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Quantification of Invasion of Two Strains of Steinernema 
carpocapsae (Weiser) into Three Lepidopteran Larvae 1 

NANCY D. EPSKY AND J o a n  L. CAPINERA 2 

Abstract: Studies with last instar larvae of the fall armyworm, Spodopterafrugiperda (]. E. Smith), the 
black cutworm, Agrotis ipsilon (Hufnagel), and the greater wax moth, GaUeria mellonella (L.) were used 
to quantify the invasive ability of  two strains (All and Mexican) of Steinernema carpocapsae and to 
determine how factors in the bioassay procedure affect both nematode invasion and host mortality. 
Nematode invasive ability was variable, with 10-50% of nematodes successfully infecting the host. 
The  percentage of infectives invading the host (invasion efficiency) was positively related to increases 
in length of  host exposure time and number  of hosts per  arena, negatively related to increases in 
substrate surface area per  host, and not affected by nematode concentration. There  was a direct 
relationship between concentration applied and the number  of nematodes invading the host. Mor- 
tality was less affected than invasion efficiency by bioassay conditions and appears to be a much less 
sensitive index of nematode activity than invasive ability. 

Key words: Agrotis ipsilon, efficacy, entomogenous nematode, Galleria mellonella, invasive ability, 
nematode, Spodoptera frugiperda. 

The  en tomogenous  nematode ,  Stein- 
ernema carpocapsae (Weiser), has great  
promise for  use as a biological control 
agent, and a number  of  insect species are 
susceptible to infective-stage nematodes 
(infectives) in laboratory trials (18,21). 
However, efficacy, as indicated by LCs0, 
varies greatly both among different nema- 
tode strains tested against a single target 
insect and among different insects tested 
with a single nematode strain (1,22). Abi- 
otic factors are well known to affect nema- 
tode performance,  and suboptimal envi- 
ronmental  conditions are deleterious to 
nematode field efficacy (9). Less is known 
about the biological basis for differences in 
the level of  host mortality. Dunphy and 
Webster (4) found that differential viru- 
lence between the DD-136 strain and the 
Mexican strain of  S. carpocapsae against lar- 
vae of  the greater wax moth, Galleria mel- 
lonella (L.), was not due to the virulence of  
the nematode-symbiotic bacteria complex 
per se, or to the host internal immune re- 
sponse. They speculated that the differ- 
ence may be in the abilities of  the two 
strains to invade the host. 
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The model for the nematode-host  inter- 
action is based primarily on infection of  
greater wax moth larvae by DD-136 strain 
infectives (23). These nematodes enter the 
host through natural body openings and 
then move from the alimentary tract into 
the hemocoel. A similar invasion route was 
observed with DD-136 strain in the Formo- 
san termite, Coptotermesformosanus Shiraki, 
although entrance into that host was pri- 
marily through the anal opening (7). Both 
oral and anal openings were used by this 
nematode to enter larvae of  the cutworm 
Spodoptera litura (17). Few studies have 
quantified the number  of  nematodes that 
successfully invade the host, much less de- 
te rmined how variable this is be tween  
hosts or under  different experimental con- 
ditions. 

Larvae of  the fall armyworm, Spodoptera 
frugiperda (J. E. Smith), and the black cut- 
worm, Agrotis ipsilon (Hufnagel), are sus- 
ceptible to infection by S. carpocapsae in 
both laboratory and field trials (2,8,25). 
The LCs0 estimates from laboratory bioas- 
says with last instar fall armyworm and 
black cutworm larvae have shown that 
black cutworm larvae are significantly 
more resistant to both the Mexican strain 
and the All strain of  S. carpocapsae (Epsky, 
unpubl, data). There  is a 10-fold increase 
in LCs0 estimate from the most susceptible 
hos t -nematode  combination (fall army- 
w o r m S ,  carpocapsae Mexican strain) to the 
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least susceptible (black cutworm-S, carpo- 
capsae All strain). Therefore,  these two 
host-nematode combinations were used to 
quantify invasive ability of the infectives, to 
determine how factors in the bioassay pro- 
cedure affect both nematode invasion and 
host mortality, and to ascertain if these ef- 
fects varied in hosts with different levels of  
susceptibility. For comparative purposes, 
additional studies were conducted with 
greater wax m o t h S ,  carpocapsae All strain. 

