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Effect of Exsheathment on Motility and Pathogenicity of 
Two Entomopathogenic Nematode Species 

L. RICKERT CAMPBELL AND R. GAUGLER I 

Abstract: The  effect of  sheath loss on motility and pathogenicity of the entomopathogenic nema- 
todes, Heterorhabditis bacteriophora and Steinernema carpocapasae, was examined using both naturally 
and chemically exsheathed (desheathed) infective juveniles. Exsheathed S. carpocapsae showed in- 
creased motility on agar compared to sheathed nematodes. The  presence of a host increased motility 
threefold in all S. carpocapsae treatments. These results suggest that activation of S. carpocapsae host 
finding may result from sheath loss in addition to host stimuli. Desheathed H. bacteriophora were 
significantly less motile than the sheathed or exsheathed groups. The  decreased motility may be due 
to adverse effects of the chemical t reatment for desheathment.  Sheath loss did not affect the patho- 
genicity of either species. 

Key words: Heterorhabditis bacteriophora, host-finding behavior, nematode, sheath, Steinernema car- 
pocapsae. 

Steinernema carpocapsae and Heterorhabdi- 
tis bacteriophora are two species of ento- 
mopathogenic nematodes used for biolog- 
ical control. These species retain the sec- 
ond - s t age  cut icle  on the  th i rd - s t age  
infective juvenile. Exsheathment (loss of 
the extra cuticle or sheath) is the first step 
in the infection process but can also occur 
during rearing and storage (4) or move- 
ment through the soil (18). As a result, 
exsheathed nematodes may be routinely 
used in laboratory and field studies. 

The sheath can protect entomopatho- 
genic nematodes against biotic (8,18) and 
abiotic (5) factors. If  loss of the sheath in- 
creases susceptibility to detrimental fac- 
tors, then selection pressure would pro- 
mote sheath retention. Two behavioral 
strategies, with different degrees of  motil- 
ity, have been proposed for host finding by 
H. bacteriophora and S. carpocapsae infective 
juveniles (9). Ambushers adopt a sit-and- 
wait approach, remaining relatively seden- 
tary, whereas hunters actively search for 
hosts. Steinernema carpocapsae loses its 
loose-fitting sheath when moving and may 
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adopt the less active ambusher strategy (4). 
Heterorhabditis bacteriophora adopts an ac- 
tive hun te r  strategy (6) and retains its 
tight-fitting sheath while moving (4). How- 
ever, Campbell and Gaugler (4) found that 
exsheathment in H. bacteriophora could re- 
sult in r educed  motility c o m p a r e d  to 
sheathed nematodes, indicating a change 
in host finding behavior due to sheath loss. 

Both H. bacteriophora and S. carpocapsae 
are associated with symbiotic bacteria (Xe- 
norhabdus spp.) stored in the digestive tract 
of  the infective juvenile (2). The symbiont 
contributes to their high virulence and 
broad host range. The sheath plugs the 
anal and oral openings of H. bacteriophora 
and S. carpocapsae (unpublished observa- 
tion). Sheath loss, with the loss of  these 
plugs, could affect the nematode-bacteria 
relationship and result in reduced patho- 
genicity. Westerman (19) compared the ef- 
fect of  storage on efficacy of Heterorhabditis 
sp. and noted that nematode "quality" was 
related to sheath retention. 

The biological control potential of  H. 
bacteriophora and S. carpocapsae depends on 
the ability of  these nematodes to find and 
kill their hosts. Conditions associated with 
production and storage of  these nema- 
todes can influence sheath retention (4). 
Loss of  the sheath may affect efficacy by 
altering nematode host finding or reduc- 
ing pathogenicity. The  purpose of  this 
study was to evaluate the effect of  sheath 
loss on the motility and pathogenicity of 
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these  two species o f  e n t o m o p a t h o g e n i c  
nematodes .  

