 h onwards and contained 1.5, 10 and
11 hermaphrodites per insect at 4, 6 and 8 h, respec-
uvely. Those exposed to MI145 contained 7 %3
(x + sem) hermaphrodites per insect at 6 and 8 h. In the
additonal experiments, more nematodes of K122 had
left the top layer at 4 h (52-86 %), resulting in higher
distances covered (Table 3). Migration of K122 was
enhanced by the presence of G. mellonella, but only in
the additonal experiments (Table 3). One batch of
M198 dispersed better than the other two Irish isolates,
but the other batch did not (Table 2).

H. mecipis HO1

At 8 h 59 and 68 % of H. megidis HO1 had left the top
layer in the absence and presence of G. mellonella, re-
spectively (Fig. 2A). In the presence of G. mellonella
59 % of the recovered nematodes were found in the
bottom layer. These nematodes moved relatively fast
(1.3 ecm/h). From 4 h onwards all test insects were killed
and contained equal numbers of hermaphrodites per
insect (3527 (xxsem)). In the cylinders without G.
mellonella, a more or less stable situation was reached at
4 h with 45 % in the top layer, 40 % in the middle part
and 15 % in the bottom layer. HO1 responded signifi-
cantly to the presence of G. mellonella and to tme
(P = 0.002).

Tae NW EUROPEAN ISOLATES

Migration of the six Dutch isolates and the Briush
HUKZ211 in the time series resembled that of H. megidis
HOI1, but the fractions of nematodes leaving the first
layer of sand at 8 h were much greater, except for
HURK211 (Figs. 2, 3). Sixteen and 55 % of HUK211
had left the top layer at 8 h in the absence and presence
of G. mellonella, respectively (Fig. 2B). In the presence
of G. mellonella virtually all nematodes (95-99 %) of
HL81, HF8S, HFr86, and HNb87 left the first layer
within 4 h and arrived in the bottom layer at 6 h. These
nematodes moved fast (1.7-1.9 cm/h at 4 h). Since ne-
matodes were already found in the bottom layer at 2 h,
some individuals “raced ” through the cylinder at an
average rate of 4.5 cm/h. Test insects exposed to HE87
in the time series contained 3 £ 3,58 £ 19, 256 £ 21 and
337 £ 120 (x £ sem) hermaphrodites per insect at 2, 4,
6, and 8 h, respectively. Unfortunately only test insects
exposed to HE87 were dissected. The fraction of reco-
vered nematodes leaving the top layer in cylinders with-
out G. mellonella varied from 31 % for HF85 to 77 % for
HIL81 and HFr86. Additional results on other batches of
HF85 at 4 h demonstrated a considerable variation in
migration (Table 3). Migration of the German HSH,
the Russian HKem and the Dutch HW79 at 4 h was
comparable to that of the other NW European isolates
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Table 3. Migration (x; average distance covered [cm]), with stan-
dard error of the mean (sem), at 20 °C in 4 h of a number of batches
of three isolates of Heterorhabdids in a number of 9 cm sand
columns (n) without () and with (+) a G. mellonella larva at the
bottom. (For each isolate migraton data followed by different
letters are significantly different from each other, P = 0.05).

n Xt sem Xt sem
- +
K122 3 34+02a 5.1+0.2%%
3 2.5+02a 5710.1b%
3 3.1+01a 59%0.2b%
HF85 3 37+0.1a 8.0+0.1b*
2 24+02a 64+055b
2 33+13a 740156
2 26+05a 7.5+04%
2 37+10a 7.1+0.15
4 3.1+02a 66+045b
HUK211 3 2.1+01a 3.4+028
3 28+02a 3.6+0.158

* Dara obrained from K. Jung, Friesland College of Agriculture, Leeu-
warden, The Netherlands.
9 Subjected to evaluaton of quality (see text).

(Table 2). In the time series all Dutch isolates and
HUKZ211 responded significantly to the presence of the
host insect (P = 0.001). In fact, all except HF85, re-
sponded more than proportionally to G. mellonella in the
course of time(host x time interaction, P < 0.05).