MATERIALS AND METHODS 

Insects and nematodes 
Fall armyworm and greater wax moth 

larvae were obtained from the Insect At- 
tractants, Behavior and Basic Biology Re- 
search Laboratory,  USDA, Gainesville, 
Florida. A colony of  the black cutworm was 
obtained from J. C. Reese, Kansas State 
University, and cultured (24). Steinernema 
carpocapsae Mexican strain and All strain 
nematodes  were ob ta ined  f rom G. C. 
Smart ,  J r . ,  Dept. of  Entomology  and 
N e m a t o l o g y ,  U n i v e r s i t y  o f  F lo r ida ,  
Gainesville, Florida. These were reared in 
vivo in greater wax moth larvae (5). Infec- 
tives were stored in deionized water and 
held at 6 C until use within 1 month' of 
collection from the host cadaver. Fall ar- 
myworm were tested with S. carpocapsae 
Mexican strain infectives; black cutworm 
and greater wax moth were tested with S. 
carpocapsae All strain infectives. 

Bioassay procedure 
Last instar larvae were used for all stud- 

ies. Larvae were exposed to nematodes in 
petri dish bioassays (30). Arenas used for 
this study included small (35 x 10 mm), 
medium (60 x 15 mm), and large (100 x 
15 mm) petri dishes with two pieces of fil- 
ter paper (Whatman #1; 2.5, 5.5, 9.0 cm d, 
respectively). Infective nematodes were 
added in 0.2, 1.0 and 2.0 ml deionized wa- 
ter, respectively. Unless otherwise stated, 
individual larvae were tested in medium 
arenas and groups of larvae were tested in 
large arenas. The insects were added to 
the bioassay arenas 1 hour after the infec- 
tives. Arenas were enclosed in large plastic 

bags to minimize loss of  moisture and held 
at 25 C. Mortality among control insects 
was rare because larvae had completed 
most of  their feeding. Therefore, separate 
controls for mortality were not used. Num- 
ber of nematodes invading the host was 
determined by dissection of hosts 24-96 
hours after initial exposure to infectives 
(14). The exact time period until host dis- 
section varied among the different exper- 
iments. Invasion efficiency, that is, the per- 
centage of the infective stage nematodes 
that successfully invaded the host and, in 
dissections made after host death, com- 
pleted transformation to the free-living 
stage (summed from all hosts in trials with 
multiple hosts per arena), was calculated 
from the number of nematodes recovered 
from dissection divided by the number of 
nematodes per treatment, multiplied by 
100. Accuracy of  the dissection procedure 
was checked with a two-step sampling pro- 
cedure in preliminary experiments. Some 
sampled hosts were rinsed and dissected 
immediate ly ;  others  were r insed and  
moved to nematode-free arenas and dis- 
sected 24 48 hours after host death. Com- 
parison of  number of  internal nematodes 
early and late in the infection cycle indi- 
cated that essentially all infectives that in- 
vaded the host successfully initiated devel- 
opment in the hosts. Therefore,  number 
of nematodes recovered from dissection 
was assumed to equal number of nema- 
todes that invaded the host. 

