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This study aimed to develop a convenient model to investigate the senescence of host defenses and the
influence of food and nutrition. A small soil nematode, Caenorhabditis elegans, was grown for 3 days from
hatching on a lawn of Escherichia coli OP50 as the normal food source, and subsequently some of the nematodes
were fed lactic acid bacteria (LAB). The life spans of worms fed LAB were significantly longer than the life
spans of those fed OP50. To investigate the effect of age on host defenses, 3- to 7-day-old worms fed OP50 were
transferred onto a lawn of Salmonella enterica serovar Enteritidis for infection. The nematodes died over the
course of several days, and the accumulation of salmonella in the intestinal lumen suggested that the worms
were infected. The 7-day-old worms showed a higher death rate during the 5 days after infection than
nematodes infected at the age of 3 days; no clear difference was observed when the worms were exposed to
OP50. We then investigated whether the LAB could exert probiotic effects on the worms’ host defenses and
improve life span. Seven-day-old nematodes fed LAB from the age of 3 days were more resistant to salmonella
than worms fed OP50 until they were infected with salmonella. This study clearly showed that LAB can enhance
the host defense of C. elegans and prolong life span. The nematode appears to be an appropriate model for

screening useful probiotic strains or dietetic antiaging substances.

Caenorhabditis elegans is a small, free-living soil nematode
that feeds on bacteria; it has been extensively used as an ex-
perimental system for biological studies because of its simplic-
ity, transparency, ease of cultivation, and suitability for genetic
analysis (26). In particular, for aging studies, the worm has the
advantage of a short and reproducible life span (7). Recently,
since Tan et al. reported infection due to Pseudomonas aerugi-
nosa (31), the organism has also been recognized as an alter-
native to mammalian models of infection with bacterial patho-
gens (15, 25). In the field of innate immunity research, C.
elegans is becoming one of the most important experimental
animals, similar to the fruit fly Drosophila melanogaster (15, 25,
28).

Age at infection is likely one of the most important deter-
minants of morbidity and mortality from disease (22). Because
aging is accompanied by functional and metabolic alterations
in cells and tissues, senescence of the immune system results in
an age-related increase in infection, malignancy, and autoim-
munity (9, 23). Elderly humans have increased mortality from
many different types of infections (5).

Whether nutritional control can retard the senescence of
immune function and decrease mortality from infectious dis-
eases has not yet been established; the difficulty of establishing
a model has made this a challenging topic to investigate.
Although some studies have shown successful improvement
of biomarkers relating to immunological functions (4), few
reports have shown a beneficial influence of nutrition on
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immunity and the resultant outcome of experimental infec-
tion (6, 11).

Probiotic bacteria are defined as living microorganisms that
exert beneficial effects on human health when ingested in suf-
ficient numbers (24). Lactic acid bacteria (LAB) have been
used in various fermented foods since antiquity. Metchnikoff,
who first proposed the concept of probiotic bacteria in 1907,
hypothesized that lactobacilli were important for human health
and longevity (21). LAB are the most commonly used probiotic
microorganisms. LAB have been found to have a variety of
physiological influences on their hosts, including antimicrobial
effects, microbial interference, supplementary effects on nutri-
tion, antitumor effects, reduction of serum cholesterol and
lipids, and immunomodulatory effects. However, there have
been no reports concerning the influence of LAB on longevity.

We have studied whether food could influence the worm’s
mean life span and host defenses. In this study, we evaluated
whether LAB could contribute to host defenses and prolong
the lifetime of C. elegans. Lactobacilli and bifidobacteria were
fed to the worms, and their life span and resistance to salmo-
nella were compared with those of worms fed Escherichia coli
OP50, an international standard food for C. elegans.

MATERIALS AND METHODS

Nematode. C. elegans Bristol strain N2 was kindly provided by the Caenorhab-
ditis Genetics Center, University of Minnesota, Minneapolis, MN. The nema-
todes were maintained and propagated on nematode growth medium (NGM)
with standard techniques (29), using E. coli OP50 as the internationally estab-
lished feed.

Bacterial strains. Bifidobacterium infantis ATCC 15697, Bifidobacterium lon-
gum ATCC 15707, Lactobacillus helveticus NBRC15019, Lactobacillus plantarum
NBRC15891, and Lactobacillus rhamnosus NBRC14710 were the LAB used to
feed the worms. Lactobacillus spp. were purchased from NITE Biological Re-
source Center (NBRC), Chiba, Japan. Clostridium perfringens strain 99-279-37
was used as another anaerobic bacterial strain for comparison with LAB. Sal-
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monella enterica serovar Enteritidis strain SE1, originally isolated from a diar-
rheal specimen, was used as a pathogen. E. coli strain OP50 was kindly provided
by Hideyuki Hoshi (Osaka Prefecture University, Japan).

