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Heterorhabditid Behavior in the Presence of the Cabbage 
Maggot, Defia radicum, and its Host Plants 

Z. LEI, T. A. R U T H E R F O R D ,  AND J. M. WEBSTER 1 

Abstract: T h e  behavior  o f  Heterorhabditis zealandica Poinar  s t ra in  T327  was invest igated in the  
p resence  o f  the  cabbage  maggot ,  Delia radicum L., a n d  plants  tha t  a re  susceptible to D. radicum 
infes ta t ion.  Newly f o r m e d  pupa r i a  and  freeze-kil led th i rd  instar  larvae were attractive to infective 
nema todes .  Newly ha rves ted  infective n e m a t o d e s  did  no t  r e s p o n d  to the  pupar ia ,  whereas  1 -month -  
old a n d  2 -mon t h -o l d  n e m a t o d e s  r eached  the  insect targets  within 15 minu tes .  T h e r e  were no  sig- 
nif icant  d i f fe rences  in the  ability o f  similar-sized, th i rd  ins tar  larval D. radicum a n d  Galleria meUonella 
L., the  g rea t e r  wax moth ,  to at t ract  nema todes .  T h e r e  was a t endency  for a g rea te r  n u m b e r  o f  insects 
to at t ract  m o r e  nema todes .  T h e  roots  o f  ball cabbage and  rad ish  were equally attractive to n e m a -  
todes,  bu t  r u t abaga  roots  ne i the r  a t t racted no r  repel led the  nematodes .  G e r m i n a t e d  seeds  o f  r ad i sh  
a t t racted nema t odes ,  and  the re  was a t endency  for  m o r e  n u m e r o u s  g e r m i n a t e d  seeds to at tract  m o r e  
nema todes .  

Key words: biological control ,  chemoat t rac t ion ,  Heterorhabditis zealandica, host -paras i te  in teract ion,  
n e m a t o d e .  

The cabbage maggot, Delia radicum L., is 
a common pest in vegetable-growing areas 
(2) throughout  many temperate regions. 
Larval D. radicum cause damage by feeding 
and tunneling, mostly in the main roots 
but sometimes in the aerial parts of  many 
cruciferous species, cultivated and wild (6), 
and by increasing the prevalence of  bacte- 
rial soft rot. Control of  this pest has been 
through the use of  organochlorine, or- 
ganophosphorus,  and carbamate insecti- 
cides (3). 

Heterorhabdit id nematodes have been 
studied as biological control agents for 
many insect pests (9). Third-stage, infec- 
tive juvenile (.13) nematodes are attracted 
to an insect host and penetrate its cuticle 
(1). Once in the hemocoel they release the 
symbiotic bac te r ium Xenorhabdus lumi- 
nescens Thomas & Poinar, which multiplies 
rapidly, causes septicemia, and kills the 
host within 2~ A8 hours. Little is known of 
the behavior  of  heterorhabdi t id  nema- 
todes except for the report  of  Bedding and 
Molyneux (1). Carbon dioxide (7), insect 
fecal and excretory products (12), heat (5), 
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and pH gradients (11) are attractive to the 
J3 of  another rhabditid, Steinernema carpo- 
capsae Weiser. Larvae of  the greater wax 
moth, GaUeria mellonella L., are attractive to 
the J3 of  S. carpocapsae DD136 strain (10). 

Eggs, laid by adult D. radicum close to the 
plant stems, hatch within 2-14 days, and 
the newly hatched larvae penetrate  the 
plant roots within hours  (6). The  very 
small size of  the first instar larvae and their 
short duration in the soil makes them an 
elusive ta rge t  for  e n t o m o p a t h o g e n i c  
nematodes (4). Hence, our  experiments 
were aimed at determining the behavior of  
the nematode in relation to the final (third 
instar) larval and the puparial stages of  the 
insect. 

Under s t and ing  the behavior  of  het- 
erorhabditid nematodes in the presence of  
the cabbage maggot and plants that are 
susceptible to infestation by this pest may 
help to increase the efficacy of  these nema- 
todes against this insect and make them 
economically viable as control agents. This 
investigation reports  on qualitative and 
quantitative experiments done to deter- 
mine the behavior of  heterorhabditids in 
the presence of  different developmental 
stages of  the target insect and of  the crop 
plant. 