Effects of number of hosts per arena: The 
LCs0 and invasion efficiency were deter- 
mined for one and three fall armyworm 
per arena. The substrate surface area per 
host was kept approximate ly  equal to 
maintain a constant host density. Infective 
concentration treatments were 0, 10, 20, 
and 40 infectives per host, and there were 
160 larvae tested (40 replicates of one larva 
per infective concentration [40 x 1 x 4 
larvae]) and 468 larvae tested (39 repli- 
cates of three larvae per infective concen- 
tration [39 x 3 x 4 larvae]). Mortality was 
recorded after 48 hours, and cadavers of  
larvae from the 20- and 40-infective treat- 
ments were dissected after 72 hours. 
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Black cu tworm larvae are cannibalistic, 
so g rea te r  wax moth  larvae were  used to 
de t e rmine  the effect  o f  multiple hosts per  
a rena  for  studies with the All strain infec- 
tives. T h e  LCs0 was de t e rmined  for  1 and  
10 grea ter  wax moth  per  arena.  T h e  latter 
follows the s tandard  LC50 bioassay proce- 
d u r e  (30) and  represen ts  an increase in 
host density pe r  arena.  A total o f  65 larvae 
(one larva per  arena) were exposed  to con- 
centrat ions o f  1, 10, and  50 infectives per  
host (30, 20, and  15 larvae per  infective 
concentra t ion ,  respectively), and  60 larvae 
(10 larvae pe r  arena) were exposed  to con- 
centrat ions o f  1, 5, and  10 infectives (20 
larvae pe r  infective concentrat ion) .  Mor- 
tality was r e c o r d e d  af te r  48 hours.  Effect  
o f  g rea te r  wax moth  host  density on  inva- 
sion efficiency was tested in med ium are- 
nas. T r e a t m e n t s  were 1 infective versus 1 
larva, 10 infectives versus 1 larva, 50 infec- 
t ires versus 1 larva, and 50 infecfives ver- 
sus 5 larvae. T h e r e  were 60, 10, 10, and 10 
replicates, respectively, fo r  a total o f  130 
larvae tested [60 x 1 + 10 × 1 + 10 x 1 
+ 10 x 5 larvae]. These  t r ea tmen t  levels 
allowed compar isons  between a constant  
n u m b e r  o f  nematodes  per  host (10-on-1 
versus 50-on-5), between a constant  num-  
ber  o f  nematodes  per  bioassay a rena  (50- 
on-1 versus 50-on-5), and  between a vary- 
ing n u m b e r  o f  n e m a t o d e s  p e r  hos t  o r  
arena.  Pre l iminary  exper iments  indicated 
tha t  a c o n c u r r e n t  dec rease  in subst ra te  
surface area per  host is partially responsi- 
ble for  the effect  observed  when  host den-  
sity is increased.  T h e r e f o r e ,  a one  infective 
versus one  larva t r ea tmen t  was tested in a 
small a rena  to de t e rmine  the effect  o f  a 
decrease  in substrate surface area pe r  host, 
alone. T h e r e  were 25 replicates, and  mor-  
tality was r e c o r d e d  af te r  48 and  72 hours.  
T h e  one-on-one  t rea tments  evaluated the 
invasive ability o f  individual  n e m a t o d e s  
(19), and  invasion efficiency was consid- 
e red  equal  to percen tage  mortali ty.  Inva- 
sion efficiency was d e t e r m i n e d  f rom dis- 
section o f  cadavers 24 hours  af ter  dea th  
for  larvae f r o m the 10- and  50-nematode  
t reatments .  

Effect of host exposure period: Individual  

fall a r m y w o r m s  were  e x p o s e d  to t reat -  
ments  o f  50 and  100 infectives, with 35 
larvae per  infective concent ra t ion  (a total 
o f  70 larvae tested), and  individual  black 
cu tworms were  tested with single treat-  
m en t  o f  100 infectives, with 160 larvae 
tested. Mortality was r eco rd ed  daily. T e n  
to 20 larvae were sampled af ter  host expo-  
sure periods o f  24, 48, 72, and  96 hours.  
Sampled larvae were  r insed and dissected 
immediately.  At each sampling time, 10 
addit ional  black cutworms were r insed and  
m o v ed  to n e m a t o d e - f r e e  arenas .  T h e s e  
larvae and the remain ing  unsampled  black 
cu tworm (host exposure  t ime 1>120 hours)  
were dissected 24 hours  af ter  death.  Black 
cu tworm that  were still alive af te r  10 days 
were not  dissected. 