MATERIALS AND METHODS 

Heterhorhabditis bacteriophora and S. car- 
pocapsae we r e  r e a r e d  in l a rvae  o f  the  
grea te r  wax moth,  Galleria meUoneUa (7). 
Infect ive juveniles were harves ted  24-48 
hours  following emergence  f rom the host. 
Nematodes  were stored at 25 C for  1 week, 
t hen  separa ted  into sheathed,  desheathed,  
and exshea thed  groups  (4). T h e  sheathed 
g roup  consisted o f  un t rea ted  nematodes .  
Deshea thed  nematodes  were obta ined by 
t rea t ing the nematodes  with 1% sodium 
hypochlor i te  solution (NaOC1) for  5 min- 
utes.  E x s h e a t h e d  n e m a t o d e s  were  ob- 
tained using a filter pape r  barrier .  A single 
sheet  o f  9-cm d iamete r  (Fisher P8) filter 
pa pe r  was suspended  over  a Petri  dish bot- 
tom (60 x 15 mm) containing deionized 
water, with the center  o f  the pape r  contact- 
ing the water.  Nematodes  were appl ied to 
a 47-ram diameter ,  5 ~m m e m b r a n e  filter, 
and the m e m b r a n e  filter was inverted and 
placed on  top o f  the filter paper .  Nema-  
todes that  moved  th rough  the filter pape r  
a n d  i n t o  t h e  w a t e r  r e s e r v o i r  w e r e  
exsheathed.  All exper iments  were r u n  in 
blocks, each block represen t ing  a replicate 
and consisting o f  each species / t reatment  
combinat ion.  

Motility: T h e  ef fec t  o f  shea th  loss on  
n e m a t o d e  motility, measu red  by the dis- 
tance moved  f rom the point  o f  application, 
was c o m p a r e d  using two agar  assays. T h e  
first assay was des igned to compare  the ef- 
fect o f  sheath  loss on  the r a n d o m  motility 
o f  the nematodes  in the absence of  a host. 
A host was included in the second assay to 
c ompa re  the effect  o f  sheath loss on  nema- 
tode  motility in the presence  o f  host stim- 
uli. In  the  no-hos t  assay, 2% agar  was 
p o u r e d  into Petri  dishes (150 x 15 ram) 
a nd  c oo l e d  f o r  30 minu tes .  S h e a t h e d ,  
d e s h e a t h e d ,  o r  e x s h e a t h e d  n e m a t o d e s  
(705 --- 107.9 nematodes  per  dish) were ap- 
plied by brush  to a 1-cm-d zone in the cen- 
ter  o f  the dish, and  the dishes were cov- 
e red  and  incubated at 25 C for  1 hour .  T h e  

dish was divided into two zones: the area 
within 2 cm of  the point  o f  application and  
the rest o f  the dish. T h e  nematodes  f rom 
these two zones were  r insed  into Petr i  
dishes and  counted .  T h e r e  were five to 
eight replicates for  each t r ea tmen t  group .  

T h e  motility o f  sheathed,  deshea thed ,  
a n d  e x s h e a t h e d  S. carpocapsae a n d  
sheathed and deshea thed  H. bacteriophora 
in the presence o f  a host was c o m p a r e d  
using the agar  assay o f  Gaugler  et al. (9). 
Due  to i n s u f f i c i e n t  quan t i t i e s ,  no  ex- 
sheathed H. bacteriophora were available for  
the host -present  assay. Briefly, nematodes  
(1238.9 -+ 103.8 n e m a t o d e s  p e r  assay) 
were brushed  into an application zone (1 x 
4 cm) in the center  of  a 14 x 14 cm plate o f  
agar.  Tw o  p ipe t te  tips were  s u s p e n d e d  
over  the agar  surface at points equidistant  
(3 cm) to the application zone; one  con- 
tained two last-instar G. mellonella larvae 
and the o ther  served as a blank control .  
T h e  plates were incubated for  1 h o u r  at 25 
C. Following incubation, nematodes  were 
r insed o f f  the agar  surface in three  groups,  
those individuals: (i) moving  towards the 
host (motile [ + ], (ii) remain ing  in the ap- 
plication zone (nonmotile),  and (iii) mov- 
ing away f rom the host (motile [ - ]). T h e r e  
were 8-11 replicates per  t r ea tmen t  group .  