MATERIALS AND M E T H O D S  

Cabbage maggots were obtained from J. 
Whist lecraft ,  Agr icu l ture  Canada  Re- 
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search Center ,  London ,  Ontar io ,  and 
reared in the laboratory. Adult flies were 
maintained in a cage (40 x 25 x 25 cm) at 
20-25 C and 50-70% RH, with a photope- 
riod of  16 hours per day. Flies were fed 
powdered food composed of sugar, skim 
milk powder, soya flour, yeast, and yeast 
hydrolysate. An ovipositi0n site was made 
in a cage from a petri dish lid containing a 
thin layer of  autoclaved sand (ca. 1.0-mm 
particle size) and a piece of  fresh rutabaga 
(5 x 5 x 0.5 cm). Dry sand containing 
200--400 of the newly laid eggs was poured 
around a caged, potted rutabaga in moist 
sand, and after 10-12 days third-instar lar- 
vae were obtained by cutting the open ru- 
tabag~a. Newly formed puparia were ob- 
tained by collecting mature larvae as they 
emerged from the rutabaga, washing them 
with water, keeping them overnight at 
room temperature in a dish with moist fil- 
ter paper, and collecting the pupae the fol- 
lowing day. Puparia and larvae were sur- 
face sterilized at room temperature with 
80% ethanol for 30 seconds, rinsed five 
times with sterilized water, and dried on 
filter paper. 

Heterorhabditis zealandica Poinar strain 
T327, isolated in Tasmania, Australia, was 
obtained from Dr. R. A. Bedding in 1987 
and reared in larvae of G. meUonella. The 
J3 were collected (15) and stored in moist, 
oxygenated sponge in sealed packages at 
12 C. Cultures were passaged through the 
laboratory host every 6 months to ensure 
that vigorous nematodes were used for this 
study. Before each experiment, the nema- 
todes were removed from the storage in- 
cubator and allowed 2-4 hours to adapt to 
the prevailing room temperature. Infec- 
tive juveniles were extracted from storage 
by rinsing the sponge with distilled water. 
They were washed and the number  of 
nematodes in a suspension was estimated 
volumetrically. Individual nematodes were 
handled with a fine, mounted hair. All ex- 
periments were done at 22-24 C in petri 
dishes (100 x 15 mm) containing 1.5% 
Bacto Agar (Difco Laboratories, Detroit), 
and they were then sealed with Parafilm 
"M" (American Can, Greenwich, CT). For 

the qualitative experiments, the very thin 
layer of agar was obtained by pouring off  
surplus agar before it set. 

Rutabaga (Brassicae napu~ var. napobras- 
sica), radish (Raphanus sativus), and ball 
cabbage (B. oleracea var. capitata) were used 
for this study. Radish and ball cabbage 
were grown outdoors from seed, but fresh 
rutabagas were bought locally. 

Experiment 1: Experiments were done to 
observe the behavior of  Heterorhabditis ju- 
veniles in the presence of puparia and lar- 
vae ofD. radicum. The underside of each of 
12 petri dishes was marked at the center 
and also at the apexes of an equilateral tri- 
angle. The apexes were 2 cm from the cen- 
ter. A thin layer of agar was poured into 
each dish. After the agar had cooled, two 
surface-sterilized puparia or two killed lar- 
vae olD. radicum were placed at the center 
of each of six dishes and three J3 were 
placed one at each of the marked apexes of 
each of  the 12 dishes; the 6 dishes without 
D. radicum functioned as the control. The 
surface-sterilized, third-instar larvae were 
killed by freezing for 8 minutes, after 
which they were thawed for 30 minutes. At 
21 C, photographs were taken (13) at in- 
tervals of 5, 15, and 30 minutes after the 
n e m a t o d e s  were i n t r o d u c e d .  Subse- 
quently, seven more photographs of  each 
dish were taken at 30-minute intervals, for 
a total of 10 photographs of each dish. 
Later, 10 more replicates with puparia and 
nine more with the larvae were set up us- 
ing the same methods and under  similar 
conditions. 

