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Moraxella osloensis, a gram-negative bacterium, is associated with Phasmarhabditis hermaphrodita, a nematode parasite of slugs. This bacterium-feeding nematode has potential for the biological control of slugs,
especially the grey garden slug, Deroceras reticulatum. Infective juveniles of P. hermaphrodita invade the shell
cavity of the slug, develop into self-fertilizing hermaphrodites, and produce progeny, resulting in host death.
However, the role of the associated bacterium in the pathogenicity of the nematode to the slug is unknown. We
discovered that M. osloensis alone is pathogenic to D. reticulatum after injection into the shell cavity or hemocoel
of the slug. The bacteria from 60-h cultures were more pathogenic than the bacteria from 40-h cultures, as
indicated by the higher and more rapid mortality of the slugs injected with the former. Coinjection of penicillin
and streptomycin with the 60-h bacterial culture reduced its pathogenicity to the slug. Further work suggested
that the reduction and loss of pathogenicity of the aged infective juveniles of P. hermaphrodita to D. reticulatum
result from the loss of M. osloensis from the aged nematodes. Also, axenic J1/J2 nematodes were nonpathogenic
after injection into the shell cavity. Therefore, we conclude that the bacterium is the sole killing agent of D.
reticulatum in the nematode-bacterium complex and that P. hermaphrodita acts only as a vector to transport the
bacterium into the shell cavity of the slug. The identification of the toxic metabolites produced by M. osloensis
is being pursued.

Moraxella osloensis (gamma subdivision: Moraxellaceae) is a
gram-negative aerobic bacterium that is coccal or rod shaped
but which tends to be pleomorphic. The bacterium can grow in
mineral medium with acetate and ammonium salts and produces oxidase and catalase but is sensitive to penicillin. M.
osloensis is occasionally isolated from the upper respiratory
tract, genitourethral specimens, blood, cerebrospinal fluid, and
pyogenic manifestations in joints, bursae, and other sites in
humans (1). The bacterium is considered an opportunistic human pathogen and has been found to cause diseases, such as
endocarditis (22), osteomyelitis (23), central venous catheter
infection (4), and meningitis (11). M. osloensis has also been
found to be associated with Phasmarhabditis hermaphrodita
(Rhabditida: Peloderinae), a lethal nematode parasite of slugs
(26).
This bacterium-feeding nematode has potential for the biological control of mollusk pests, including the grey garden slug,
Deroceras reticulatum (Stylommatophora: Limacidae), which is
often regarded as the most serious pest of agricultural and
horticultural plants (15, 21, 25). As with the entomopathogenic
nematodes in the genera Heterorhabditis and Steinernema, the
parasitic cycle of P. hermaphrodita is initiated by the third-stage
infective juveniles. The infective juveniles invade D. reticulatum through the dorsal integumental pouch immediately posterior to the mantle, enter the shell cavity via a short canal, and
then develop into self-fertilizing hermaphrodites that produce