T o  compare  the t rends  o f  n em a to d e  mo- 
tility in the d i f f e r e n t  t r e a t m e n t - s p e c i e s  
combinations the following Motility I n d e x  
was devised: 

M = A - N ,  

where  A = the percentage  of  motile nema-  
todes (those that moved  out  o f  the appli- 
cation zone) and N = the percen tage  o f  
nonmot i le  nematodes ,  or  those infective 
juveniles that  remained  within the applica- 
tion zone.  Th u s ,  if  all n em a to d es  were  
nonmoti le ,  M = ( - 1 0 0 )  and if all were 
motile M = (+  100). T h e  use o f  this index 
enables comparisons o f  the overall behav- 
ior o f  the nema tode  populat ions  t h ro u g h  
the use o f  a single value. 

Pathogenici ty:  P a t h o g e n i c i t y  o f  
desheathed,  sheathed,  and exshea thed  H. 
bacteriophora and  S. carpocapsae was com- 
pa red  on  filter pape r  and  in sand. T h e  ill- 
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ter paper assay placed the nematode in 
close proximity to the host, thereby assur- 
ing host-parasite contact. In sand assays, 
host contact is not assured and host find- 
ing is required. The Median Lethal Dose 
(LD50) for each species was determined, 
using a modification of the assay (14) de- 
scribed below, to be 6.63 (95% CI: 3.04- 
11.52) for H. bacteriophora and 0.78 (CI: 
0.66-1.10) for S. carpocapsae on day 2 post- 
treatment. Nematode-induced host mor- 
tality did not alter significantly 2 or 3 days 
posttreatment (based on overlapping con- 
fidence intervals). Therefore, a time pe- 
riod of 2 days and doses of three H. bacte- 
riophora and one S. carpocapsae per host 
were used in the pathogenicity compari- 
sons. Both pathogenicity experiments in- 
cluded a no-nematode water control. 

The first pathogenicity assay was a mod- 
ification of that developed by Miller (14). 
Infective juveniles in 34.5 ~1 of  deionized 
water were pipetted onto filter paper discs 
in multiwell tissue culture dishes. A single 
G. meUonella larva was added to each well, 
and the dishes were sealed and incubated 
at 25 C. Host mortality was recorded 2 
days after treatment. There were four to 
six replicates per treatment consisting of 
ten G. mellonella each. 

The effect of  sheath loss on pathogenic- 
ity in sand was compared by burying a sin- 
gle G. mellonella larva in 3 g of  sterilized 
sand with a moisture content of 10% by 

weight. Infective juveniles were added to 
the sand surface in 34.5 ~l of deionized 
water. The dishes were sealed and incu- 
bated at 25 C. Host mortality was recorded 
after 2 days. There were four replicates 
consisting of 20 G. meUoneUa per treatment 
group. 

Statistical analysis: Pathogenicity data 
were corrected for control mortality using 
Abbott's fornmla (1). Proportional data 
were normalized using an arcsin (square 
root) t ransformat ion prior to analysis. 
Pathogenicity and motility data were ana- 
lyzed using General Linear Models Proce- 
dure (GLM) and Duncan's multiple-range 
test (16). 

R E S U L T S  AND D I S C U S S I O N  

Motility: Although the two motility assays 
varied in the physical setup, the conditions 
and principles involved are the same. 
Therefore, comparisons of the behavioral 
trends of the populations in each assay will 
be made. In the no-host assay, the motility 
index of exsheathed H. bacteriophora was 
higher than the desheathed treatment (P 
= 0.0001) (Table 1). The motility index of 
the sheathed group increased significantly 
when a host was present, but no increase 
was seen in the desheathed group (Table 
2). No d i f fe rence  was f o u n d  between 
sheathed and desheathed in the percent- 
age of nematodes moving toward the host 

TABLE 1. E f f ec t  o f  s h e a t h  loss o n  t he  m o t i l i t y  o f  Heterorhabditis bacteriophora a n d  Steinernema carpocapsae 
i n fec t ive  j u v e n i l e s  in  t he  a b s e n c e  o f  a hos t .  

