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Abstract

In Caenorhabditis elegans, several manipulations that affect nutrition slow development, reduce 

fecundity, and increase life span. These are viewed as dietary restriction (DR) and include culture 

in semidefined, nutrient-rich liquid medium that is axenic (i.e., there is no microbial food source). 

Here we describe convenient ways to exert DR by culture on agar plates containing axenic 

medium. We used these to explore whether effects of axenic culture really reflect DR. Our results 

imply that major nutrient components of axenic medium, and overall caloric content, are not 

limiting for life span. However, adding growth-arrested Escherichia coli as an additional food 

source rescued the effects of axenic culture. We then sought to identify the component of E. coli 

that is critical for normal C. elegans nutrition using add-back experiments. Our results suggest that 

C. elegans has a nutritional requirement for live, metabolically active microbes or, possibly, an 

unidentified, heat-labile, nonsoluble component present in live microbes.
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DIETARY restriction (DR), the controlled reduction of food intake without inducing 

starvation, increases life span in a number of animal species including rodents and dogs (1–

7). Studies of the mechanisms involved may provide insight into the biological mechanisms 

of longevity and aging. The nematode Caenorhabditis elegans is widely used as a model 

organism for studying aging, and its life span is also extended by DR. A variety of different 

methods have been used to subject C. elegans to DR. These include dilution of the 

Escherichia coli bacterial food source (8), use of agar plates with limited amounts of the E. 

coli food source (9,10) culture on agar plates containing nematode growth medium (NGM) 

but no E. coli food source (11,12), use of Eat mutants, where food intake is reduced due to 
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defects in the function of the pharynx (13), and axenic culture (in the absence of E. coli) in 

semidefined, liquid culture medium (14). Whether the effects on aging of all of these 

treatments involve the same pathways and biochemical mechanisms remains uncertain (15).

To study the mechanisms by which DR extends life span in C. elegans, we initially surveyed 

the effects on life span of several DR protocols: bacterial dilution in liquid culture (8), the 

use of Eat mutants (13), bacterial dilution on agar plates (9,10), and axenic liquid culture 

(14). In our hands, culture in axenic medium (AXM) was by far the best method in terms of 

reproducibility of results and magnitude of effects (Keaney M, Walker G, Gems D, 

unpublished results, 2007). However, a problem with axenic culture is that it is unclear 

whether it really represents a form of DR or involves another mechanism altogether.

AXM contains 3% soy peptone, 3% yeast extract, and 0.05% hemoglobin, which is added 

after autoclaving of the basal medium. The increase in life span of C. elegans in axenic 

culture has long been considered to reflect DR because, like DR, axenic culture results in 

delayed development, reduced body size, and greatly reduced fecundity (14,16,17). 

Moreover, as in most other forms of DR (e.g., bacterial dilution, use of Eat mutants, and 

culture on NGM without E. coli), life extension in axenic culture does not require the FOXO 

transcription factor DAF-16 (11–13,16,18). Furthermore, when long-lived insulin/insulin-

like growth factor 1 signaling mutants are subjected to putative DR via axenic culture, use of 

Eat mutants, or bacterial dilution, there are additive interactions between the effects of these 

two manipulations on adult life span (11–13,16,19). Yet it remains unclear why culture in 

AXM should lengthen life span in the way that it does, because this medium is rich in 

protein, carbohydrate, vitamins, and minerals. It has been suggested that in axenic culture 

there is a failure of endocytic uptake of nutrients from the intestinal lumen (20,21), but this 

remains unconfirmed.

The use of axenic culture to study DR also has several practical shortcomings. First, it is 

conducted in liquid culture, whereas most studies of C. elegans are performed using agar 

plates; thus, the use of liquid culture is inconvenient and introduces an extra variable (liquid 

vs solid phase culture). Second, growth in axenic culture results in developmental 

asynchrony and reduced body size, which can complicate studies of, e.g., global transcript 

profiles. We therefore developed new protocols for culture with AXM to facilitate C. 

elegans DR studies. These protocols use agar plates containing AXM, and small quantities 

of radiation- or antibiotic-arrested E. coli to raise nematode population cohorts that are both 

developmentally synchronized and full sized. While we were conducting our investigations, 

two other groups reported formally similar methods of performing DR on C. elegans, by 

axenic culture on agar plates, although the plates contained NGM rather than standard 

axenic culture medium (11,12). Potentially, life extension by axenic culture involves the 

same mechanism whether the culture method uses AXM in liquid or plate culture, or NGM 

in plate culture; however, further work will be required to confirm this.

Using axenic culture on plates, we explored the mechanism by which life span is extended 

by axenic culture. Addition of growth-arrested, but live E. coli restored the normal short life 

span of C. elegans, as it does for nematodes cultured on NGM (11,12). We next attempted to 

identify the factors present in live but not autoclaved E. coli that are critical for effects on 
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life history. Our studies suggest that there exists a peculiarity in C. elegans nutrition: a 

requirement for metabolic activity in its microbial food source. An alternative possibility 

that we could not exclude is that there is a heat-labile, nondiffusible component of E. coli 

that C. elegans requires.