Media. Culture broth was prepared using GAM broth (Nissui Pharmaceutical
Co., Tokyo, Japan) for bifidobacteria and C. perfringens, MRS broth for L.
plantarum, and no. 804 broth (see below) for the other lactobacilli. TOS propi-
onate agar (Eiken Chemical Co., Tokyo, Japan), BL agar (Nissui), MRS agar
(Oxoid), and medium no. 804 agar were used for B. infantis, B. longum, L.
plantarum, and the other two Lactobacillus spp., respectively. Following the
instructions of the NBRC, medium no. 804 was prepared by adding 5.0 g Bacto
peptone (Becton Dickinson), 5.0 g yeast extract (Oxoid), 5.0 g glucose, 1.0 g
MgSO, + TH,0, and 15 g agar (Wako Pure Chemical Industries, Osaka, Japan)
to 1 liter of distilled water. C. perfringens was grown using GAM agar (Nissui).
Tryptone soya agar (Oxoid) was used to culture E. coli OP50 and S. enterica. The
bacterial lawns used for feeding C. elegans were prepared by spreading 25 pl of
the bacterial suspension (10 mg/25 pl M9 buffer) on NGM modified to be
peptone free (mMNGM) in 6.0-cm-diameter plates.

Life span of C. elegans. The worms were generated from the eggs which were
released after adult worms were exposed to a sodium hypochlorite-sodium hy-
droxide solution as previously described (30). The egg suspension was incubated
overnight at 25°C to allow hatching, and the suspension of L1-stage worms was
centrifuged at 1,000 rpm for 1 min. The supernatant was removed, and the
remaining larvae were transferred onto fresh mNGM plates covered with E. coli
OP50 and incubated at 25°C. It is well known that the reproductive system
regulates aging in C. elegans (12). To synchronize pubescence, worms were fed on
OP50 until maturation. Two days later, life span assays were begun with 3-day-
old young-adult worms, which were allocated at 25 each to mNGM plates
covered with lawns of each LAB strain. The plates were incubated at 25°C, and
the numbers of live and dead worms were scored at least every 24 h. At 25°C,
worms produce progeny that develop into adults in 3 days, and it is difficult to
identify the original worms. Therefore, the original worms were transferred to
fresh plates on a daily basis. A worm was considered dead when it failed
to respond to gentle touch with a worm picker. Worms that died as a result of
getting stuck to the wall of the plate were eliminated from the analysis.

The mean life span (MLS) was estimated using the formula (36)

10X + X541
MLS = -T2y

7

where j is the age category (day), d; is the number of worms that died in the age
interval (x;, x;41), and 7 is the total number of worms. The standard error (SE)
of the mean life span estimate was calculated using the equation

3 1 Xj + Xj 2
SE\/n(n_l)E< 5 —MLS)d,

Measurement of body size. The 3-day-old young-adult worms were allocated to
mNGM plates covered with lawns of B. infantis or E. coli OP50. The plates were
incubated at 25°C, and live worms were examined for their body size measure-
ments every 24 h until they were infected with salmonella. Images of adult
nematodes were taken with a VCT-VBIT digital microscope (Shimadzu, Kyoto,
Japan) and analyzed using the Imagel] software developed by the National
Institutes of Health. In this system, the area of the worm’s projection was
estimated automatically and used as an index of body size.

Influence of aging on resistance against salmonella infection. After hatching,
the nematodes were grown on E. coli OP50. Each 25 synchronous worms of the
desired age were transferred to a plate covered with salmonella, which was
incubated at 25°C. The assay plates were prepared in duplicate by spreading 25
wl of bacterial suspensions containing 10 mg of salmonella onto 60-mm-diameter
mNGM plates.

Influence of feed on resistance against salmonella infection. After hatching,
the nematodes were grown on E. coli OP50 for 3 days, and then the worms were
assigned to a control group that continued to be fed OP50 or to a group that was
fed LAB for 4 days. The 7-day-old worms were then transferred onto salmonella
lawns. Each group of 25 worms was assigned to one plate and incubated at 25°C.
The numbers of live and dead worms were scored at least every 24 h. Survival
rates were compared between groups of worms grown on different feeds before
the salmonella infection. Each assay was carried out in duplicate.