Percentage of nematodest  

Species/treatment Motile Nonmotile Motility~: index 

H. bacteriophora 
D e s h e a t h e d  75 .6  -+ 0.5 b 24 .4  +- 0.5 a 51.1 + 1.0 B 
S h e a t h e d  79.9  - 3,0 ab  20,1 - 3.0 ab  59 .9  --+- 5 .9  A B  
E x s h e a t h e d  85.8  + 1.8 a 14.2 -+ 1.8 b 71 .6  + 3.6 A 

S. carpocapsae 
D e s h e a t h e d  40.1 ± 5.0 b 59 .9  ± 5.0 b - 19.8 -+ 10.0 D 
S h e a t h e d  24,1 + 3 . 8 c  75 .9  -+ 3 . 8 a  - 5 1 . 7  +- 7,5 E 
E x s h e a t h e d  59.0  ± 2.3 a 41 .0  - 2.3 c 17.9 ± 4 .6  C 

Values are the means of  eight (H. bacteriophora) and five (S. carpocapsae) replicates. Means with the same lowercase letter are 
not significantly different  within species and location (P > 0.05). Motility indices with the same uppercase letter are not 
significantly different  (P = 0.0001). 

+ Percentage of nematodes recovered outside (motile) or within (nonmotile) the application zone. 
$ Motility index = ( -  1) (N) + (+1)  ( A - N ) .  
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TABLE 2. E f f e c t  o f  s h e a t h  loss o n  t he  m o t i l i t y  o f  Heterorhabditis bacteriophora a n d  Steinernema carpocapsae 
i n f e c t i v e  j u v e n i l e s  in  t he  p r e s e n c e  o f  a hos t .  

Percentage of nematodest  

Species and Motile Motile Motility$ 
t reatment  ( + ) Nonmotile ( - ) index 

H. bacteriophora 
D e s h e a t h e d  39 .4  +- 5.2 a 34 .2  --- 4.5 a 26.3 +- 3 .0  b 31.5 -+ 9 .0  C 
S h e a t h e d  41.5  - 5.5 a 9.1 -+ 1.5 b 49.1 m 6.9 a 81 .2  --- 3.1 A 

S. carpocapsae 
D e s h e a t h e d  54.6  -+ 2.4 ab  16.8 _+ 1.8 ab  28 .6  - 1.6 a 66 .3  + 3.6 AB 
S h e a t h e d  51.0  -+ 2.5 b 24 .0  -+ 2.8 a 25 .0  --- 1.4 a 52 .0  -+ 5.6 B 
E x s h e a t h e d  63 .8  +- 4 .5  a 15.2 ~ 3.4 b 21 .0  +- 3.1 a 69 .6  +-- 6.7 A B  

Values represent  the means (-+SEM) of eight (H. bacteriophora) and l l (S. carpocapsae) replicates. Means with the same 
lowercase letter are not significantly different  within species and  location (P > 0.05), Motility indices with the same uppercase 
letter are not significantly different  (P = 0.0001). 

"~ Percentage of nematodes recovered: outside the application zone and moving towards the most (motile + ), moving away 
from the host (motile - ), or recovered within the application zone (nonmotile). 

:~ Motility index = ( -  1) (N) + (+  1) ( A - N ) .  

(motile [+]), but more sheathed nema- 
todes moved away (motile [ - ] )  (P = 
0.0088) (Table 2). 

Exsheathed S. carpocapsae infective juve- 
niles were more motile than the sheathed 
ones in the no-host assay, based on the mo- 
tility indices (P = 0.0001) (Table 1). Host 
presence increased the motility of all S. car- 
pocapsae treatment groups, with a three- 
fold increase in the motility indices com- 
pared to those when no host was present 
(P = 0.0001) (Table 2). In addition, more 
exsheathed nematodes moved towards the 
host (motile [ + ]) than did sheathed nema- 
todes (P = 0.0209) (Table 2). 

The ambusher strategist takes a lie-and- 
wait approach, indicated by reduced mo- 
tility, until "activated" by the presence of a 
potential host (9,12). We observed a three- 
fold increase in motility of all S. carpocapsae 
treatment groups in the host-present assay 
compared to the no-host assay. Increased 
motility was also seen in sheathed H. bacte- 
riophora in the host-present assay, suggest- 
ing that even the hunter  strategist has an 
activated state of host finding. 