METHODS

Strains

The wild-type C. elegans strain used in this study was the N2 male stock (22) (from which 

we took the hermaphrodites), obtained from the Caenorhabditis Genetics Center (CGC). 

The bacterial strains used as a food source for C. elegans were E. coli K12 (wild type) and 

the slow growing, uracil auxotroph OP50, which is derived from K12 (23). Use of E. coli 

OP50 is standard in C. elegans research (24). We used E. coli K12 to more readily obtain 

the large quantities of bacteria needed for growing bulk C. elegans cultures. Bacteria were 

cultured overnight on an orbital shaker in Luria Broth (LB) medium at 37°C.

Axenic Culture Using Agar Plates

We developed and optimized protocols for C. elegans DR studies using agar plates 

containing AXM. Semi-defined AXM is composed of 3% soy peptone (Sigma-Aldrich, St. 

Louis, MO), 3% yeast extract (YE) (Becton-Dickinson, Franklin Lake, NJ), and 0.05% 

hemoglobin (bovine; Serva, Heidelberg, Germany) (diluted from 100X stock in 0.1 N KOH, 

autoclaved for 10 minutes), which is added after autoclaving the basal medium (21,25).

In one approach, worms were supplemented with live E. coli K12 cells that were prevented 

from further proliferation by β-irradiation (see following section). The severity of the DR 

effect can be varied by adding different amounts of irradiated E. coli cells to the plates. In a 

second approach, worms were maintained until day 1 of adulthood on AXM plates with live 

E. coli OP50 treated with an antibiotic (see section Antibiotic Treatment of E. coli) to 

prevent growth of the bacteria on the plates.

Irradiation of E. coli

β-irradiation of E. coli was performed using the 15 MeV, 2% duty factor high-power linear 

electron accelerator (26) at Ghent University. This accelerator can deliver electron beams 

with a well-defined energy between 3 and 15 MeV, and a maximum average beam power of 

approximately 5 kW at 10 MeV beam energy. For these irradiations, an electron beam with 

an energy of 10 MeV and a mean current of approximately 75 μA was produced. This beam 

traversed a water-cooled vacuum window and 80 cm of air, so that the lateral dose 

distribution was flattened by scattering. In the exit window, the electrons lose, on average, 

about 2 MeV. As such, the mean energy of the electrons hitting the samples was about 8 

MeV. An irradiation up to 10 kGy took about 150 seconds. Absolute dose calibration was 

performed using a dosimeter (Far West Technology, Goleta, CA), calibrated against ferrous 

sulphate (Fricke) dosimeters.
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Antibiotic Treatment of E. coli

Carbenicillin was also used to prevent bacterial growth. This antibiotic interferes with the 

synthesis of the bacterial cell wall and, consequently, E. coli treated with it will stop 

growing after a few more cell divisions. Carbenicillin treatment was usually performed 2 

days before the nematode culture plates were required. Freshly grown E. coli OP50 cells 

were washed and diluted to a concentration of 3 × 109 cells/mL in M9 buffer supplemented 

with 0.5 mM carbenicillin. The bacteria were then incubated in an orbital shaker at 37°C for 

3 hours. Next, the cells were pelleted, resuspended in M9 buffer to 1.5 × 1010 cells/mL, and 

spread onto AXM plates containing 1 mM carbenicillin (added after autoclaving). 

Approximately 50 μL of carbenicillin-treated bacteria were spread onto each small (6.0-cm 

diameter) Petri dish. The bacteria treated in this way were unable to proliferate, even if 

streaked onto LB plates without antibiotic. Assessment of viability using the LIVE/DEAD 

BacLight Viability Kit (Molecular Probes, now part of Invitrogen, Carlsbad, CA) (see 

section Testing of Viability of Growth-Arrested E. coli), shows that bacteria prepared in this 

way are alive, despite being unable to divide.

Life History Analysis of C. elegans

Synchronous nematode populations were obtained as described previously (25). For lifespan 

analysis on plates, worms were maintained in small Petri dishes at a density of 6–8 animals 

per plate. Life-span analysis in liquid culture was performed in 5-mL Sarstedt tubes (75 × 12 

mm), containing 3–5 worms in 300 μL of AXM. In each case, 5-fluoro-2′-deoxyuridine was 

added to 50 μM to prevent progeny production, and worms were usually maintained in the 

same vessels throughout life. Life-span measurements were initiated at the fourth larval 

stage (L4), which was treated as 0 days old. Survival was monitored at regular time points. 

Worms were scored as dead if they did not show any movement after prodding with a 

platinum wire or tapping of the tube.

For assessment of fecundity (on agar), nematodes were transferred to individual plates in 

early adulthood and transferred to fresh plates every 2 days, and progeny counted.

For measurement of worm volumes, several hundred animals were washed off agar plates 

with S buffer, and killed by addition of 75-fold diluted commercial bleach. Body length and 

width were measured with a Rapid View Particle Analysis System (Beckman Coulter, 

Fullerton, CA), and body volume was calculated treating C. elegans as cylindrical in shape. 

All life history experiments were performed at 20°C or 22.5°C.