The number of nematodes that were 
present at the targets of  puparia or larvae 
was determined by following the nema- 
tode tracks in the agar as recorded on the 
photographic plates. 

Experiment 2: An experiment was done 
to test if freshly emerged nematodes from 
in vivo culture oriented to newly formed 
puparia of D. radicum. Each experiment 
was replicated five times. Newly formed, 
washed, surface-dried puparia were trans- 
ferred to 7-mm-d discs of Whatman #1 
filter paper on a thin layer of agar in a 
petri dish (Fig. la). Dishes were sealed with 
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FIG. 1. Arrangement of filter paper discs in petri 
dishes of agar in relation to the point of introduction 
(N) of infective juveniles of Heterorhabditis zealandica 
strain T327 (a) with pupal or larval Delia radicum at 
points 1, 2, and 4 or blank controls (C), (b) with larval 
D. radicum (DR), Galleria mellonella (GM), or blank 
controls, (c) with germinated seeds of radish at points 
1 and 3 or blank controls and (d) with cylinders of 
radish and rutabaga roots, or of radish and ball cab- 
bage roots (RC), or blank controls. 

paraf i lm and  incubated at r oom tempera-  
tu re  for  1 h o u r  before  approximate ly  250 
newly harves ted  J3 were placed at the cen- 
ter  o f  each o f  five dishes. T h e  dishes were 
resealed and  incubated at 24-24.5  C u n d e r  
f luorescent  room light. Twen ty - fou r  hours  
later, the pupar ia  and  paper  discs were re- 
moved  and  washed separately with water, 
and  the n e m a t o d e s  in the washes were  
c oun t e d  u n d e r  a dissecting microscope.  
Nematodes  present  in and  on  the agar  be- 
nea th  the pa p e r  discs were coun ted  imme- 
diately af ter  the pupar ia  and pape r  discs 
were removed .  

Ano the r  e x p e r i men t  with juveniles that 
had  been  stored for  1 m o n t h  was done  un- 
de r  similar condit ions and divided into two 
subsets (each with ten replicates), one  end-  
ing 4 hours  and  the o the r  24 hours  af ter  
ne m a tode  in t roduct ion.  

Experiment 3: Exper iments  were  done  to 
test if the larvae o f  D. radicum and G. mel- 
lonella inf luenced T327  differently.  Delia 
radicum l a rvae  were  col lec ted,  washed ,  
killed by freezing,  and then  thawed; in an- 

o the r  exper iment ,  larvae o f  D. radicum and  
G. mellonella o f  about  equal  weight were  
washed (not sterilized) with distilled water,  
killed by freezing,  and then  thawed. For  
each e x p e r i m e n t ,  these larvae were  ar- 
r anged  on  filter p ap e r  discs on  agar  in 
each o f  10 petri  dishes (Fig. 1A,B). T h e  
twenty controls conta ined no larvae. Infec-  
tive juven i l e s  were  i n t r o d u c e d  a f t e r  2 
hours,  and the sealed dishes were main- 
tained u n d e r  f luorescent  room light for  24 
hours.  Nematodes  that  reached  the targets 
were counted.  T h e  total n u m b e r  o f  nema-  
todes at the targets included those that  had 
en te red  the larvae, which were dissected 4 
days af ter  being r emoved  f ro m  the target  
sites. 