Variation in migration berween experiments was as-
sessed for isolates that were tested frequently. Variance
of mean migration between experiments was generally
larger than within experiments; e.g. 2.12 versus 0.90 for
HF8S5 (n=15), 3.44 versus 0.12 for K122 (n =4), and
1.34 versus 0.09 for HUK211 (n = 3).

The isolates could be roughly ranked in order of de-
scending migration at 4 h; NW European group (except
HUK211) = H. megidis > Irish group = HP88, HI82,
H. bacteriophora > H. zealandia.

Uniform dispersal would result ina 1:4: 1 ratio in
the number of nematodes in the three layers of a cylin-
der. Although this distribution was never found (x2-
test, P = 0.05), the distributions of HL81 (1:2.3:1.2),
HFr86 (1.1:2.3:1) and HNb8&7 (1.3: 2.5: 1) in the
absence of G. mellonella came very near. However, rela-
tively large proportions of the nematodes were consis-
tently recovered from both ends of the cylinder for these
most rapidly migratng isolates.

Discussion

In NW Europe O. sulcatus is an increasingly serious
pest of nursery stock, ornamentals and soft fruit such as
strawberries. Hanula (1993) demonstrated that a bio-
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logical control agent must penetrate to depths of 15 cm
to be 95 % effective against larvae of O. sulcatus on field
grown yews. Although the actual vertical distribution of
larvae may vary with plant species, the above data il-
lustrate the need for actively migrating nematodes if
insect parasitic nematodes were to be applied for effec-
tive black vine weevil control.

H. bacteriophora (syn. H. heliothidis, see Poinar, 1990)
and HP88, which are so far the only heterorhabditids
included in studies on migration, generally ourperform-
ed steinernematids (e.g. Georgis & Poinar, 1983 q, b, ¢;
Alatorre-Rosas & Kaya, 1990). However, the present
study showed that most heterorhabditids tested in this
study, except H. zealandica NZH3, outperformed H.
bacteriophora in the ability to migrate through a sand
column at 20 °C, both in the rate of migration and in the
proportion of actively migrating nematodes. In fact, the
four H. bacteriophora isolates used here, including the
type strains Bl and NC1, migrated better than previous-
ly reported for H. bacteriophora or H. heliothidis in sandy
loam (20-25 °C, five days; Georgis & Poinar, 1983 ¢).
Soil type, isolate or quality of the batch used may all
partially explain the observed differences.

Up to 99 % of some of the heterorhabditids migrated
when placed on a sand surface, contradicting Kaya’s
(1990) generalization that only a small proportion of
steinernematd or heterorhabditid populations disperse
when placed on the soil surface. Inactuvity of a certain
proportion of a population of nematodes is well docu-
mented among insect parasitic nematodes (Ishibashi &
Kondo, 1990), and is assumed to be a survival strategy.
When inacuve, they can be stimulated to become active
by various mechanical and chemical stimuli, such as
CO, and other attractants from insects (Ishibashi &
Kondo, 1990). In the present study activation by sub-
stances released by G. mellonella may have contributed
to the increase in the percentage actively migrating ne-
matodes that most isolates exhibited when G. mellonella
was present (chemo-orthokinesis).

Most heterorhabditd isolates tested here migrated at
a higher rate than H. bacteriophora or H. zealandica : an
8 h period was generally sufficient to follow a large pro-
portion of the populaton down to the bottom layer of
the 9 cm sand column. The nematodes of most NW
European isolates migrated at an incredible rate. The
rapid downward migration could not have resulted from
passive movement caused by water drainage or gravity,
because low water content (8 %) in the sand did not
allow water to drain. In fact, upward migration to a
similar degree as downward migration has been ob-
tained in identical cylinders when placed upside down
(Westerman & Godthelp, 1991). Size of the nematodes
in relation to parucle size and the available pore space
may also affect migration (Wallace, 1958). Indeed, iso-
lates with long infective juveniles (NW European group,
Irish group, H. megidis) generally migrated more rapidly
than isolates with short infectives (H. bacteriophora, H.