progeny, resulting in host death (25). When the food source is
depleted, the nematodes form the next generation of infective
juveniles, which leave the cadaver to search for new hosts.
Unlike Heterorhabditis and Steinernema, which are associated
with one particular bacterium each in the genera Photorhabdus
and Xenorhabdus, respectively (13), P. hermaphrodita has been
found to be associated with many different species of bacteria.
Wilson et al. (27) recovered more than 150 bacterial isolates
from inside infective juveniles of P. hermaphrodita, from living
and dead D. reticulatum, and from xenic foam chip cultures of
the nematodes, including M. osloensis. Nine bacterial isolates
were selected and studied, and only two isolates from 24-h
cultures (Aeromonas hydrophila and Pseudomonas fluorescens
isolate 140) were found to be pathogenic to D. reticulatum
when they were injected into the hemocoel of the slug. However, nematodes grown with M. osloensis or P. fluorescens (isolate 141) were pathogenic, those grown with Providencia rettgeri
produced inconsistent results, and those grown with Serratia
proteamaculans and P. fluorescens (isolate 140) were nonpathogenic to the slug. Finally, Wilson et al. (27) selected M. osloensis as the preferred associated bacterium to mass-produce P.
hermaphrodita in monoxenic culture.
A commercial product, NemaSlug, based on P. hermaphrodita has been developed in England. However, a high dose of
the nematodes (3 ⫻ 109 infective juveniles/ha) is required for
effective plant protection in the field (17). Pathogenicity of the
mass-produced nematodes varies among different batches.
Further, aged P. hermaphrodita nematodes are less virulent
than young ones. All of these factors restrict further development of the product. Therefore, information on the virulence
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MATERIALS AND METHODS
Sources of bacteria, nematodes, and slugs. Pure culture of M. osloensis and the
foam or powder formulation of monoxenic culture of P. hermaphrodita with its
associated bacterium M. osloensis were supplied by MicroBio Ltd. (Cambridge,
United Kingdom). Nematodes were removed from the formulation by mixing
them in tap water. Infective stages were separated from the noninfective stages
by treating the nematode suspension with a 5% solution of hand soap (AJAX;
Colgate-Palmolive Company, New York, N.Y.) for 5 h. Nematode infective
stages withstand exposure to detergents, but noninfective stages do not (20). The
treated suspension was filtered through two layers of tissue paper loaded on an
aluminum sieve. The sieve with the nematodes (on the tissue paper) was then put
on a petri dish containing tap water. The living infective juveniles that migrated
through the tissue paper into the water were used in all the following experiments.
All adult D. reticulatum were collected from the field and allowed to feed on
pieces of fresh carrots and cabbage leaves at room temperature for at least 12
days. Only healthy adult slugs were then used in the subsequent experiments.
Pathogenicity of M. osloensis to D. reticulatum after injection into the shell
cavity. Two experiments were conducted to determine the pathogenicity of M.
osloensis to D. reticulatum. In the first experiment, the pure culture of M. osloensis was inoculated into nutrient agar plates and incubated at 25°C for 40 h (in log
phase). The bacteria were then washed off the plates into a sterile petri dish using
sterile saline solution (0.85% NaCl). The total numbers of bacteria in the suspension were measured with a spectrophotometer with a wavelength at 600 nm
and estimated using a standard curve of the bacteria. The bacterial suspensions
were then diluted serially into different concentrations, namely, 1.01 ⫻ 104,
1.01 ⫻ 105, 1.01 ⫻ 106, 1.01 ⫻ 107, 1.01 ⫻ 108, 1.01 ⫻ 109, and 1.01 ⫻ 1010
CFU/ml. A 50-l volume of suspension of each concentration was injected into
the shell cavity of D. reticulatum as described by Tan and Grewal (24). Twentyfour slugs were treated with each concentration and were then separated into
three petri dishes (eight slugs per dish) as three replicates for the calculation of
slug mortality. Slugs injected with the saline solution served as controls. All slugs
were fed pieces of fresh carrots and cabbage leaves and incubated at 18°C. The
numbers of dead slugs were recorded every day for 16 days.
Bacteria in stationary phase usually secrete and/or accumulate more exotoxin(s) than those in log phase (5, 7, 19). In order to determine whether M.
osloensis bacteria in the stationary phase are more toxic to the slug, we repeated
the experiment described above with a 60-h bacterial culture except that slightly
different concentrations of bacteria (1.23 ⫻ 102, 1.23 ⫻ 104, 1.23 ⫻ 106, 1.23 ⫻
108, and 1.23 ⫻ 1010 CFU/ml) were used.
We decided to grow the bacteria on plates rather than in broth culture because
(i) it is easier to monitor bacterial contamination on plates than in broth culture,
(ii) it is easier to monitor the growth of bacteria on plates than in broth culture
since isolated colonies are visible to the naked eye in the third phase of a
three-phase streak on a nutrient agar plate for a 60-h bacterial culture but not for
a 40-h bacterial culture, and (iii) culturing the bacteria on plates may eliminate
the potential adverse effect of broth medium on slug mortality.