Experiment 4: T o  study the inf luence o f  
the host plants o f  D. radicum on the juve-  
niles o f  Heterorhabditis, radish seeds were 
sterilized with 80% ethanol  for  1 minute ,  
r insed five times with sterilized water, and  
kept  overn igh t  on  wet fi l ter p a p e r  in a 
petr i  dish. T h e y  germina ted  quickly, and 
the radicles grew to about  3 m m  in length 
within 24 hours  at r o o m  t em p e ra tu r e s .  
Th ese  ge rmina t ed  seeds, comple te  with 
testa, were t r ans fe r red  to filter pape r  discs 
that  had been  a r r anged  on  agar in petr i  
dishes (Fig. 1C). One  or  three  seeds, with 
the filter paper  discs and the agar  unde r -  
neath,  were the t reated targets; the p ap e r  
discs alone and the agar u n d e r n e a t h  were 
the control  targets. T h e  sealed dishes were 
incubated in the dark  for  2 hours  and then  
100-200 infect ive juven i le  T327 ,  which 
had been stored in an incubator  at 12 C for  
2 months ,  were placed at the cen te r  o f  
each o f  the dishes. T h e  dishes were re- 
sealed and incubated for  3 hours  u n d e r  
f luorescent  r o o m  light, af ter  which nema-  
todes were coun ted  on  the seeds, on  the 
filter pape r  discs, and  in the agar  benea th  
the pape r  discs. 

Experiment 5: T o  compare  the attractive- 
ness o f  D. radicum host plant roots for  ju-  
venile Heterorhabditis, two tests were d o n e  
on  separate  days using roots o f  e i ther  rad- 
ish and  rutabaga (test # 1) or  roots o f  rad- 
ish and  ball cabbage (test #2) .  Roots o f  
radish, rutabaga,  and  ball cabbage were  
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cut transversely with a blade and  punched  
with a core  punch  into cylinders o f  5 mm d 
and  2 m m  height,  not  including root  skin. 
T h e  cylinders were  a r r anged  on filter pa- 
per  discs on  agar  in petr i  dishes (Fig. 1D), 
sealed, and  incubated  u n d e r  f luorescent  
r oom light for  1.5 hours.  F rom 300 to 600 
nematodes  were  placed at the center  o f  
each dish, and  the dishes were resealed 
and incubated u n d e r  light for  2.5 hours;  at 
this t ime  the  n e m a t o d e s  r e a c h i n g  the  
t rea ted  and  control  targets were recorded .  

Compar i sons  be tween  t rea tments  and 
controls  were tested for  significance using 
Student 's  t-test, in terms o f  the mean  per- 
centage  n u m b e r  o f  nematodes  that  had 
reached  the insect or  plant  target.  

RESULTS 

Experiment 1 : Soon af ter  the nematodes  
w e r e  p l a c e d  o n  the  agar ,  r e s p o n d i n g  
nematodes  moved  toward the insect tar- 
gets. Some reached  the pupar ia  or  the lar- 
vae within 15 minutes,  and this n u m b e r  
i nc rea sed  with t ime (Fig. 2). Wi th in  4 
hours ,  33% and  64% of  the in t roduced  
nematodes  reached  the pupar ia  and the 
larvae, respectively. Nematodes  in the six 
control  dishes moved  randomly.  

Experiment 2: On e  day a f t e r  approx i -  
mately 250 newly harves ted  J3 were intro- 
duced ,  only th ree  nematodes  had reached  
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M e a n  pe rcen tages  o f  in t roduced ,  infective FIG. 2. 
juvenile Heterorhabditis zealandica strain T327 that 
reached newly formed puparia or freeze-killed, third- 
instar larvae of Delia radicum over time. Top bars 
show standard errors (SE; n = 13 for puparia; n = 
12 for larvae). 

t h r e e  ta rge t s  o f  two p u p a r i a  a n d  o n e  
nematode  had reached  one  target  o f  fou r  
puparia .  No nematodes  were  presen t  at 
the remain ing  targets. However ,  J3 that  
had been stored for  1 m o n th  af ter  being 
collected f rom the same cul ture  reached  
the targets of  four ,  two, and one  pupar ia  
a f t e r  4 h o u r s ,  a n d  s ign i f ican t ly  m o r e  
reached  the larger  n u m b e r  o f  pupar ia  af- 
ter  24 hours  (P < 0.05 between two pu- 
paria and one, and between fou r  and two; 
P < 0.01 between four  and one;  Fig. 3A). 