In the absence of  host cues, low motility 
index values were recorded for all S. car- 
pocapsae t r e a t m e n t s .  H o w e v e r ,  t he  
exsheathed and desheathed S. carpocapsae 
were significantly more motile than the 
sheathed. The infective stages of many 
parasitic organisms alter their behaviors in 

response to specific t r igger cues (17). 
Sheath loss, in addition to host presence, 
may act as a trigger cue for S. carpocapsae, 
resulting in an increase of active host- 
finding behavior. 

All H. bacteriophora groups had higher 
motility indexes than the S. carpocapsae 
groups in the no-host assay (P = 0.0001) 
(Table 1). However, no differences existed 
between the sheathed H. bacteriophora and 
exsheathed or desheathed S. carpocapsae 
groups when a host was present (P = 
0.0001) (Table 2). Motility levels may be 
related directly to the host-finding strategy 
used by these two nematode species. The 
level of motility seen in sheathed H. bacte- 
riophora demonstrates the active hunter  
strategy of host finding, whereas the lower 
motility of sheathed S. carpocapsae is indic- 
ative of the sedentary ambusher strategist. 
This agrees with previous studies of the 
host-finding behavior of these nematodes 
(3,6,9,10,15). The  active strategy em- 
ployed by H. bacte~ophora increases the 
chance of encountering a host and escap- 
ing f r o m  u n f a v o r a b l e  habi ta t s  (12). 
Exsheathment of H. bacteriophora did not 
alter this behavior. However, desheathed 
individuals, which had been chemically 
treated to remove the sheath, showed de- 
creased motility compared to the sheathed 
and exsheathed juveniles. The potential 
negative effects of desheathment on ento- 



mopathogenic nematodes have been noted 
in other studies (4,18). The negative effect 
observed here on H. bacteriophora motility 
raises further questions about the use of  
NaOCI for sheath removal of this species. 

Pathogenicity: Sheath loss had no signifi- 
cant effect on the pathogenicity of  either 
species of  nematode. Desheathed H. bacte- 
riophora caused lower host mortality than 
the sheathed and exsheathed treatments 
(69.5 - 12.8% versus 86.4 -+ 5.5% and 
86.4 - 5.3%), but  the difference was not 
significant. No differences were found 
among the three S. carpocapsae treatment 
groups, with mortalities of  61.6 -+ 11.6%, 
72.6 -+ 4.5%, and 61.6 -+ 10.7% for 
desheathed, sheathed, and exsheathed, re- 
spectively. 

No differences were found among the 
three H. bacteriophora treatments in the 
sand assay, with host mortalities of  74.6 -+ 
5.1%, 56.8 + 6.4%, and 64.4 - 6.6% for 
desheathed, sheathed, and exsheathed, re- 
spectively. However, differences in patho- 
genicity were seen between S. carpocapsae 
t r e a t m e n t  g r o u p s  in the  sand assay: 
Desheathed S. carpocapsae caused higher G. 
mellonella mortality (P = 0.0039), with 39.4 
-+ 7.1% host mortality versus 9.2 + 4.1% 
a n d  6.6 -+ 4 .8% for  s h e a t h e d  and  
exsheathed. 

The increased host mortality caused by 
desheathed S. carpocapsae in sand suggests 
that the chemical treatment enhanced the 
nematode's host-finding ability. Some evi- 
dence exists for chemically induced activa- 
tion of  nematodes (11,13). Although no 
differences were found between the motil- 
ity of  the three S. carpocapsae groups in the 
agar assays, this assay recorded motility af- 
ter only 1 hour, whereas the sand assay 
represented nematode motility after a 48- 
hour period. These results suggest that the 
chemically treated nematodes maintained 
a higher level of  motility, resulting in an 
increased chance of  finding and killing 
their host. 

This study indicates that sheath loss does 
not reduce nematode pathogenicity, but 
may have a significant effect on nematode 
motility. Chemical desheathment  signifi- 
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cantly reduced H. bacteriophora motility. 
Conversely, sheath loss increased S. carpo- 
capsae motility. Storage and rearing meth- 
ods increase sheath loss (4). The effect that 
this may have on the biological control po- 
tential of these two species of  nematode, 
particularly in the increased motility and 
possible increase in host finding by S. car- 
pocapsae, deserves thorough examination. 
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