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The bacteriophagous nematode Caenorhabditis elegans has been recognized as a surrogate

host for human pathogens. The aim of this study was to examine whether food-borne

pathogens are pathogenic in nematodes. Young adult worms were allocated onto peptone-free

medium covered with a bacterial suspension of each pathogen. The plates were incubated and

as the number of live and dead worms scored at least every 24 h. Twelve of the 14 pathogenic

strains, namely Aeromonas sobria, the diarrheagenic Escherichia coli strains (enteroaggrega-

tive E. coli, enterohemorrhagic E. coli, enteropathogenic E. coli, enterotoxigenic E. coli, en-

teroaggregative E. coli heat-stable enterotoxin 1 gene-possessing E. coli, and di#usely adher-

ent E. coli), Listeria monocytogenes, Salmonella Enteritidis, Staphylococcus aureus, Vibrio para-

haemolyticus, and Yersinia enterocolitica reduced the survival rate of worms to varying

degrees. The remaining 2 strains, Bacillus cereus and enteroinvasive E. coli, did not. Thus,

food-borne pathogens can infect and proliferate within bacteriophagous nematodes on pepto-

ne-free medium to the same extent as reported with conventional peptone-containing

medium. However, the non-enteropathogenic E. coli strain HS and deletion mutants of L.

monocytogenes, which have lost their virulence in the murine model, were also still nematoc-

idal. Although this nematode could be an alternative host for these pathogens, the nematoc-

idal activity of these pathogens may not necessarily reflect enteropathogenicity in humans.

Pathogens and the virulence genes to be analyzed must be carefully selected before using this

alternative host.
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Introduction

A variety of experimental models have
been developed to study microbial virulence or
the pathogenicity of protein toxins. However,
due to increasing ethical considerations as well
as economic reasons, the use of mammalian
hosts is decreasing in popularity, and the estab-
lishment of e#ective alternative non-mam-
malian systems is urgently required.

There has recently been increasing interest
in the soil nematode Caenorhabditis elegans as a
possible host of human pathogenic bacteria,

since it was reported by Ausubel et al. in 1999
that Pseudomonas aeruginosa caused fatal infec-
tion of C. elegans31). C. elegans has also been
reported as a successful model for the investiga-
tion of virulence-associated factors of human
pathogens such as Burkholderia pseudomallei10),
Cryptococcus neoformans19), Enterococcus faeca-

lis27), enteropathogenic Escherichia coli2, 16), Lis-

teria monocytogenes34), P. aeruginosa32), Serratia

marcescens14), Shigella flexneri6), Staphylococcus

aureus11, 28), and Vibrio vulnificus9).
We recognized nematodes as a potential

new surrogate host, and the degree of similarity
between this nematode, C. elegans, and humans
is greater than expected17). In the above-cited
reports, the human pathogens and associated
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deletion mutants often successfully showed vir-
ulence and avirulence in the nematode as well
as in the murine model. However, the worms
were infected with inocula on conventional
nematode growth medium, which contains pep-
tone, raising the possibility that the inoculated
pathogen would have proliferated regardless of
whether it could successfully infect the nema-
todes and derive nutrition from the hosts; the
metabolites produced by the bacteria on the
medium may also have a#ect the nematodes. In
the present study, we examined whether vari-
ous food-borne pathogens are pathogenic for C.

elegans even on medium containing no nutri-
ents to support bacterial growth. Furthermore,
the nematocidal activities of the enteric patho-
gens were compared with those of E. coli HS,
an internationally well-recognized non-entero-
pathogenic strain15).

Materials and Methods

Nematodes
The C. elegans Bristol strain N2 was kindly

provided by the Caenorhabditis Genetics
Center, University of Minnesota. The nema-
todes were maintained and propagated on nem-
atode growth medium (NGM) using standard
techniques30).
Bacterial strains

A variety of bacterial pathogens of food-
borne infectious diseases were used: Aeromonas

sobria strain AS6221), Bacillus cereus strain 91-
97-1322), enteroaggregative E. coli (EAggEC)
strain V54624), EAggEC heat-stable enterotoxin
1 (EAST1) gene-possessing E. coli (EAST1EC)
O166 : H15 strain36), enterohaemorrhagic E. coli

(EHEC) O157: H7 strain 96-98-8323), enteroinva-
sive E. coli (EIEC) O143 : H-strain E35990, enter-
opathogenic E. coli (EPEC) O127 : H6 strain
E2348/69, enterotoxigenic E. coli (ETEC) O6 :
H16 strain ETEC1, di#usely adherent E. coli