Effect of antibiotics on the pathogenicity of M. osloensis to D. reticulatum.
Penicillin can interfere with the formation of cell walls of bacteria, while streptomycin can block the synthesis of bacterial proteins. The two antibiotics were
used to inhibit the growth and metabolism of M. osloensis, thus testing their effect
on the pathogenicity of the bacterium to D. reticulatum. A bacterial suspension
(1.23 ⫻ 1010 CFU/ml) from the 60-h culture was prepared as described above.
Fifty microliters of the suspension was injected into the shell cavity of each slug
with or without penicillin (500 U/ml) and streptomycin (500 g/ml). Twenty-four
slugs were maintained for each treatment and were then separated into three
petri dishes (eight slugs per dish) as three replicates for the calculation of slug
mortality. At the same time, slugs injected with the antibiotics or the saline
solution served as controls. All slugs were fed pieces of fresh carrots and cabbage
leaves and incubated at 18°C. The numbers of dead slugs were recorded every
day for 12 days.
Pathogenicity of M. osloensis to D. reticulatum after injection into the hemocoel. It is possible that the pathogenicity of M. osloensis to D. reticulatum varies
with the age of the bacterial cultures. Therefore, the pathogenicity to D. reticulatum of cultures of the bacterium of different ages after injection into the
hemocoel was determined. Pure culture of the bacterium was inoculated in
nutrient agar plates, and the plates were incubated at 25°C for 24, 40, and 60 h.
Bacterial suspensions were prepared, and their concentrations were estimated as
described above for the shell cavity injection experiment. The bacteria from the
three cultures of different ages were then diluted, and their concentrations were
adjusted to 1.0 ⫻109 CFU/ml. A 20-l suspension was injected into the hemocoel
from the middle of the hind dorsal portion of each D. reticulatum slug. Eighteen
slugs were treated with bacteria of each culture age and were then separated into
three petri dishes (six slugs per dish) as three replicates for the determination of
slug mortality. At the same time, slugs injected with 20 l of sterile saline
solution served as controls. All slugs were fed pieces of fresh carrots and cabbage
leaves and incubated at 18°C. The numbers of dead slugs were recorded every
day for 16 days.
Numbers of viable M. osloensis bacteria in the fresh and aged infective juveniles of P. hermaphrodita. As aged P. hermaphrodita nematodes are less virulent
to slugs, the numbers of viable M. osloensis bacteria in the infective juveniles
from a fresh, a 3-month-old, and an 8-month-old batch were determined. Infective juveniles from the three batches were surface sterilized by immersion in
0.1% thimerosal for 3 h. Twenty surface-sterilized infective juveniles were
ground using an autoclaved mortar for 30 s, and the nematode homogenate was
plated on a 9-cm-diameter nutrient agar plate. Ten replicates were prepared for
each batch. All of the nutrient agar plates were incubated at 25°C for 2 days. The
numbers of CFU were then counted.
Pathogenicity of axenic and aged P. hermaphrodita to D. reticulatum. It was
very difficult to culture P. hermaphrodita without bacteria (data not shown);
however, axenic juvenile nematodes at stage J1 or J2 (J1/J2) were obtained by
immersing nematode eggs in 0.1% thimerosal for 3 h. They were then transferred, through two changes of the sterile saline solution, to a sterile petri dish
containing sterile saline solution with penicillin (500 U/ml) and streptomycin
(500 g/ml). Five axenic J1/J2 infective juveniles (n ⫽ 3) were ground, and the
nematode homogenate was then plated on a nutrient agar plate at 25°C for 2 days
to verify the axenicity of the nematodes. Infective juveniles from the fresh,
3-month old, and 8-month old batches were surface sterilized as described above.
Five surface-sterilized infective juveniles from the three batches (only the
8-month-old batch with or without the antibiotics) and five axenic J1/J2 infective
juveniles with the antibiotics were injected into the shell cavity of the slug. The
antibiotics were used to maintain the aseptic environment for the aged or axenic
nematodes. Twenty-four slugs were maintained for each treatment and were
then separated into three petri dishes (eight slugs per dish) as three replicates for
the calculation of slug mortality. At the same time, slugs injected with the
antibiotics or the saline solution served as controls. All slugs were fed pieces of
fresh carrots and cabbage leaves and incubated at 18°C. The numbers of dead
slugs were recorded after 12 days.
Statistical analyses. All data presented in percentage values were arcsine
transformed and subjected to one-way, or repeated-measure, analysis of variance
using the statistical software program STATISTICA Kernel release 5.5 (StatSoft
Inc.; 2000). Significant differences among treatment results were determined
using Tukey’s honestly significant difference tests at a P of 0.05.