Experiment 3: Delia radicum larvae were 
attractive to the nematodes  and multiple 
larvae at tracted more  nematodes  than  did 
a single larva (Fig. 3b). More  nematodes  
were at tracted to four  larvae than to lower 
numbers  (P < 0.01 between four  larvae 
and one;  P < 0.05 between four  larvae and 
two) or to the controls (P < 0.05). 

In this exper imen t  on larval D. radicum 
and G. mellonella, the nematodes  began to 
move  r a n d o m l y  immedia te ly  a f t e r  they  
were placed on the agar. Later,  some o f  
them or iented to the insects, but  few ori- 
en ted  to the controls. More  nematodes  ori- 
en ted  to the targets as the numbers  o f  tar- 
get insects were increased (Fig. 3c). Al- 
t h o u g h  so m e  n e m a t o d e s  r e a c h e d  the  
controls soon af ter  they were in t roduced ,  
none  stayed there  af ter  24 hours,  and dif- 
ferences occur red  between the t rea tments  
with insects and the controls (P < 0.05). 
T h e r e  were no significant di f ferences  be- 
tween the percentages o f  nematodes  that 
were at tracted to D. radicum and  to G. mel- 
lonella (Fig. 3c). 

Experiment 4: Within 3 hours,  on  aver- 
age, 0.5%, 1.7%, and 3.2% o f  the intro- 
duced  nematodes  reached  zero-seed, one-  
seed, and three-seed targets, respectively 
(Fig. 4a). Al though most of  the nematodes  
m o v e d  r a n d o m l y  on  the  a g a r  o r  h a d  
moved  to the walls or  lids o f  the dishes, the 
germina ted  radish seeds appea red  to be 
slightly attractive to them, because there  
were more  nematodes  at the one-seed (P < 
0.05) and three-seed (P < 0.001) targets 
than at the controls (Fig. 4a). More  nema- 
todes accumulated at the three-seed than  
at the one-seed targets (P < 0.05). 
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Fxc. 3. Mean percentages (+SE) of introduced, 
infective, juvenile Heterorhabditis zealandica strain 
T327 that reached the targets of (a) one (1P), two 
(2P), or four (4P) newly formed puparia of Delia radi- 
cure after 4 and 24 hours, (b) one (1L), two (2L), or 
four (4L) frozen, dead, 3rd-instar larval D. radicum 
within 24 hours, and (c) one (1L) or four (4L) larval 
D. radicum (DR) and Galleria mellonella (GM) within 24 
hours. In each case, the controls (C) contained zero 
organisms. 

E x p e r i m e n t  5 :  With in  2.5 hour s ,  on  aver-  
age,  13.8%, 0 .8%, a n d  0.5% o f  the  n e m a -  
todes  i n t r o d u c e d  in test # 1 h a d  r e a c h e d  
the  roo t s  o f  each  o f  radish ,  ru t abaga ,  a n d  
the  con t ro l  targets ,  respect ively  (Fig. 4b); 
9.4%, 7.2%, a n d  0.3% o f  the  n e m a t o d e s  in 
test # 2  h a d  r e a c h e d  the  roots  o f  each  o f  
rad ish ,  ball cabbage ,  a n d  the  con t ro l  tar-  
gets, respect ively  (Fig. 4c). I n  b o t h  tests, 
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Targets 

Mean percentages (-SE) of infective juve- 
nile Heterorhabditis zealandica strain T327 that were 
attracted to different targets. (a) Targets of germi- 
nated seeds of radish (10 replicates of each treatment) 
and blank controls (20 replicates), within 3 hours. (b) 
Target cylinders of radish and rutabaga roots (10 
replicates of each) and blank controls (20 replicates) 
for 2.5 hours. (c) Target cylinders of radish and ball 
cabbage roots (10 replicates of each) and blank con- 
trois (20 replicates) for 2.5 hours. 

m o r e  n e m a t o d e s  r e a c h e d  rad i sh  t h a n  the  
controls ,  a n d  in the  first test m o r e  n e m a -  
todes  r e a c h e d  rad i sh  t h a n  ru t abaga .  H o w -  
ever,  t he re  were  no  s igni f icant  d i f f e rences  
be t ween  the  a t t ract iveness  o f  r u t a b a g a  a n d  
the  con t ro l  t a rge t s  in the  f irst  test a n d  be- 
tween  rad i sh  a n d  ball c abbage  ta rge ts  in 
the  s econd  test. 

