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Life Cycle and Reproductive Potential of the Nematode 
Heterorhabditis bacteriophora Strain H P881 

SHLOMIT ZIONI (COHEN-NISSAN),  2 ITAMAR GLAZER, 2 AND DANIEL SEGAL 3 

Abstract: Development  of  the entomopathogenic  nematode Heterorhabditis bacteriophora strain 
HP88 was studied in vivo with larvae of  the greater wax moth, GaUeria mellonella, as host and in vitro. 
At 25 C in vivo, the durat ion of the life cycle from egg hatch to egg hatch was 96 hours. Juvenile 
development  took 48 hours, with the duration of  each juvenile stage ranging from 8 to 12 hours. 
Under  crowded conditions, development proceeded to the infective juvenile (I J) stage instead of the 
third juvenile stage (]3). Life-cycle durat ion and proportion of the various developmental stages in 
the population were similar in in vitro and in vivo cultures. When in vivo or in vitro development was 
initiated from the iJ stage, only hermaphrodi tes  developed in the first generation and males ap- 
peared only in the second generation. The  average (-+SD) number  of progeny per  hermaphrodi te  
was 243 ~ 98. The  ratio of males to hermaphrodites  in the second generation was 1:9.4 - 6.8. 

Key words: development,  Heterorhabditis bacteriophora, life cycle, nematode, reproduction,  sex ratio. 

Entomopathogenic nematodes from the 
families S te ine rnemat idae  and  Heter -  
orhabditidae, associated with the Xenorhab- 
dus bac te r ium,  are  potent ia l ly  useful  
agents for biological pest control (1,7,13, 
14). However ,  the sensitivity of  these 
nematodes to extremes of  the physical en- 
vironment (e.g., high temperature,  solar 
radiation, and desiccation) prevents ex- 
ploitation of  their maximal potential as 
bioinsecticides under  field conditions (2,8, 
11). Genetic improvement has been sug- 
gested as a means of  increasing the toler- 
ance of  such nematodes to environmental 
parameters  (4-6,10). Recently, we have 
initiated this genetic approach using the 
entomopathogenic nematode Heterorhabdi- 
tis bacteriophora (Heterorhabditidae: Nema- 
toda) strain HP88 (9), which is commonly 
used against soil-inhabiting insect pests 
(19,20). 

A comprehens ive  knowledge  of the 
nematode's life cycle and potential for re- 
production is needed as a prerequisite for 
genetic studies aimed at enhancing the 
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nematode's performance under  field con- 
ditions. It has been suggested that in this 
species the adults of the first generation 
reproduce  hermaphrodit ically,  whereas 
their  progeny (F1 generation) are am- 
phimictic (12,15). However, details such as 
duration of each developmental stage, sex 
ratio, and number  of progeny per her- 
maphrodite are not known. 

This study describes the life cycle and 
reproduction of the nematode H. bacterio- 
phora HP88 in vitro and in vivo. 

MATERIALS AND METHODS 

Life cycle: Nematodes were rea red  in 
5-cm-d plastic petri dishes containing a 
nematode growth medium (NGM) origi- 
nally devised for culture of  the free-living 
nematode Caenorhabditis elegans (3). The 
NGM is transparent and allows continuous 
observation of nematode development on 
the medium surface. The  NGM plates 
were preinoculated with a lawn of  the Xe- 
norhabdus luminescens bacterium associated 
with the HP88 strain. The bacteria were 
isolated from the nematodes and propa- 
gated (17). The plates were seeded with 
nematode eggs (ca. 200 eggs per plate) ob- 
tained from the bodies of gravid hermaph- 
rodites (18). 

Nematode development was monitored 
at 5-hour intervals for a period of  96 
hours, using a stereoscopic microscope. At 
every time point, the number  of  nema- 
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todes at each developmental stage was re- 
corded and ten plates were examined. 

In addition, nematode development was 
examined in NGM medium in "Lab-Tek 
chamber  slides (Nunc, Naperville, IL). 
This installation allowed observation of  the 
nematodes using a compound microscope. 