Effect of concentration: Individual  fall ar- 
myworm and black cu tworm larvae were  
exposed to t rea tments  o f  10, 50, 100, 250, 
and 500 infectives. T h e r e  were  100 fall ar- 
myworm tested (30, 20, 10, 10, and  10 pe r  
concentra t ion,  respectively) and 90 black 
cu tworm tested (20, 20, 30, 10, and  10 per  
concentra t ion,  respectively). Mortality was 
r eco rded  af ter  48 hours  and  cadavers  were  
dissected af te r  72 hours.  

Statistical analysis 
P CP O LO  (26) probi t  analysis was used 

to estimate LCs0 and  slope and  to co m p a re  
statistically the effect  o f  mult iple hosts per  
a rena  on  n em a to d e  efficacy. Invasion effi- 
ciency was analyzed by factorial  analysis o f  
variance (ANOVA) with Proc GLM (27) to 
de t e rmine  the significance o f  the main ef- 
fects and  to test for  in teract ion between 
m a in  ef fec ts .  Resul t s  f r o m  s ign i f i can t  
ANOVAs were followed by Duncan 's  (3) 
mul t iple-range test (P = 0.05) for  all tests, 
except  for  the study on  host density effects 
in the grea ter  wax moth.  Al though there  
were th ree  factors tested (concentrat ion,  
n u m b e r  o f  hosts per  arena,  and  substrate 
surface area), all factors were not  tested at 
all levels. T h e r e f o r e ,  one-way  A N O V A  
was r u n  o n  t h e  f ive t r e a t m e n t s  (31).  
Tukey ' s  test (P = 0.05) was used for  one-  
at-a-time, pair-wise compar isons  between 
all t reatments .  For  the single-factor exper-  
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iments  on  ef fec t  o f  concent ra t ion ,  factorial  
analysis was fol lowed by regress ion  analy- 
sis us ing  Proc REG (27) to test the ade-  
quacy o f  a l inear  mode l  to describe the re- 
l a t i o n s h i p  b e t w e e n  c o n c e n t r a t i o n  a n d  
n u m b e r  o f  n e m a t o d e s  invading  the host. 

RESULTS AND DISCUSSION 

Effect of number of hosts per arena: Average  
p e r c e n t a g e  m o r t a l i t y  a p p e a r e d  sl ightly 
h ighe r  for  fall a r m y w o r m  tested in g roups  
o f  th ree  than  fo r  fall a r m y w o r m  tested in- 
dividually,  fo r  each concen t ra t ion  tested 
(10 n e m a t o d e s  p e r  host ,  66 .7% versus  
52.0%; 20 n e m a t o d e s  pe r  host, 74.4% ver- 
sus 72.5%; and  40 n e m a t o d e s  pe r  host,  
89.7% versus 80.0%). However ,  there  were  
no significant d i f fe rences  in e i ther  LC50 
es t ima te  or  s lope ob t a i ned  f r o m  p rob i t  
analysis. T h e  LCs0 est imate (95% CL) for  
fall a r m y w o r m  tested in g roups  o f  th ree  
l a rvae  was 5.2 (1 .0-9 .2)  a n d  fo r  la rvae  
tes ted individually was 8.3 (3.6-12.4).  Both  
had  slopes o f  1.3 -+ 0.5. Similarly, the LC50 
es t imate  and  slope were  not  af fec ted  by 
g rea te r  wax m o t h  host  density. T h e  LCs0 
es t imate  (95% CL) for  g rea te r  wax m o t h  
tes ted individually was 4.0 (1.8-9.1) and  
fo r  g rea t e r  wax m o t h  tested in g roups  of  
10 was 3.2 (1.7-5.8).  Slopes were  1.5 -+ 0.3 
and  1.2 -+ 0.3, respectively.  Molyneux  et al. 
(20) cite unpub l i shed  data  that  stress the 
i m p o r t a n c e  o f  test ing one  individual  pe r  
bioassay unit ,  because  the n u m b e r  o f  hosts 
pe r  con ta iner  affects the level o f  parasiti-  
zation. No f u r t h e r  details were  given. In  
o u r  studies, LCs0 est imates were  increased 
slightly, bu t  not  significantly, by a decrease  
in n u m b e r  o f  hosts pe r  arena.  