Fundam. appl. Nematol.
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Fig. 2. Percentage of recovered nematodes in the course of time in three sections of 9 cm high sand columns or inside Galleria mellonella, in
the absence () and presence (+) of a last instar of G. mellonella at the bottom of the cylinders, after application of approximately 2000 living
heterorhabditid nematodes on top of the cylinders. A . Heterorhabdids megidis HO1; B: HUK211; C: HB1’87; D : HNb687; E : HF85;

F . HE87.

zealandica). However, of the related isolates HP88 and
HIB82, which are both approximately the same size, the
former had the highest percentage nematodes leaving
the top layer, but the nematodes of the latter isolate
migrated more rapidly.

The rate of migration was doubled in the presence of
G. mellonella for most isolates, which may have resulted
from mechanisms such as chemotaxis and chemo-klino-
kinesis. Lei ez al. (1992) observed thar the individuals of

Vol. 18, n° 2 - 1995

H. zealandica T327 moved randomly on agar dishes, but
their movements became directed in the presence of
puparia or larvae of the cabbage maggot, Delia radicum.
Similarly, Gaugler et al. (1980) observed that on agar
most individuals of S. carpocapsae oriented to a CO,
gradient. It is likely that the nematodes in this study
oriented to a concentration gradient of volatile chemicals
since the duration of the experiment was short for the
formation of a gradient of water-soluble host cues, ex-
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cept in case of the 48 h experiments. The presence of G.
mellonella corroborated the differences in migration be-
tween isolates without essentally altering the order. Le-
wis et al. (1992, 1993), who investigated the behaviour
of steinernemarnds on an agar surface with respect to
host searching strategies, predicted and found that spe-
cies that moved in search of hosts, such as S. glasert,
would be more responsive to volatile host cues than
species that adopted a “ sit-and-wait ” strategy, such as
S. carpocapsae. H. bacteriophora and H. zealandica, al-
though acuve searchers in comparison to most steiner-
nematids, would be classified as “ sit-and-wait ” strate-
gists in comparison to, for instance, heterorhabditid
1solates of the NW European group, which were more
active and responded more strongly to volatile cues of G.
mellonella than H. bacteriophora or H. zealandica. Lewis
et al. (1992) further suggested that these actively search-
ing isolates may be better adapted for finding and para-
sitizing subterranean, sedentary insect larvae such as O.
sulcatus.

Mean migration at 4 h, which was chosen to compare
migration among all batches tested, was not determined
at a stable situation but, for most isolates, during the
course of rapid movement. In this way laborious dis-
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secting of insect cadavers could be avoided. However,
migration defined in this manner is bound to be variable
as it is sensitive to factors that influence the rate of
migration or the proportion of actively migrating nema-
todes, such as subtle changes in the particle size compo-
sition, pH, moisture content, solute concentrations, con-
dition, size and attractiveness of the test insects, or
condition of the nematodes. Nevertheless, migration of
HF85 (NW European group) proved unaffected by, for
instance, particle size (range 105-425 um) or pH (range
3-10) of the sand (Westerman, unpubl.). Probably vari-
ation in migraton between replicates of one isolate can
mainly be attributed to differences between batches of
the nematodes, due to production and storage condi-
tions (Kaya, 1990), as was demonstrated for hetero-
rhabditids by Westerman and Stapel (1992). Moreover,
migration will only give an indication of the ability of a
batch to migrate at that time. For example, Westerman
and Stapel (1992) demonstrated that migration de-
creased with storage time of the batch used and Lei ez al.
(1992) observed that newly collected nematodes did not
orient to host cues, whereas one-month-old nematodes
did.

Differences in mean migration were more or less con-
gruent with putative taxonomic groups within the genus
(Tables 2, 3). For example, isolates of the NW Europe-
an group, with the exception of HUK211, exhibited
almost identical courses of migration in time, distinct
from those of the other groups. The behaviour of the
related H. megidis and Irish isolates (Smits et al., 1991;
Dix et al.,, 1992, Joyce et al, in press) resembled most
closely that of the NW European group. The migration
curves of the isolates of H. bacteriophora seem to differ
from those of the taxonomically different, but closely
related, isolate HP88 and H. zealandica (Dix et al., 1992;
Joyce et al., 1994).