DISCUSSION 

T h e  tracks o f  the  infect ive juven i l e  T 3 2 7  
o n  the  a g a r  s t rong ly  s u g g e s t e d  tha t  t he  
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nematodes were attracted toward the liv- 
ing puparia and dead larvae of  D. radicum 
rather  than encountering them randomly. 
Responding nematodes reacted to the at- 
tractants soon after they were introduced 
onto the agar and moved quickly to the 
targets, which they often reached within 
15 minutes. 

Because more nematodes reached the 
targets over time, there seemed to be a dif- 
ference in speed of  response to the attrac- 
rants among individuals. Within 4 hours, 
many more  nematodes  reached targets 
with dead larvae than with living puparia. 
Dead larval integument is probably more 
permeable to attractive chemicals than that 
of  puparia. Recently (4), laboratory exper- 
iments and field trials showed very limited 
success of  H. heliothidis against first-instar 
larvae and pupariae. In our  experience, 
the very small first-instar larvae are not 
readily attacked by H. heliothidis. 

In our  study, orientation of  nematodes 
to D. radicum and G. meUoneUa could have 
been caused by the combined effect of  var- 
ious factors, some of  which may predomi- 
nate. Microbes on the surface of  insect tar- 
gets in the qualitative experiments  had 
probably been eliminated by sterilization 
with ethanol, and there was no visible con- 
tamination.  In the quantitat ive experi-  
ments, 26 hours after the insects were in- 
troduced; there was slight visible bacterial 
contamination on the agar around some of 
the filter paper  discs with unsterilized in- 
sects, but not a round sterilized ones. Un- 
s te r i l ized  and  s te r i l ized  insects  were  
equally and strongly attractive to the nem- 
atodes. Heat, produced from the respira- 
tion of  living pupae or f rom the decompo- 
sition of  dead larvae, may attract the nem- 
atodes.  Perhaps  more  likely, chemical  
gradients responsible for the attraction de- 
veloped around the insects, such as carbon 
dioxide from the respiration of  living pu- 
pae and (or) chemicals released from de- 
composing larvae. There  were no signifi- 
cant d i f fe rences  in a t t ract ion between 
dead larvae of  D. radicum and G. meUoneUa. 

Newly collected juveniles did not orient 
to pupal D. radicum, whereas others from 

the same cultures stored at 12 C for 1 
month did. This suggests that these nema- 
todes may need some conditioning before 
they are able to recognize physical or  
chemical attractants from their hosts. This 
requirement  could be a factor allowing for 
more effective dispersal for synchronizing 
the development of  this nematode to that 
of  its natural host and ensuring that only a 
few J3 are attracted to each host. It is sug- 
gested that newly harvested infective juve- 
nile T327 be stored for a period before 
they are used to control insect pests. 

In nature, plant roots liberate various 
substances, such as carbon dioxide and 
amino acids, which form chemical gradi- 
ents around the root system. These sub- 
stances in turn modify the quantitative and 
qualitative microbial composition of  the 
rhizosphere (14). Similarly, heat given off  
by respiring roots and microorganisms of  
the rhizosphere establish temperature  gra- 
dients around the root system. The  chem- 
ical and temperature gradients that are at- 
tractive to the entomopathogenic nema- 
todes may increase their opportunities to 
obtain access to larval D. radicum. The  com- 
bined attractiveness of  D. radicum and 
some of  its host plants to these nematodes 
may aid the nematodes considerably in lo- 
cating their insect hosts. This has been sug- 
gested (8) for corn roots in regard to their 
in f luence  on the pa thogen ic i ty  o f  H. 
zealandica on the insect pest. Although the 
third instar larvae and puparia  may be 
more attractive to H. zealandica than are 
the first instar larvae, the respective biolo- 
gies of  the insect and nematode are prob- 
ably not sufficiently complementary for 
the nematode to be an effective biological 
control agent. 
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