(DAEC) O1 : H4 strain V643), Listeria mono-

cytogenes strain EGD (serotype 1/2a), Staphylo-

coccus aureus strain 96-55-17A, Salmonella en-

terica serovar Enteritidis phagetype 1 strain
SE1, Vibrio parahaemolyticus serotype O3 : K6
strain VP1, and Yersinia enterocolitica serotype
O8 strain ATCC9610. The attenuated isogenic
mutants (L. monocytogenes Dhly and L. mono-

cytogenes DactA) were kindly provided by Prof.
Masao Mitsuyama (Kyoto University Graduate

School of Medicine). The E. coli strain HS was
kindly provided by Prof. Alison D. O’Brien at
Uniformed Services University of the Health
Sciences and was used as a control since this
strain had been proven to be avirulent by oral
inoculation in human volunteers15). E. coli

OP50 was used as a food source for the nema-
todes. Tryptone soya agar (Oxoid, Basingstoke,
Hampshire, UK) was used to culture all the
bacterial strainsused, with 0.6� yeast extract
(Oxoid) added for listeria.
Nematocidal assays

Worms for the nematocidal assays were
generated from eggs released after exposing
adult worms to a sodium hypochlorite/sodium
hydroxide solution as previously described30).
The egg suspensions were incubated overnight
at 25� to allow hatching, and suspensions of
the L1 stage worms were centrifuged at 1,000
rpm for 1 min. The supernatant was removed
and the remaining larvae were transferred onto
fresh NGM plates and incubated at 25�. Two
days later each batch of 25 young adult worms
was placed onto peptone-free modified nema-
tode growth medium (mNGM) in 6.0-cm diame-
ter plates covered with a lawn of each patho-
gen. In all the previous reports mentioned, the
nematocidal assays were performed by intro-
ducing the worms onto NGM agar plates con-
taining peptone, which would allow the patho-
gens to proliferate. The composition of the
NGM was reported to influence the virulence of
the pathogens11) and metabolites produced by
the bacteria from tryptophan in the medium
were found to be fatal to the nematodes2). To
exclude the e#ects of nutrients in the medium,
the present study was performed on mNGM
plates, which contained no bacterial nutrients.
The bacterial lawns used for the nematocidal
assays were prepared by spreading 100 ml of
bacterial suspension (10 mg wet weight/100 ml

of M9 bu#er) on the mNGM plate. Following
addition of the worms, the plates were in-
cubated at 25� and live and dead worms
scored at least every 24 h. A worm was consid-
ered dead when it failed to respond to a gentle
touch with a worm picker. Since these worms
are hermaphrodites and continue to reproduce
during the assay, newly hatched progeny could
have interfered with the count of the surviving
worms. To avoid this, surviving adult worms
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were transferred to fresh plates every 2 days.
Worms that died as a result of getting stuck to
the wall of the plate were eliminated from the
analysis. Each assay was performed in dupli-
cate. Nematode survival was calculated by the
Kaplan�Meier method, and survival di#erences
were tested for significance by the log rank test.
Measurement of the number of pathogens in
nematodes

To recover internal bacteria from the nem-
atodes, the method of Garsin et al. (2001) was
used with some modifications11). Five worms
were picked and the surface bacteria were re-
moved by washing 4 times in 4-ml drops of M9
bu#er on agar plates. Each nematode was
placed in a 0.5-ml microtube containing 20 ml of
M9 bu#er and was mechanically disrupted
using a microtube pestle (Scientific Specialties
Inc., Lodi, CA, USA). The volume was adjusted
to 500 ml with M9 bu#er and the number of
bacteria was determined using Tryptone soya
agar and MacConkey agar (Nissui, Tokyo,
Japan).

Results

Compared to the control worms fed with E.

coli OP50, the international standard food for C.

elegans, the nematodes were killed quickly after
their transfer to the lawns of DAEC, EAggEC,
EAST1EC, L. monocytogenes wild-type, S. Enter-
itidis, S. aureus, or Y. enterocolitica O8 (Figs. 1a
�g). To our knowledge this is the first report to
demonstrate the nematocidal activity of DAEC,
EAggEC, EAST1EC, and Y. enterocolitica, al-
though additional strains of each pathogen
should be tested to confirm these findings. Hea-
t-killed nematocidal bacteria strains did not kill
the worms and were as safe as OP50 (data not
shown). The number of bacteria recovered
from worms reached 104 to 105 CFU/worm
after ingestion of the nematocidal strains,
except Y. enterocolitica (Figs. 2a�g).