Since conditions may have been nearly optimal for
migration, the results of this study only give an indica-
tion of the migration potental of the isolates examined.
Migration and host searching in natural soils will depend
on many other factors, such as the distribution and at-
tractiveness of the target insect, soil texture, moisture
and particle size compositon, the presence and density
of root systems and soil temperature. For example, lar-
vae of O. sulcatus were not attractive to some NW Eu-
ropean heterorhabdiids (Westerman & Godthelp,
1991). Furthermore migration of NW European hetero-
rhabditids is seriously impaired in humous soils (West-
erman, unpubl.). Shape and size of the root system of
the plant will not only influence the distribution of target
insects but may also influence migration and host find-
ing of nematodes, as was demonstrated by Choo et al.
(1989) and Choo and Kaya (1991). Although dense
roots reduced infectivity of H. bacteriophora NC1 in
sandy soils, sparse roots increased nematode infectivity
in humic soils. Twenty °C, as chosen in this study, might
be close to optimal for application to indoor ornamen-
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tals. Outdoors, however, soil temperatures would vary
over a wide range and would be appreciably cooler dur-
ing much of the year in NW Europe. Since temperature
affects efficacy to a large extent, these experiments
should be continued at lower temperatures for compari-
son with the available efficacy data (e.g. Simons & Van
der Schaaf, 1986; Westerman & Van Zeeland, 1989).

Acknowledgements

This research was carried out with the generous support of
the European Community (ECLAIR AGRE 0002). I would
like to thank the researchers who directly or indirectly provided
the nematodes from their collections. Furthermore I would like
to thank Ms M.G. van Zeeland, Ms M. ten Klooster, Ms K.
Jung and Ms H. Jousma for technical assistance, and Dr Ir W.
R. Simons, Dr S§j. Gerbrandy, Dr P. B. Rodgers,
Dr C. T. Griffin, and Prof. Dr A. F. van der Wal for discus-
sions and commenting on the manuscript.

References

ALATORRE-ROsAS, R. & Kava, H. K. (1990). Interspecific
competition between entomopathogenic nematodes in the
genera Heterorhabditis and Steinernema for an insect host in
sand. 7. Invert. Pathol., 55 : 179-~188.

CHoo, H. Y. & Kaya, H. K. (1991). Influence of soil texture
and presence of roots on host finding by Heterorhabditis
bacteriophora. §. Invert. Pathol., 58 : 279-280.

CHoo, H. Y., Kava, H. K, BurLaNnDO, T. M. & GAUGLER,
R. (1989). Entomopathogenic nematodes : host-finding
ability in the presence of plant roots. Environ. Ent., 18:
1136-1140.

Dix, I., BURNEL, A. M., GrIFFIN, C. T\, Joycg, S.A., Nu-
GENT, M. ]. & Downes, M. J. (1992). The identification of
biological species in the genus Heterorhabditis (Nematoda :
Heterorhabditidae) by cross-breeding second-generation
amphimictic adults. Parasitology, 104 : 509-518.

DoutT, R. L. & DeBacH, P. (1964). Some biological control
concepts and questions. /n: DeBach, P. (Ed.). Biological
control of insect pests and weeds. New York, Reinhold : 118-
142.

GAUGLER, R. (1988). Ecological considerations in the biolog-
ical control of soil-inhabiting insects with entomopathogenic
nematodes. Agric. Ecosystems Environ., 24 : 351-360.

GAUGLER, R. LEBECK, L., Nakacaki, B. & BousH, G. M.
(1980). Orientation of the entomogenous nematode Neoa-
plectana carpocapsae to carbon dioxide. Environ. Ent., 9:
649-652.

GEORGIS, R. & Pomar, G. O. Jr. (1983 a). Effect of soil
texture on the distribution and infectivity of Neoaplectana
carpocapsae (Nematoda : Steinernematidae). ¥. Nematol.,
15:308-311.

GEeorars, R, & Pomar, G. O. Jr. (1983 b). Effect of soil
texture on the distribution and infectivity of Neoaplectana
glasert (Nematoda : Steinernematidae). §. Nematol.,, 15:
329-332.

GEORGIS, R. & PomNAR, G. O. Jr. (1983 ¢). Vertical migration
of Heterorhabditis bacteriophora and H. heliothidis (Nemato-

Vol. 18, n° 2 - 1995

da : Heterorhabditdae) in sandy loam soil. ¥. Nematol., 15 :
652-654.