Bacterial colonization within the C. elegans digestive tract. The numbers of
salmonella cells in the nematodes were determined according to the method of
Garsin et al. (8), with some modification. Five worms were picked, and the
surface bacteria were removed by washing the worms four times in 4-ul drops of
M9 buffer on agar plates. Each nematode was placed in a 0.5-ml microtube
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FIG. 1. Effects of LAB on the life span of C. elegans. Adult worms
fed a diet of E. coli strain OP50 for 3 days after hatching were trans-
ferred to diets of lactobacilli (A) or bifidobacteria (B). The lactobacilli
used were L. helveticus (LH), L. plantarum (LP), and L. rhamnosus
(LR). The bifidobacteria used were B. infantis (BI) and B. longum
(BL). The life spans of nematodes fed LAB were significantly extended
(P < 0.001). The mean life spans (in mean number of days * standard
error) of worms fed L. helveticus, L. plantarum, L. rhamnosus, B.
infantis, and B. longum were 14.6 * 0.43 (25%), 14.2 = 0.44 (22%),
15.5 = 0.38 (33%), 15.1 = 0.40 (29%), and 13.6 = 0.50 (17%), respec-
tively (the numbers in parentheses are the percent differences in the
means relative to the mean for controls fed OP50). The mean life
spans of controls for lactobacilli and bifidobacteria were 11.7 = 0.33
and 11.7 = 0.38 days, respectively.

containing 20 wl of M9 buffer and was mechanically disrupted using a microtube
pestle (Scientific Specialties Inc., Lodi, CA). The volume was adjusted to 500 pl
with M9 buffer, and the number of salmonella cells was determined by using
mannitol lysine crystal violet brilliant green agar (Nissui).

Statistical analysis. The rate of nematode survival was calculated by the
Kaplan-Meier method, and differences in survival rates were tested for signifi-
cance by use of the log rank test. Before the statistical analysis of body sizes and
bacterial numbers was performed, the values were examined for a normal dis-
tribution. If the raw data did not fit a normal distribution, the values that were
markedly different in each group were rejected based on the Smirnov-Grubbs
test and the group was examined again for a normal distribution. The significance
was then examined by Student’s or Welch’s ¢ test after an F test was performed,
unless otherwise stated. If the raw data did not fit a normal distribution, the
Mann-Whitney U test was used.

RESULTS

Feeding nematodes bifidobacteria or lactobacilli resulted in
increases in the average life spans of the nematodes compared
to the life spans of those fed OP50 (Fig. 1A and B). Bifidobac-
teria and lactobacilli were prepared by anaerobic culture. To
examine whether anaerobically cultured bacteria could en-
hance the longevity of the worms, C. perfringens, an anaerobic
pathogen, was also used as feed for the nematodes. However,
neither C. perfringens nor OP50, cultured anaerobically on
LAB media, increased the life span of the nematodes as much
as LAB did (Fig. 2A and B). To examine whether or not the
beneficial effects of LAB were brought about by their harmless
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FIG. 2. Comparison of the life span-extending effects of LAB with
the effects of other bacteria cultured under anaerobic conditions.
(A) Another anaerobic organism, C. perfringens (CP), did not show a
life span-extending effect. The mean life span and the percent differ-
ence in the mean life span relative to those of controls were 12.1 + 0.37
days (mean * standard error) and 8%, respectively. (B) Worms fed
OP50 cultured on BL agar (BLA; 11.1 * 0.54 days; —1% difference)
or GAM agar (GAMA; 10.4 = 0.46 days; —7% difference) did not
show any difference from worms fed on organisms cultured on tryptone
soya agar (TSA; 11.2 = 0.45 days). (C) B. infantis (BI; 16.3 + 0.47 days;
33% difference) prolonged life span over that seen with heat-killed
OP50 (HK OP50; 12.27 = 0.42 days) (P < 0.001).

nature compared to OP50, the survival rate of worms fed on
LAB was compared with that of nematodes fed on killed OP50.
Heat-killed OP50 did not prolong the worms’ longevity as
much as LAB did (Fig. 2C). The body sizes of the nematodes
fed on B. infantis were a little smaller than those of control
worms during the first 3 days after the food source was changed
(Fig. 3).