EHEC, EPEC, and ETEC also killed the
worms, but to a lesser extent compared to the
other E. coli strains (Figs. 1h�j), and the number
of bacteria recovered from these worms was
comparatively low (Figs. 2h�j). There has been
no previous report concerning the infection of
worms with A. sobria and V. parahaemolyticus.
Under our experimental conditions these bacte-
ria were moderately nematocidal (Figs. 1k and

l) and the number of bacteria recovered from
the nematodes was also low (Figs. 2k and l).

In contrast, nematodes fed B. cereus sur-
vived longer than the control (Fig. 1m, Fig. 2m).
EIEC was avirulent in nematodes, and the life-
span of the worms was not significantly di#er-
ent from those grown on E. coli OP50 (Fig. 1n,
Fig. 2n).

Inversely, E. coli strain HS reduced the
worm’s survival rate under our experimental
conditions to the same extent as other food-
borne pathogens (Fig. 1o, Fig. 2o). This strain is
well recognized as a non-enteropathogenic
strain representing indigenous bacterial flora
and is often used as a negative control15). L.

monocytogenes mutants for hly and actA, which
were attenuated in their major virulence-
associated genes identified in the murine model,
were still pathogenic in the nematodes, to a
similar extent to their parental wild-type strain
(Fig. 1g, Fig. 2f).

Discussion

Twelve of the 14 food-borne pathogens ex-
amined significantly reduced the survival rate
of the bacteriophagous nematode C. elegans,
even on medium containing no peptones. Since
the worms died over the course of several days,
the pathogens exhibited a “slow killing” e#ect,
with accumulation of bacteria in the intestine
of the nematodes. These findings strongly sup-
port the usefulness of C. elegans to study food-
borne pathogens, in agreement with the several
reviews that have suggested the feasibility of C.

elegans as a model to investigate virulence-
associated factors of human pathogenic
bacteria1, 18, 20, 25, 26).

Nevertheless, there were some apparent
anomalies in the data. The well-established
enteric pathogens such as EHEC, EPEC, ETEC,
and V. parahaemolyticus were rather modest in
their nematocidal activity, and B. cereus and
EIEC were avirulent in the worms. A. sobria

was showed modest nematocidal activity, al-
though the other vibrionaceae, A. hydrophila

strains7) and Vibrio cholerae El Tor Inaba35),
have previously been reported to be clearly
nematocidal on NGM plates including peptones.
Anyanful et al.2) reported that EHEC, EIEC,
EPEC, and ETEC could paralyze and kill nema-
todes quickly without contact by producing
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toxic substances on tryptophan-containing
medium, but the organisms did not produce the
toxic substances on the NGM plates2); the
organisms seemed not to infect the worms in
their experiments. The reason for these dis-
crepancies between the present data and previ-
ous reports is unclear. The pathogens might

require peptones to infect worms or to produce
toxic metabolites on the medium in situ, or else
the temperature of the worms might be too low
for these diarrheagenic E. coli to express the full
virulence. Given the response of these patho-
gens, it is still uncertain whether C. elegans is a
suitable alternative host for infection.
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Fig. 1. Survival of C. elegans fed with either E. coli OP50 or food-borne pathogens throughout their adult life from 3
days old. The pathogens illustrated in each graph are as follows: (a) DAEC, (b) EAggEC, (c) EAST1EC O166 : H15, (d)
S. Enteritidis, (e) S. aureus, (f) Y. enterocolitica O8, (g) L. monocytogenes 1/2a and its mutants (ActA and Hly), (h) EHEC,
(i) EPEC, (j)ETEC, (k) A. sobria, (l) V. parahaemolyticus, (m) B. cereus, (n) EIEC, and (o) non-enteropathogenic E. coli

strain HS. Experiments (a�f, i, and k�m) were performed simultaneously, and the survival curve of the control group
was comparable across these graphs. Experiment (h) was performed along with experiment (j). �, ��, and ��� indicate
p�0.05, p�0.01, and p�0.001, respectively.
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The B. cereus used in this study is a causa-
tive agent of emetic-syndrome food poisoning
by intradietetic intoxication22). Therefore,
direct feeding would most likely not result in
nematocidal activity. Alternatively, B. cereus is
a natural inhabitant in soil and is possibly a
natural food for the soil nematode C. elegans

rather than E. coli OP50 and this perhaps ac-
counts for the longevity of worms fed B.

cereus12).
Borgonie et al. reported that the intestinal

lumen of the bacteriophagous nematode was
surrounded by a peritrophic-like membrane
which is likely to be chitinous and protects the
epithelial surface5). To date no reports have
demonstrated invasion by human pathogenic
bacteria into the cytoplasm of nematode gut
cells or penetration into the body cavity, except
in the terminal phases of infection20). Normally
EIEC is able to enter into a cell and escape the
extracellular host-defense system. We there-
fore believe that EIEC could not pass through
the peritrophic-like membrane or enter the
nematode gut cells, and thus became exposed to
antibacterial factors in the worm’s gut, indicat-
ing that the EIEC used in this study is not fatal
to nematodes.