RESULTS
Pathogenicity of M. osloensis to D. reticulatum after injection
into the shell cavity. The pathogenicity of different concentrations of M. osloensis from a 40-h culture to D. reticulatum is
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mechanism of the nematode-bacterium complex is necessary to
develop mass-production systems that maintain high and stable
nematode pathogenicity. Availability of a high-quality biological control agent is needed to manage slug pests in landscapes,
nurseries, and field crops worldwide.
The present study was conducted to discern the real virulent
agent in the nematode-bacterium complex. Wilson et al. (27)
reported that a 24-h culture of M. osloensis that is injected into
the D. reticulatum hemocoel is not pathogenic. As the shell
cavity in the posterior mantle region, and not the mouth or
genital pore, serves as the main portal of entry for P. hermaphrodita (24), it is predicted that the nematode carries M. osloensis first into the shell cavity and not the hemocoel. Since important organs, including the kidney, lung, and heart, are
located in the mantle region, it is possible that M. osloensis
alone may kill the slug without entering the hemocoel. Therefore, we hypothesized that M. osloensis vectored into the shell
cavity could be pathogenic to the slug. We also hypothesized
that the pathogenicity of M. osloensis may vary with the age and
number of the bacteria.

5011

5012

TAN AND GREWAL

APPL. ENVIRON. MICROBIOL.

shown in Fig. 1. There is a trend that slug mortality increased
with the increase of the bacterial concentration over time. Both
the highest and the second-highest concentrations (5.05 ⫻ 108
and 5.05 ⫻ 107 CFU/slug) of the bacteria had significant effects
(P ⬍ 0.05) on slug mortality at 16 days after treatment compared
with the results for the control. Moreover, there is a significant
linear relationship (R2 ⫽ 0.57) between transformed slug mortality and the log of bacterial concentrations at this time.
The 60-h bacterial culture is highly pathogenic to the slug
after injection into the shell cavity (Fig. 2). Compared with the
control, the highest concentration (6.15 ⫻ 108 CFU/slug)
caused significant slug mortality (P ⬍ 0.05) as early as 4 days
after treatment. The second- and third-highest concentrations

(6.15 ⫻ 106 and 6.15 ⫻ 104 CFU/slug) also had significant
effects on slug mortality at 8 days after treatment. In addition,
all of the concentrations of the 60-h bacterial culture, from 6
CFU per slug to 6.15 ⫻ 108 CFU per slug, resulted in similar
and significant slug mortalities (around 80%) at 12 days after
treatment. There are significant linear relationships between
transformed slug mortality and the log of bacterial concentrations at 4 and 8 days after treatment (R2 ⫽ 0.54 and 0.73 for 4
and 8 days, respectively).
Effect of antibiotics on the pathogenicity of M. osloensis to D.
reticulatum. Compared with the two groups of controls, the
60-h culture of M. osloensis with and without the antibiotics,
overall, had a significant effect (P ⬍ 0.05) on slug mortality