Salmonella killed about 40% of the nematodes within 5 days
after the worms were transferred to the lawn of this pathogen
at age 7 days (Fig. 4A), while 80% of the worms fed OP50
remained alive after 5 days. The pathogenicity of the salmo-
nella against C. elegans as reported elsewhere (1, 16) was
reconfirmed; heat-killed salmonella did not show such patho-
genicity, and these worms’ life spans were not significantly
different from the life spans of those grown on E. coli OP50
(data not shown). The 3-day-old worms were not killed in 5
days when fed either OP50 or salmonella (Fig. 4B). The 3-day-
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FIG. 3. Growth curve of worms fed B. infantis. Images of adult
nematodes fed OP50 or LAB were taken with a digital microscope, and
the area of the worm’s projection was measured and used as an index
of body size. The body sizes of the worms fed bifidobacteria were
similar to those of controls; however, they were smaller during the first
3 days after their food was changed from OP50 to bifidobacteria, and
this effect was statistically significant (x, P < 0.05; =, P < 0.01). All
results are presented as means = standard deviations of the means.

old worms were clearly resistant to salmonella compared to the
7-day-old nematodes (Fig. 4C). The initial number of salmo-
nella cells recovered from those worms in which infection
started at age 3 days was smaller than the number recovered
from worms infected from age 7 days (Fig. 4D).

The 7-day-old nematodes fed bifidobacteria or lactobacilli
from age 3 days were clearly resistant to subsequent salmonella
infection compared with nematodes fed OP50 before the sal-
monella infection (Fig. 5SA and B). However, the number of
salmonella cells recovered from worms fed LAB was the same
as that recovered from worms grown on OP50 (Fig. 5C).

DISCUSSION

Nutrition is believed to influence aging and host defense.
Recently, resveratrol, a compound contained in red grapes,
was discovered to be an effective antiaging substance (3, 33).
However, there is no clear experimental evidence showing that
specific foods can prolong longevity. The present study has
shown that providing LAB as a feed could increase the average
life span of C. elegans. It has been reported that even the
international food strain OP50 is pathogenic in old nematodes
and that worms fed killed OP50 organisms can live longer than
those fed live OP50. To examine whether or not the beneficial
effects of LAB were brought about by their harmless nature,
survival of nematodes fed LAB was compared with that of
nematodes fed killed OP50. The beneficial effect was not sim-
ply due to the harmless nature of LAB; the survival of nema-
todes fed heat-killed OP50 was significantly lower than that of
nematodes fed LAB. On the basis of the longevity of Bulgar-
ians who eat large quantities of yogurt, Metchnikoff hypothe-
sized that lactobacilli were important for human health and
longevity (21). This served as an impetus for research on
healthful bacteria, i.e., probiotics. No experimental data about
life-prolonging effects of LAB have been published. The
present data suggest this possibility, although we should not
directly extrapolate the phenomenon to humans, since the
present study was performed with nematodes, which are phy-
logenetically quite distant from mammals.

Similar to the results reported by Laws et al. (18), senes-
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FIG. 4. Survival curve for nematodes infected with Salmonella en-
terica serovar Enteritidis (SE) at 7 days (A) or 3 days (B) of age. The
mean numbers of days of survival of worms after the salmonella in-
fection were 4.4 = 0.13 (—42%) for 7-day-old worms and 6.6 = 0.22
(—36%) for 3-day-old worms (the numbers in parentheses are the
percent differences in the means relative to the mean for controls fed
OP50). The mean survival times of controls fed OP50 were 7.6 = 0.31
days for 7-day-old worms and 10.3 = 0.34 days for 3-day-old worms.
(C) Survival rate at the fifth day of salmonella infection. The death rate
of nematodes infected at age 7 days was greater than that of worms
infected at age 3 days (P < 0.01). Survival rates on arbitrary days were
determined by using polynomial regression analysis. The values were
transformed using trigonometry and examined for a normal distribu-
tion. After verifying the homogeneity of variances with the Bartlett test
and one-way analysis of variance, multiple comparisons were made
using Tukey’s test. If the data did not fit a normal distribution, the
Mann-Whitney U test was used. (D) The number of salmonella cells
recovered from young nematodes on the first day after the infection
was significantly lower than the number recovered from worms in-
fected at age 7 days (P < 0.01). All results are presented as means *+
standard errors of the means.
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FIG. 5. Effects of LAB on resistance of C. elegans to Salmonella
enterica serovar Enteritidis (SE). Adult worms fed a diet of E. coli
strain OP50 (OP) for 3 days after hatching were transferred to a diet
of lactobacilli (A) or bifidobacteria (B). The lactobacilli used were
L. helveticus (LH), L. plantarum (LP), or L. rhamnosus (LR). The
bifidobacteria used were B. infantis (BI) or B. longum (BL). Four days
later, the nematodes were transferred to salmonella plates, and sur-
vival curves were drawn. Nematodes fed each type of lactobacilli were
significantly more resistant than controls to the pathogen (P < 0.001).
The worms fed bifidobacteria were also resistant (P < 0.01). The mean
numbers of days of survival of worms fed L. helveticus, L. plantarum, L.
rhamnosus, B. infantis, and B. longum before the salmonella infection
were 7.1 = 0.25 (46%), 6.6 = 0.28 (35%), 6.6 = 0.27 (35%), 7.2 = 0.37
(30%), and 7.5 = 0.35 (35%), respectively (the numbers in parentheses
are the percent differences in the means relative to the mean for
controls fed OP50). The mean numbers of days of survival of controls
for lactobacilli and bifidobacteria were 4.9 = 0.18 and 5.6 *+ 0.35,
respectively. (C) Numbers of salmonella cells recovered from nema-
todes after the infection. All results are presented as means * standard
errors of the means.