The E. coli HS and L. monocytogenes atten-
uated mutants were pathogenic in our experi-
ments. Several genes of P. aeruginosa, S. aureus,
S. marcescens, and Yersinia pestis have been
newly identified and found to be involved in the
pathogenicity of C. elegans, and some have also
been found to be essential for virulence in the

Fig. 2. Number of bacteria recovered from C. elegans

fed with either each pathogenor E. coli OP50.
Nematodes were transferred to plates on which
pathogens were spread. After the days indicated, the
nematodes were washed and homogenized. The
resulting suspension was diluted and plated onto
Tryptone soya agar and MacConkey agar plates. The
number of colony-forming units per worm was
calculated. The pathogens illustrated in each graph
are as follows: (a) DAEC, (b) EAggEC, (c) EAST1EC
O166 : H15, (d) S. Enteritidis, (e) S. aureus, (f) L. mono-

cytogenes 1/2a wild-type and the deletion mutants
(ActA and Hly), (g) Y. enterocolitica O8 (h) EHEC, (i)
EPEC, (j) ETEC, (k) A. sobria, (l) V. parahaemolyticus,
(m) B. cereus, (n) EIEC, and (o) non-enteropathogenic
E. coli strain HS. Experiments (a, h, i, and j), (b and e),
(c and d), (f and m), and (g, k, l, and o) were performed
simultaneously, and the control in each group is
comparable across these graphs. All results represent
the mean�standard error of the mean. �, ��, and ���
indicate p�0.05, p�0.01, and p�0.001, respectively.
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mammalian system4, 14, 29, 33). However, the bac-
terial pathogenicity observed in C. elegans mod-
els may reflect other virulence-related aspects
rather than enteropathogenicity; although the
current observations do not necessarily exclude
the possibility that the characteristics associa-
ted with nematocidal activity may be prerequi-
sites for some human enteropathogens. The
genes hly or actA are critical for the in-
tracellular parasitism of L. monocytogenes in
mice. The hly gene encodes a pore-forming
toxin, listeriolysin O, which is the major viru-
lence factor implicated in the escape of this
bacterium fromphagocytic vacuoles, and the
product of the actA gene mediates actin-based
motility in the cytoplasm. However, Thomsen
et al. (2006) reported that intracellular life was
not important for listeria in C. elegans. L. mono-

cytogenes seems to be resistant to humoral anti-
bacterial factors in the worm34). At present it
remains unclear whether the properties associa-
ted with nematocidal activity play an impor-
tant role in the virulence of listeria in mammals,
although virulence factors PrfA and DegU have
been found to be essential for the expression of
virulence in C. elegans as well as in mice34).

The numbers of bacteria recovered from
the worms were comparatively high after in-
gestion of the nematocidal strains, except Y.

enterocolitica. The other Yersinia, Y. pestis and
Y. pseudotuberculosis, were previously reported
to kill nematodes by forming a biofilm around
the worm’s mouth to inhibit food intake8). Y.

enterocolitica might also behave similarly and
the number of organisms recovered from the
worms was low.

C. elegans is useful for studying the rela-
tionship between innate immunity and patho-
gens because the nematode lacks an adaptive
immune system. Using the worms on agar
plates containing no bacterial nutrients, we re-
cently found that lactic acid bacteria can en-
hance the host’s defense against salmonella in
C. elegans and prolong lifespan13). Although C.

elegans does not have phagocytes specialized
for innate host defense, it produces a variety of
humoral antibiotic substances such as lyso-
zymes, caenopores, lipase, lectins and C3-like
thioester-containing proteins, and defensin-like
antibiotic peptides1, 18, 20, 25, 26). These sub-
stances in the nematodes might be recognized

as a category of the digestive enzymes of mam-
mals. Bacteria resistant to these antibacterial
substances are likely to be nematocidal irre-
spective of their enteropathogenicity in
humans. Consequently, C. elegans may be more
suitable to study systemic infection-causing
pathogens which have to contend with humoral
factors of the host.

In conclusion, the use of nematodes as an
alternative host for screening bacterial strains
for attenuated mutants is likely to result in the
reducing the need for experimental mammalian
hosts. However, in the case of enteric patho-
gens, careful selection of bacterial species and
strains is required, as is analysis of the etiolog-
ical significance of nematocidal virulence of
human enteric pathogens in humans.
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