Invas ion  efficiency was significantly af- 
fected by the p resence  of  mul t ip le  fall ar- 
m y w o r m  in the  a rena  (F = 37.5; d f  = 1, 
32; P < 0.01) and  increased f r o m  14 -- 2% 
to 37 +- 3% as the  n u m b e r  o f  hosts in the 
a r ena  increased f r o m  one  to three.  N e m a -  
tode  concen t ra t ion  did not  affect  invasion 
eff iciency (F = 0.01; d f  = 1, 32; P = 
0.99), a n d  t he r e  was no  in te rac t ion  be- 
tween  the  e f fec t s  o f  c o n c e n t r a t i o n  a n d  
n u m b e r  o f  hosts pe r  a r ena  at the levels 
tested (F = 1.62; d f  = 1, 3 2 ; P  = 0.21). 

Invas ion  efficiency was also significantly 
affected in the g rea te r  wax m o t h  trials by 
the  c o n c e n t r a t i o n - h o s t  dens i ty  (or  sub- 
strate surface area) t r e a t m e n t  (F = 6.67; 
d f  = 4, 26; P < 0.01) (Fig. 1). All g rea te r  
wax m o t h  morta l i ty  occur red  by 48 hour s  
in the t r ea tments  with 10 or  50 infectives, 
but  mortal i ty  increased be tween  48 and  72 
hours  in the one -on-one  t rea tments .  Af te r  
48 hours ,  there  was 9% and  20% morta l i ty  
in the one -on-one  t r e a t m e n t  in m e d i u m  
and small arenas,  respectively. However ,  
results o f  the m e a n  c o m p a r i s o n  test re-  
ma ined  the same whe the r  us ing  the  da ta  
f r o m  48 or  72 hours .  T h e  invasion effi- 
ciency in the 50-on-5 t r e a t m e n t  was signif- 
icantly h igher  than  invasion efficiencies in 
the 1-on-1 in m e d i u m  arena ,  10-on-1 and  
50-on- 1 t rea tments .  

T h e  increase in invasion efficiency ob- 
served could be exp la ined  by an increase 
in n u m b e r  o f  hosts a lone (e.g., fall a rmy-  
w o r m  trials), and  (or) by the decrease  in 
s u b s t r a t e  s u r f a c e  a r e a  p e r  h o s t  (e .g. ,  
g rea te r  wax mo th  trials). K o n d o  and  Ish- 
ibashi (15) found  that  invasion efficiency 
decreased  as dep th  o f  soil in the  bioassay 
a rena  increased.  This  increase in substra te  
vo lume  would increase the distance the in- 
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FIG. l. Comparison of dose (1, 10, or 50 nema- 
todes), host density (one or five per bioassay arena) 
and substrate surface area treatments on the percent- 
age of applied Steinernema carpocapsae All strain nema- 
todes that established in greater wax moth larvae ex- 
posed to infectives in petri dish bioassays. Means fol- 
lowed by the same letter are not significantly 
different (Tukey's test, P = 0.05). Data are from in- 
dividuals that died within 48 hours (dose = 10 or 50 
nematodes) or 72 hours (dose = 1 nematode) of ex- 
posure to infectives. 
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fective would have to traverse to locate the 
host. Steinernema carpocapsae infectives 
have demonstrated poor host-finding abil- 
ity (10) and may remain inactive until stim- 
ulated by the presence of  a host (13). Host 
products  have been shown to mediate 
host-finding activity (28,29). Thus, an in- 
crease in the concentration of  host cues 
from multiple hosts in a bioassay or by a 
decrease in substrate surface area/volume 
per host may stimulate an increase in host- 
finding and invasion. 