Haxnura, J. L. (1993). Verucal distribution of black vine wee-
vil (Coleoptera : Curculionidae) immatures and infection by
entomogenous nematodes in soil columns and field soil. 7.
econ. Ent., 86 : 340-347.

IsuiBasHl, N. & Konpo, E. (1990). Behavior of infective
juveniles. In . Gaugler, R. & Kaya, H. K. (Eds). Entomo-
pathogenic nematodes in biological control. Boca Raton, Flor-
ida, CRC Press : 139-152.

Joyceg, S. A, GRIFFIN, C. T. & BURNELL, A. M. (1994). The
use of isoelectric focusing and the polyamide gel electropho-
resis of soluble proteins in the taxonomy of the genus Hetero-
rhabditis (Nematoda : Heterorhabditidae). Nematologica,
40: 601-612.

Kava, H. K. (1990). Soil ecology. In : Gaugler, R. & Kaya, H.
K. (Eds). Entomopathogenic nematodes in biological control.
Boca Raton, Florida, CRC Press : 93-116.

LEel, Z.,, RUTHERFORD, T. A. & WEBSTER, J. M. (1992).
Heterorhabditid behavior in the presence of the cabbage
maggot, Delia radicum, and its host plants. 7. Nematol.,, 24 :
9-15.

Lewis, E. E., GAUGLER, R. & HARRISON, R. (1992). Entomo-
pathogenic host finding : response to host contact cues by
cruise and ambush foragers. Parasitology, 105 : 309-315.

Lewis, E. E,, GAUGLER, R. & HARRIsON, R. (1993). Re-
sponse of cruiser and ambusher entomopathogenic nema-
todes (Steinernematidae) to host volatle cues. Can. J. Zool.,
71:765-769.

PomAR, G. O.Jr. (1975). Entomogenous nematodes. Brill, Lei-
den, 317 p.

PomaR, G. O. Jr. (1990). Biology and taxonomy. In : Gau-
gler, R. & Kaya, H. K. (Eds). Entomopathogenic nematodes in
biological control. Boca Raton, Florida, CRC Press : 23-62.

SiMoNs, W. R. & VAN DER ScHAAF, D. A. (1986). Infectvity
of three Heterorhabditis isolates for Otiorhynchus sulcatus at
different temperatures. /n : Samson, A., Vlak, ]. M., Peters,
D. (Eds). Fundamental and applied aspects of invertebrate
pathology. Proceedings, 4th ICIP, Veldhoven, The Nether-
lands, 1986 : 285-289.

Smts, P. H., GROENEN, J. T. M. & DE Raay, G. (1991).
Characterization of Heterorhabditis isolates using DNA re-
striction fragment length polymorphism. Rewvue Nématol.,
14 : 445-453.

WaLLacg, H. R. (1958). Movement of eelworms. II. A com-
parative study of the movement in soil of Heterodera schachui
Schmidt and of Ditylenchus dipsact (Kuhn) Filipjev. Ann.
appl. Biol., 46 : 86-94.

WESTERMAN, P. R. (1992). The influence of time of storage

on performance of the insect parasitic nematode, Hetero-
rhabditis sp. Fundam. appl. Nematol., 15 : 407-412.

WESTERMAN, P. R. & GopTHELP, ]. H. (1991). Natural and
specific migration of the insect parasitic nematode Hezero-
rhabditis sp., towards various insect hosts. JOBC/WPRS
Bulletin, 1991/XIV/1 : 63.

157



P. R. Westerman

WESTERMAN, P. R. & STAPEL, M. (1992). Linear regression WESTERMAN, P. R. & Van ZeeLanp, M. G. (1989). Com-
models describing the performance of the insect parasitic parison of Heterorhabditis isolates for control of Otiorhynchus
nematode, Heterorhabditis sp. during storage. Fundam. appl. sulcatus at low temperatures. Meded. Fac. Landbouww. Rijk-
Nematol.,, 151 525-530. suniv. Gent, S4/3b: 1115-1124.

158 Fundam. appl. Nematol.