cence of the host defense of nematodes was clearly shown by
the survival curve during salmonella infection of nematodes in
this study. The 3-day-old worms were more resistant to infec-
tion than the 7-day-old worms were. However, nematodes fed
LAB until age 7 days were more resistant to the pathogen than
those fed OP50. LAB were effective not only for longevity but
also for host defense. The LAB were digested as feed and were
not recovered from the nematodes; it is unlikely that the LAB
behaved as protective flora. The mechanism by which the LAB
increased the worms’ resistance to salmonella remains to be
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elucidated. Since there was no difference in the numbers of
salmonella cells recovered from worms fed LAB and those fed
OP50 (Fig. 5C), it is unlikely that the resistance was due to
increased expression of antibacterial factors from immuno-
stimulation by LAB. Instead, some type of immunotolerance
might be taking place.

Differences in nutritional components between LAB and E.
coli OP50 might result in the difference in life span. However,
it is not likely that LAB were simply more nutritious or more
readily digestible than OP50, because the body sizes of the
nematodes were similar except during the first 3 days after the
food source was changed from OP50 to LAB (Fig. 3). Calorie
restriction is well recognized as a method to extend longevity
and slows aging not only in numerous nonmammalian taxa but
also in mammals, including mice (34), dogs (14), and, possibly,
primates (10). As mentioned above, however, the growth curve
did not support the hypothesis that LAB were an extremely
low-calorie food compared with OP50, although the first 3
days, when the body sizes of worms fed on LAB were smaller
than those of controls, could reflect effective calorie control.

Ubiquinone (or coenzyme Q [CoQ)]), an isoprenylated ben-
zoquinone lipid important for electron transport in aerobic
respiration, is another possible factor to explain our findings.
Since nematodes fed an E. coli mutant that was defective in the
ability to synthesize CoQ were reported have an increased life
span (17), it is possible that the LAB did not have a full set of
enzymes to synthesize CoQ and that this resulted in the exten-
sion of life span. However, Ishi et al. observed that the life span
of worms could be prolonged by adding CoQ,, into the me-
dium for the worms and discussed the possible role of ubiqui-
none as an antiaging substance (13).

Unknown components of LAB could contribute to the life-
prolonging effects. DAF-16, a forkhead family transcription
factor, regulates genes that promote dauer formation in larvae
and stress resistance and longevity in adults (19). Recently, Oh
et al. found that the c-Jun N-terminal kinase (JNK) family, a
subgroup of the mitogen-activated protein kinase superfamily,
is a positive regulator of DAF-16 (25a). LAB cell wall compo-
nents are believed to be primarily responsible for immunos-
timulation, and differences in cell wall composition may ac-
count for the different levels of immunostimulation observed
with different probiotics (27). Muramyl dipeptide, a pepti-
doglycan constituent of LAB, stimulates the production of
cytokines by immunocytes. Since JNK is part of a signal trans-
duction cascade that is activated by cytokines including tumor
necrosis factor and interleukin-1 in mammals, it is possible that
LAB extend the life span and enhance the host defense of
nematodes by DAF-16 upregulated via the JNK pathway. The
p38 mitogen-activated protein kinase pathway may also play an
important role in the immunostimulatory and life-prolonging
effects of LAB; this pathway was found to enhance life span via
immune effectors distinct from those associated with DAF-16
(32).

C. elegans is a popular animal in molecular research on aging
and has been used for some trials in extending the life span
with nutrients (2, 13, 38), antioxidant substances (20, 37), and
sirtuin activators (35). In those experiments, however, large
amounts of chemicals were included in the agar. This study
clearly showed that some kinds of food can increase life span
and enhance the host defense of C. elegans. Further studies are
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in progress to clarify which compounds of LAB are essential
for this influence, and varieties of worm mutants that have
been deprived of signal transduction pathways may become a
useful tool for elucidating the mechanisms of the beneficial
effects of LAB. The nematode could be an appropriate model
to screen useful probiotic strains or dietetic antiaging sub-
stances.
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