Population development: The  rates of  
nematode development in vitro and in vivo 
were compared by recording the number 
of individuals at each developmental stage 
in time-lapse intervals. The various devel- 
opmental stages, particularly the juvenile 
stages, were identified by their relative size 
and morphological characteristics. 

Dog Food Agar (DFA) was used to study 
the development of  H. bacteriophora HP88 
nematode in vitro. Infective juveniles (I J) 
were surface-sterilized with 1% methyl- 
benzethonium chloride (Sigma, St. Louis, 
MO) (14) and seeded on 5-cm-d petri 
dishes containing 5 ml of sterile DFA (8% 
w/w sterile dog food, Gaines Gravy Train, 
Gaines Foods, Kankakee, IL) mixed with 
1.6% w/w agar (Difco-Agar, Difco, Detroit, 
MI) in distilled water. The  DFA plates 
were preinoculated with X. luminescens sub- 
species HP88. Approximately 40 IJ were 
seeded on each DFA plate. For examining 
development, the nematodes were rinsed 
from 10 plates with saline into empty petri 
dishes every 10 hours for 250 hours. 

The rate of H. bacteriophora HP88 devel- 
opment in vivo was determined by peri- 
odic dissection (every 10 hours during 250 
hours postinfection) of G. mellonella larvae 
that had been preinoculated with 50 I J/ 
insect larva in 5-cm-d petri dishes padded 
with a moist filter paper. Seven insect lar- 
vae were examined at each time point. 

The number  of  individuals in each de- 
velopmental stage was recorded at each 
time point for both in vitro and in vivo 
cultures. At early stages o f  development, 
all the nematodes were counted. Once re- 
production had yielded thousands of  indi- 
viduals at each replicate, however, their 
numbers were estimated by counting three 
1-ml samples obtained from serial dilu- 
tions of  the original nematode suspension. 

Reproductive potential: Surface-sterilized 
IJ ofH.  bacteriophora HP88 were seeded on 
a bacterial lawn grown on the DFA me- 
dium in 5-cm-d petri dishes. Following 50- 
hour incubation at 25 C, hermaphrodites 
that developed on the plates were trans- 
fe r red  individually to separate 3-cm-d 
petri dishes containing NGM preinocu- 
lated with the symbiotic bacterium. The 
number of eggs in the nematode body, the 
number of eggs laid on the plate surface, 
and the number  of  progeny were recorded 
periodically during the 96-hour period. 
Once the data were obtained at each inter- 
val, each hermaphrodite parent was trans- 
ferred to a fresh NGM plate that had been 
seeded with the bacterium. Eighty-seven 
hermaphrodites were examined at every 
time point. 

Sex ratio: Infective juveniles of H. bacte- 
riophora were seeded on a bacterial lawn in 
DFA plates. Following 48-hour incubation 
at 25 C, 72 J4 and young adults were trans- 
ferred individually to separate fresh DFA 
plates and allowed to develop and repro- 
duce for an additional 120 hours. There-  
after, the number of  males and hermaph- 
rodites were recorded on each plate. 

RESULTS 

Life cycle: The life cycle described here 
was initiated in vitro from fertilized eggs. 
These eggs gave rise to both hermaphro-  
dites and males. On the other hand, when 
development was initiated from IJ only 
hermaphrod i tes  developed in the first 
generation (12). 

The entire life cycle (from egg hatching 
to F1 egg hatching) was completed in 96 
hours at 25 C (Fig. 1). Juvenile develop- 
ment took 48 hours, with the duration of 
each juvenile stage ranging from 8 to 12 
hours. More than 60% of the life cycle in- 
volved adult development and maturation 
(both hermaphrodites and males), includ- 
ing egg laying and hatching. 

The eggs were oval, and the developing 
juveniles could be observed within mature 
eggs (Fig. 2A). The first-stage juveniles 
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FIG. 1. Diagrammatic representation of the life 
cycle of the nematode Heterorhabditis bacteriophora 
strain HP88, showing the duration of each develop- 
mental stage at 25 C. Numbers on the outer circle 
indicate hours after seeding NGM plates with eggs 
obtained from gravid hermaphrodites. J1 = first- 
stage juvenile; J2 = second-stage juvenile; J3 = 
third-stage juvenile;J4 = fourth-stage juvenile. 