Effect of host exposure period: Length of 
host exposure period had no effect on 
mortali ty for  ei ther  fall a rmyworm or 
black cutworm larvae. All the fall army- 
worm larvae were dead within 48 hours, 
and 57% of the black cutworm larvae were 
dead within 10 days, but percentage mor- 
tality for  each species was consis tent  
among all exposure periods tested. Time 
until host death has long been recognized 
as an important aspect of LCs0 bioassays. 
Although maximum host mortality usually 
occurs within 48 hours in larvae of  the 
greater wax moth, it may take longer in 
other hosts. Capinera et al. (2) found that 
high levels of black cutworm mortality oc- 
curred within 24 hours of  contact with the 
Kapow strain of  S. carpocapsae, but not un- 
til 72 hours with two other nematodes 
tested. Estimates of  LCs0 made at 48 hours 
are often higher than measurements made 
after 96 hours (28). However, the low mor- 
tality in black cutworm after 48 hours was 
not overcome by lengthening the period of  
exposure to infectives. 

Nematode invasion efficiency was signif- 
icantly affected by fall armyworm expo- 
sure per iod(F  = 16.66;df  = 3, 6 2 ; P <  
0.01), with an increase in invasion as expo- 
sure period increased (Table 1). There was 
no effect due to concentration (F = 1.9; df  
1, 62; P = 0.17), nor was there an interac- 
tion between concentration and exposure 
time (F = 2.12; d f  = 3, 62; P = 0.11). 
Invasion efficiency into black cutworm 
ranged from an average of 2.2% -+ 1.0 af- 
ter 24 hours to 6.3% + 1.9 after 96 hours, 
but the differences were not significant (F 
= 1.36; df  = 4, 21; P = 0.28). Black cut- 

TABLE 1. Effect of  host  exposure  period on in- 
vasion efficiency of  Steinernema carpocapsae Mexican 
strain infectives in a petri  dish bioassay with fall ar- 
myworm larvae. 

Host exposure Invasion efficiency 
period (hours) n (%) 

24 20 5.7 ----- 1.2 a 
48 20 18,0 -+ 2.4 b 
72 20 24.2 -+ 2.6 bc 
96 10 26.3 + 3.0 c 

Means + standard error followed by the same letter are 
not significantly different (P = 0.05) by Duncan's multiple 
range test, 

worms that were dead by 48 hours aver- 
aged approximately five internal nema- 
todes, larvae that died between 48 to 96 
hours averaged one internal nematode, 
and few individuals that died after  96 
hours contained nematodes. 

Within the first 24 hours of  contact, 
Kondo and Ishibashi (16) found a positive 
correlation between the length of time S. 
litura larvae were exposed to S. carpocapsae 
DD-136 strain and both the host mortality 
and the number of  nematodes invading 
the host. Similar increases were found  
within the first 12 hours of contact with 
larvae of  the lepidopteran Spodoptera lit- 
toralis Boisduval and for both S. carpocapsae 
All strain and Mexican strain infectives 
(11). For the fall armyworm and black cut- 
worm larvae examined in our study, infec- 
tives were found in the host by 24 hours 
and most host mortality occurred by 48 
hours. Number of nematodes per host in- 
creased from 24 to 72 hours, and leveled 
off  after 72 hours. Although greater num- 
bers of  Mexican strain infectives invaded 
fall armyworm over time, the period of  
maximum invasion was similar for both 
host-nematode combinations. 