FIG. 2. Percentage mortality (mean ⫾ SE, n ⫽ 3) of D. reticulatum following injection of different concentrations (CFU/slug) of 60-h M.
osloensis culture into the shell cavity. The asterisk indicates results that are significantly different at a P of ⬍0.05 from those for the control.
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FIG. 1. Percentage mortality (mean ⫾ SE, n ⫽ 3) of D. reticulatum following injection of different concentrations (CFU/slug) of 40-h M.
osloensis culture into the shell cavity. The asterisk indicates results that are significantly different at a P of ⬍0.05 from those for the control.
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after injection into the shell cavity (Fig. 3). Both treatments
caused significant slug mortality at 1 day after treatment compared with the results for the controls. After that, coinjection
of the antibiotics with the culture reduced the pathogenicity of
the bacteria to the slug. Only treatment with the bacteria
without the antibiotics resulted in slug mortalities that differed
significantly from that of the controls after 1 day. There are no
significant differences (P ⬎ 0.05) between the results for the
two groups of controls (saline and antibiotic treatments).
Pathogenicity of M. osloensis to D. reticulatum after injection
into the hemocoel. Since M. osloensis bacteria from the 60-h

culture were more pathogenic than those from the 40-h culture, it is possible that the bacteria did not kill the slug just
because the 24-h bacterial culture was nonpathogenic in the
study of Wilson et al. (27). D. reticulatum slug mortality caused
by cultures of M. osloensis of different ages after injection into
the hemocoel is shown in Fig. 4. Only M. osloensis from the
60-h culture had a significant effect (P ⬍ 0.05) on slug mortality
up to 16 days after treatment compared with the results for the
control. In addition, there is a significant linear relationship
(R2 ⫽ 0.66) between the total slug mortality after 16 days of
treatment and the culture age of M. osloensis at the time of

FIG. 4. Percentage mortality (mean ⫾ SE, n ⫽ 3) of D. reticulatum following injection of cultures of M. osloensis of different ages into the
hemocoel. Values differ significantly at a P of ⬍0.05 as indicated by different letters.
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FIG. 3. Percentage mortality (mean ⫾ SE, n ⫽ 3) of D. reticulatum following injection of M. osloensis (60-h culture) with or without the
antibiotics into the shell cavity. Values differ significantly at a P of ⬍0.05 as indicated by different letters.
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treatment. The 24-h bacterial culture had no significant effect
(P ⬎ 0.05) on slug mortality during the entire experimental
period.
Numbers of viable M. osloensis bacteria in the fresh and
aged infective juveniles of P. hermaphrodita. The numbers of
viable M. osloensis bacteria in 20 infective juveniles of P. hermaphrodita were 96 ⫾ 30 (mean ⫾ standard error [SE]) for the
fresh batch, 43 ⫾ 16 for the 3-month-old batch, and 7 ⫾ 6 for
the 8-month-old batch. The bacterial numbers in the fresh
batch and the 8-month-old batch were significantly different
(P ⬍ 0.05). According to the average number of M. osloensis
bacteria per nematode, the infective juveniles were divided
into five groups: group 1(⬍1 bacterium/nematode), group 2 (1
to 4 bacteria/nematode), group 3 (5 to 8 bacteria/nematode),

group 4 (9 to 12 bacteria/nematode), and group 5 (12 to 15
bacteria/nematode). The percentages of the nematodes from
the three batches in the five groups are presented in Fig. 5. No
nematodes from the 8-month-old batch fell into groups 3 to 5,
whereas 10% of the nematodes from the 3-month-old batch
and 40% of the nematodes from the fresh batch fell into these
groups. In addition, only nematodes from the fresh batch fell
into groups 4 and 5 (20 and 10% of the nematodes fell into
groups 4 and 5, respectively). In contrast, only 20% of the
nematodes from the fresh batch fell into group 1, whereas 60%
of the nematodes from the 3-month-old batch and 90% of the
nematodes from the 8-month-old batch belonged to group 1.
Pathogenicity of axenic and aged P. hermaphrodita to D.
reticulatum. Percentages of mortality of D. reticulatum caused