01) were transparent and 8-15 ~xm long 
(Fig. 2B). Their  movement was slow, but a 
rapid pharyngeal pumping activity was ini- 
tiated immediately upon hatching. The J 1 
were found within the first 10 hours after 
egg laying. The J2 were 35-50 ~xm long, 
and the accumulation of  storage material 
was evident in their partially transparent 
bodies (Fig. 2C). The J2 were observed on 
the surface of  the NGM plates within 9-22 
hours following egg hatching. The J3 were 
1.5 times as long as J2 and their bodies 
were filled with storage material (Fig. 2D). 
The J3 were also characterized by a trans- 
parent  area initially near midbody (Fig. 
2D), which is likely the genital primor- 
dium. The J3 were found within 18-30 
hours post egg hatching (Fig. 1). The J4 
were characterized by a relatively long 
body in comparison with the younger ju- 
veniles, ranging from 140-210 ixm, and 
the development of  reproductive organs 
was noticeable in them (Fig. 2F). The J4 
were found within 28-42 hours of the be- 
ginning of  the life cycle (Fig. 1). 

Young  h e r m a p h r o d i t e s  were  f o u n d  
from the 46th hours after the beginning of  

egg hatching (Fig. 1). They were charac- 
terized by the conspicuous reproductive 
organs (ovaries, oviducts) visible in their 
semitransparent bodies and the undevel- 
oped vulva (Fig. 2G). When the hermaph- 
rodite had matured, it was full of eggs and 
its vulva was protruding (Fig. 2H). A pe- 
riod of  12-14 hours was required for her- 
maphrodi te  maturation (Fig. 1). Under  
suitable growth conditions (i.e., availability 
of  food and uncrowded population), the 
hermaphrodites reached a length of  1-3 
ram. Once crowding occurred due to the 
sequential development  of new genera- 
tions on the same plate, hermaphrodites 
were shorter, with an average length of  
500 + 85 txm. 

Males could be recognized on the plate 
surface by virtue of  their spicules (Fig. 2I). 
They were also shorter than the hermaph- 
rodites (200-285 ~m) and moved more 
rapidly. 

Population development: Because in vivo 
population development could be initiated 
only from I j ,  it was compared to in vitro 
development ,  which was also initiated 
from IJ. In this case only hermaphrodites 
developed from the I J, whereas males ap- 
peared only in the second generation. 

The initiation of  IJ development to J4 
occurred in vitro 25 hours after inocula- 
tion, whereas in vivo it started after 35 
hours. A pattern of  synchronous develop- 
ment was noticeable both in vivo and in 
vitro within the first 105 hours after inoc- 
ulation: IJ: 0-35 hours (Fig. 3A), J4: 35-  
45 hours (Fig. 3B), hermaphrodites: 50-85 
hours (Fig. 3C), J 1 - 2 : 8 5 - 1 0 0  hours (Fig. 
3D) and J3 :105 -115  hours (Fig. 3E). The 
entire life cycle of  the second generation 
took approximately 60-70 hours, which 
was shorter than for the first generation 
(80-85 hours, starting from IJ develop- 
ment to J4, which began at 25 hours after 
inoculation, Fig. 3A). 

Male development occurred both in vivo 
and in vitro only at the second generation 
(Fig. 3C). The average proportion of  males 
found in the in vivo population (10 + 3%) 
was 2.7 times higher (P = 0.05) than that 
found in the in vitro culture (3.7 -- 2.5%). 
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FIG. 2. Photomicrographs of different developmental stages of the nematode Heterorhabditis bacteriophora 
strain HP88. A) Eggs. B) First-stage juvenile. C) Second-stage juvenile. D) Third-stage juvenile. E) Infective 
juvenile. F) Fourth-stage juvenile. G) Young hermaphrodite (arrow denotes undeveloped vulva). H) Mature 
hermaphrodite (arrow denotes protruding vulva). I) Male (arrow denotes spiculi). Scale bars = 12 I~m for A; 
25 txm for B; 10 ~m for C; 30 txm for D-F; and 100 ~m for G--I. 