Effect of concentration: Percentage mortal- 
ity was affected by nematode concentra- 
tion, and increased from 36.7% at the 10- 
nematode concentration to 90% at the 
250-nematode  concen t ra t ion  a f te r  48 
hours in the fall armyworm, and from 10% 
at the 10-nematode concentration to 90% 
at the 250-nematode concentration after 
48 hours in the black cutworm. Nematode 



178 Journal of Nematology, Volume 25, No. 2, June 1993 

concentration, however, did not signifi- 
cantly affect invasion efficiency in the fall 
armyworm (F = 1.75; df  = 4, 42; P = 
0.17) or the black cutworm (F = 0.54; df  
= 4, 67; P = 0.70). Average invasion ef- 
ficiency per concentration varied greatly, 
and ranged from 8.6% + 2.4 at the 100- 
nematode concentration to 16.2% -+ 2.4 at 
the 500-nematode concentration in the fall 
armyworm, and from 14.8% + 1.5 at the 
500-nematode concentration to 21.3% -+ 
3.4 at the 250-nematode concentration in 
the black cutworm. There was a direct re- 
lationship between number of nematodes 
applied and number  invading the host, 
and it was best fit by a simple linear regres- 
sion model  (Fig. 2). After  square-root 
transformation of the number of  invading 
nematodes (to stabilize the variance), the 
fit of  the data from the fall armyworm im- 
proved (y = 1.14 + 0.016; r 2 = 0.819), but 
the fit of  data from the black cutworm was 
unchanged. A direct relationship was also 
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FIG. 2. Scatterplot and linear regression of nema- 
tode concentration and the number  of A) Steinernema 
carpocapsae Mexican strain nematodes that  established 
in individual fall armyworm larvae exposed to infec- 
fives in petri dish bioassays (n = 59) and B) Stein- 
ernema carpocapsae All strain nematodes that estab- 
lished in individual black cutworm larvae exposed to 
infectives in petri dish bioassays (n = 72). Data are 
f rom individuals that  died within 48 hours of expo- 
sure to infectives. 

observed in the greater wax moth larvae 
(12). 

Although there were no significant dif- 
ferences among measurements of invasion 
efficiency determined at different concen- 
trations, there was a great deal of variabil- 
ity in average percentage invasion that 
may make comparisons between different 
host and nematode combinations difficult. 
Hominick and Reid (12) suggested that a 
"dose/establishment bioassay," which uses 
the slope of the regression line to indicate 
the proportion of infectives that invade the 
host, be used for comparative studies. Re- 
sults of our study support his suggestion 
and show that nematode invasion into a 
host is very sensitive to bioassay conditions, 
probably more so than host mortality. 
Therefore, care should be taken in choos- 
ing the bioassay conditions for compara- 
tive studies so that differences obtained re- 
sult from the host-parasite interaction, not 
bioassay effects. 

In summary, nematode invasive ability 
was generally poor, with 10-50% of ap- 
plied nematodes successfully infecting the 
host. Number of  infectives invading the 
host was significantly affected by the bio- 
assay conditions. Invasion efficiency was 
positively related to increases in length of 
host exposure period and number of hosts 
per arena and negatively related to in- 
creases in substrate surface area per host. 
Changes in the bioassay conditions had less 
effect on mortality; mortality appears to be 
a relatively insensitive index of nematode 
activity. 

The invasive abilities reported in this pa- 
per were made under  what should be op- 
timal conditions for infection. In such lab- 
oratory trials, there were few of the envi- 
ronmental constraints that limit efficacy in 
field applications. Clearly, other factors of  
the host or the nematode population are 
present that limit successful attack, even 
under  optimal laboratory conditions. One 
possibility is that some infectives enter a 
quiescent phase upon emergence from the 
host cadaver (13) and may not enter an 
active host -seeking phase for  several 
months (6). Further studies are needed to 
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u n d e r s t a n d  factors  t ha t  l imi t  b o t h  hos t  sus- 
cept ib i l i ty  a n d  n e m a t o d e  invas ion .  A n  u n -  
d e r s t a n d i n g  o f  the  invas ive  abil i ty o f  the  
n e m a t o d e  a n d  t he  b ioas say  o p e r a t i o n a l  
cons t r a in t s  m a y  p r o v i d e  the  key to d i f fe r -  
e n t i a t i n g  these  factors.  
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