FIG. 6. Percentage mortality (mean ⫾ SE, n ⫽ 3) of D. reticulatum following injection of axenic and aged P. hermaphrodita into the shell cavity.
IJs, infective juveniles. The asterisk indicates results that are significantly different at a P of ⬍0.05 from those of the control.
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FIG. 5. Percentages of infective juveniles of P. hermaphrodita from a fresh, a 3-month-old, and an 8-month old batch in different groups.
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by the axenic and aged P. hermaphrodita organisms are shown
in Fig. 6. Only the fresh infective juveniles caused significant
slug mortality (P ⬍ 0.05) compared with the results for controls. Neither the 8-month-old infective juveniles with or without the antibiotics nor the axenic J1/J2 P. hermaphrodita juveniles with antibiotics had observable effects on slug mortality.
DISCUSSION

Hoiczyk et al. (18) indicated that two adhesins on the outer
membrane of M. catarrhalis are established pathogenicity factors. The identification of the toxic metabolites produced by M.
osloensis is being pursued.
The mutual association between P. hermaphrodita and M.
osloensis seems parallel to the association between the entomopathogenic nematodes and their associated bacteria. The
infective juveniles of the entomopathogenic nematodes also
carry their symbiotic Xenorhabdus or Photorhabdus bacteria
into insect hosts, in which the latter multiply and kill the hosts
within 24 to 48 h (16). Further, it is the symbiotic bacteria of
the entomopathogenic nematodes that produce toxins to kill
the insect hosts. Like many other gram-negative bacteria, Xenorhabdus spp. produce endotoxins. The Xenorhabdus nematophilus endotoxins are lipopolysaccharide components of the
cell wall that are toxic for the hemocytes of Galleria mellonella
(8). Exotoxin activity has also been demonstrated for Photorhabdus luminescens, X. nematophilus, and Xenorhabdus bovienii
by injecting the culture supernatant into insects (14). A highmolecular-weight extracellular insecticidal protein complex in
P. luminescens has been found and purified. The purified toxin
complex contained no protease, phospholipase, or hemolytic
activity and only a trace of lipase activity but was found to be
active in nanogram concentrations against insects representing
four orders of the class Insecta (2). Further, the genes encoding the toxin complex have been cloned. The toxin complex loci
tca, tcb, tcc, and tcd encode a series of four native complexes.
Both tca and tcb encode complexes with high oral toxicity for
Manduca sexta so that they may represent potential alternatives to the deployment of Bacillus thuringiensis toxins in transgenic plants (3). Otherwise, similar toxin complex gene sequences from X. nematophilus have been found (10).
It is not fully clear why M. osloensis from cultures of different
ages had significantly different effects on slug mortality when
they were injected into the shell cavity or hemocoel. As stated
above, it is strongly suggested that the pathogenicity of M.
osloensis to the slug is related to the toxicity of the bacterium.
As the 24-, 40-, and 60-h bacterial cultures were in the early log
phase, late log phase, and stationary phase, respectively, it is
possible that the bacteria from cultures of different ages have
different capacities for producing toxin(s) and/or accumulate
different amounts of toxin(s) before the injection. For example,
the 24-, 40-, and 60-h cultures of M. osloensis may have produced and/or accumulated small, medium, and large amounts
of toxin(s) before injection into the shell cavity or hemocoel,
respectively. Furthermore, compared with M. osloensis in log
phase (e.g., the 24- and 40-h cultures), the bacterium in stationary phase (e.g., the 60-h culture) may have specific physiological, biochemical, and morphological characteristics enabling better and more rapid slug colonization, evading or
overcoming host defense mechanisms.
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