Although some of  the nematodes that 
developed in vitro continued for a third or 
even a fourth generation, development in 
vivo ceased at the third generation. In both 
cultures, about 160 hours after inocula- 
tion, eggs hatched inside the hermaphro- 
dites and the resultant juveniles destroyed 
their mothers as they developed to IJ. 

A rapid increase in the percentage of  IJ 
in the in vivo population began 185 hours 
after inoculation (Fig. 3A), reaching a level 

of 95-100% at 250 hours. During the same 
period, the proportion of  IJ in the in vitro 
culture reached only 60% of the popula- 
tion, whereas the rest of the nematode 
population consisted of  4% J4 stage (Fig. 
3B) and 36% females (Fig. 3C). 

Because the data are presented in rela- 
tive values (percentage of  the population), 
it is noteworthy that the first generation 
consisted of  40-50 individuals per plate, 
whereas the subsequent generations corn- 
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FIG. 3. The relative number (percentage) of dif- 
ferent developmental stages of the nematode Heter- 
orhabditis bacteriophora, strain HP88, reared in vivo 
(solid line) on the last instar of the greater wax moth, 
Galleria meUonella and in vitro (broken line) on DFA 
plates. Both cultures were inoculated with infective 
juveniles and incubated at 25 C. 

posed thousands of worms per plate (8-10 
x 103 in the second generation and 5-7 x 
105 in the third generation). 

Reproductive potential: Egg laying by first- 
generat ion hermaphrodi tes ,  developed 
from IJ in vitro, started approximately 77 
hours after the beginning of incubation 
(Table 1). Because the populations were 

not developmentally synchronized, only 
some of the nematodes were reproductive 
at each time point examined. The percent- 
age of  egg-laying he rmaphrod i t e s  in- 
creased twofold within 24 hours  and 
reached a maximum of 66% of the total 
hermaphrodites examined. The number 
of eggs in the body of each hermaphrodite 
varied considerably (Table 1). The highest 
number was counted 120 hours after inoc- 
ulation (102 -+ 53 eggs/hermaphrodite). 
The average (+SD) number of progeny of 
the 87 first-generation hermaphrodites ex- 
a m i n e d  was 243 -+ 98 n e m a t o d e s /  
hermaphrodite (the cumulative number of 
progeny during 86-144 hours after inoc- 
ulation). 

Sex ratio: The ratio of males to hermaph- 
rodites recorded in vitro on the 72 DFA 
plates, in the second generation of  a pop- 
ulation initiated from IJ was 1:9.4 -+ 6.8. 

DISCUSSION 

A comparison between H. bacteriophora 
development in vivo and in vitro showed 
that IJ development was initiated 10 hours 
later in vivo than in vitro. This lag may be 
attributed to the "infection" process, which 
occurs in vivo and involves penetration 
into the insect hemolymph as well as the 
release and propagation of the symbiotic 
bacteria before the initiation of nematode 
development. The progress of  the devel- 
opment of all stages of the life cycle in vivo 
was delayed to some extent during the first 
generation as compared with the rate of 
development in vitro. Nematodes cultured 
in vitro were smaller in size and produced 
fewer eggs than those previously grown in 
vivo (12). The reasons for these differ- 
ences are not known, but the overall simi- 
larity in the pattern of development both 
in vivo and in vitro, particularly during the 
first generation, indicates that the in vitro 
culture techniques used in this study sup- 
port essentially normal development and 
are, therefore, suitable for further studies 
relevant to genetic improvement of these 
nematodes. 

The rapid increase in the proportion of  
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TABLE 1. Average number of eggs developed, laid, and hatched from individual hermaphrodites of the 
entomopathogenic nematode Heterorhabditis bacteriophora strain HP88, reared on NGM plates preseeded with 
the bacterium Xenorhabdus luminescens. 

Time No. eggs 
(hour after % egg-laying in the body No. eggs laid No. progeny:~ 
inoculation) hermaph.t (±SD) (±SD) (±SD) 

48 0 0 - -  - -  
72 26 28 - 7 - -  - -  
86 39 50 - 27 52 -+ 5 9 + 5 
96 57 26 + 19 97 -+ 40 83 -+ 56 

120 66 102 + 53 65 -+ 21 86 +- 46 
144 22 0 0 65 +- 32 

? Percentage of 87 hermaphrodites examined. Following progeny counts, the mothers were transferred individually to fresh 
DFA plates at each time point. 

:~ Including all developmental stages. 

IJ  185 hour s  post  in vivo inoculat ion is a 
result  o f  c rowding  and  deple t ion  o f  the 
food  source  (18). Yet, at the same time, 
some  d e v e l o p m e n t  still cont inues  in vitro 
on  the DFA plates, indicat ing that  du r i ng  
this pe r iod  the nutr i t ional  resources  have 
not  been  exhaus t ed  completely.  T h e  cor- 
r e s p o n d i n g  bu t  m o d e r a t e  increase in pro-  
por t ion  o f  IJ  on the DFA plates is due  to 
the ha tch ing  and  d e v e l o p m e n t  o f  juveni les  
wi th in  the i r  m o t h e r s  bodies .  I t  is sug- 
gested,  the re fore ,  that  the DFA m e d i u m  is 
nutr i t ional ly  r icher  for  the d e v e l o p m e n t  o f  
the symbiotic bac te r ium,  and  hence  o f  H.  
bacteriophora, t han  the  h e m o l y m p h  o f  G. 
mellonella larvae. Physical factors such as 
space pe r  n e m a t o d e  and  venti lat ion migh t  
also cont r ibu te  to the d i f fe rences  in the de- 
v e l o p m e n t  o f  the popu la t ion  be tween  the 
two cul ture  systems. 

Nut r i t iona l  as well as physical  factors  
most  likely also account  for  the d i f fe rence  
in the p r o p o r t i o n  o f  males  be tween  the in 
vivo and  in vi tro cul tures  o f  H. bacterio- 
phora. Poinar  and  H a n s e n  (16) no ted  that  
adve r se  e n v i r o n m e n t a l  condi t ions  a f fec t  
sex de t e rmina t i on  by increasing the pro-  
por t ion  o f  males  in amphimic t ic  as well as 
h e r m a p h r o d i t i c  n e m a t o d e  species. A p p a r -  
ently, the enr iched  nutr i t ional  and  physi- 
cal condi t ions in vi tro are  the cause o f  the 
lower n u m b e r  o f  males  in the popu la t ion  
c o m p a r e d  with in vivo cul ture.  We d e m o n -  
s t ra ted  recent ly (21) that  u n d e r  similar in 
vitro condit ions (i.e., DFA plates), second-  
genera t ion  adults  r e p r o d u c e  h e r m a p h r o -  

ditically and  the p resence  o f  males  is not  
necessa ry  fo r  r e p r o d u c t i o n ,  whe rea s  in 
vivo amphimic t ic  r e p r o d u c t i o n  occurs  in 
the  second genera t ion  (15). I t  is likely that  
the in vivo condi t ions  s t imula te  the  in- 
crease o f  the p r o p o r t i o n  o f  males  in the 
popula t ion.  

In  the p resen t  study, the N G M  as well as 
DFA med ia  were  used. A l though  the N G M  
m e d i u m  is t r a n s p a r e n t  and  t h e r e f o r e  con- 
venient  for  direct  observa t ion  o f  n e m a t o d e  
deve lopment ,  it is not  as rich in nut r ien ts  
as DFA. Hence ,  due  to deple t ion  o f  the 
food source  on the N G M  m e d i u m ,  mos t  
nema todes  deve loped  to IJ faster,  within 
1-2 genera t ions .  T h e r e f o r e ,  we sugges t  
that  the N G M  m e d i u m  be used  only for  
shor t - t e rm (1-2 genera t ions)  observat ions;  
for  p r o l o n g e d  cul ture  (>2  genera t ions) ,  
the DFA m e d i u m  is m o r e  suitable. 

T h e  in fo rma t ion  ga ined  in the p resen t  
s tudy abou t  the life cycle and  r ep roduc t ive  
potent ia l  o f  H. bacteriophora HP88 consti- 
tutes crucial baseline i n fo rma t ion  for  stud- 
ies di rected at genetic i m p r o v e m e n t  o f  this 
nema tode .  
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