Preparation of Various Culture Supplements

Bacterial filtrates for add-back tests were prepared as follows: Bacteria were sonicated on 

ice using a sonicator (MSE Soniprep 150; SANYO Gallencamp, Loughborough, U.K.) by 

means of six 10-second pulses at 80% power separated by 20-second rests. Bacterial 

suspensions were sonicated in 1-mL volumes at a concentration 3 × 1010 cells/mL. Filtrates 

were then passed through a 0.2-μm filter before addition to AXM at the concentrations 

shown.
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Plant extracts for DR rescue tests were obtained using a standard household juicer 

(Moulinex Juice Extractor, Type Y36). The extracts were filtered through a 0.22-μm syringe 

filter and added to the axenic medium at the ratios shown.

Testing of Viability of Growth-Arrested E. coli

The LIVE/DEAD BacLight Bacterial Viability Kit was used to assess the viability of 

irradiated or carbenicillin-treated E. coli. This kit uses a mixture of SYTO 9 (green 

fluorescence) and propidium iodide (red fluorescence) to distinguish live and dead cells. 

These dyes are both nucleic acid specific, but differ in their spectral properties and the 

ability to enter live cells. SYTO 9 stains all cells in a population irrespective of whether they 

are alive or dead, resulting in green fluorescence. Propidium iodide, in contrast, only enters 

dead cells, masking SYTO 9 fluorescence and causing dead cells to fluoresce red. Bacteria 

were stained for microscopic observation according to the manufacturer’s instructions. 

Bacteria were washed with 0.85% NaCl (wt/vol) and diluted to 108 cells/mL. Equal amounts 

of SYTO 9 and propidium iodide were mixed, and 3 μL of this mixture was added to each 

milliliter of bacterial suspension. The samples were incubated in the dark at room 

temperature for 15 minutes, after which microscopic slides were prepared. These slides were 

viewed using a standard fluorescein longpass filter set, allowing one to simultaneously 

observe live (green) and dead (red) E. coli cells.

The measurement of oxygen consumption by bacterial cells was essentially performed as 

described previously for C. elegans (27). A six-channel Strathkelvin respirometer (Glasgow, 

Scotland) with Clark-type electrodes was used. This device comprises a regulated water bath 

(37°C) with six respirometer cells equipped with a magnetic stirrer. For electrode 

calibration, a stream of air was bubbled through distilled water at 4°C for 5 minutes. One 

milliliter of this oxygen-saturated water was transferred to the cells and stirred for 5 minutes 

to allow the temperature in the cells to rise to 37°C and excess oxygen to escape. Next, the 

electrodes were inserted and the oxygen concentration was set at 214 μmol/L (=100%). 

Finally, the water was replaced by 4 × 108 E. coli cells in LB medium, and oxygen 

consumption was monitored at 37°C for 10–30 minutes, depending on the rate of oxygen 

consumption. The oxygen concentration was plotted as a function of time, and the slope of 

the linear part of the graph was used to derive the oxygen consumption rate.

The rate of metabolic heat dissipation of live cells or tissues is most accurately measured by 

microcalorimetry, which was performed as described previously for C. elegans using a 

Thermal Activity Monitor (Thermometric, Järfälla, Sweden) (27). The bacteria (4 × 108 

cells in 1 mL of LB medium) were transferred to a glass ampoule, which was then sealed. 

An ampoule containing assay medium (without bacteria) was included as a control. Next, 

the ampoules were transferred to the measuring units. These were inserted in the 

ultrathermostatted water bath (37°C) where heat flows are monitored. The device was first 

allowed to equilibrate. Stable signals were usually obtained after 1–2 hours of equilibration.

Statistical Analysis

Survival fractions were calculated using the Kaplan–Meier method. Life spans were 

compared using the log-rank test in the application SPSS 14.0.2 (SPSS Inc., Chicago, IL). A 
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general linear mixed model incorporated in the application SAS 9.1 (SAS Institute Inc., 

Cary, NC) was used for the statistical analysis of worm volumes. This model takes into 

account the possible effects of replicate experiments on a dependent variable, thereby 

allowing one to model fixed effects (e.g., the effect of E. coli concentration on worm 

volume), as well as the error structure, by means of random effects. This model was chosen 

because not all E. coli concentrations could be included in all experiments, possibly causing 

misinterpretation of results. Because the error structure of a count is Poisson distributed, 

rather than normally distributed, a generalized linear mixed model was used for statistical 

analysis of worm fecundity, and carried out using SAS 9.1. Pairwise comparison of the 

means was performed with the post hoc Tukey test. Linear regression was used for the 

statistical analysis of the metabolic activity data of E. coli, and carried out using SPSS 

14.0.2.

RESULTS

Culture on AXM Plates Extends C. elegans Life Span

To combine the robust DR effect of axenic culture with the convenience of agar plate 

culture, we developed protocols for performing DR using agar plates containing AXM. This 

approach is similar to the recently developed approach of culture on NGM agar plates 

without E. coli (11,12). In initial tests, C. elegans raised on AXM agar alone showed highly 

asynchronous development, and many did not reach adulthood (data not shown). The 

nematodes were therefore initially provided with live E. coli. To prevent bacterial 

proliferation on the nutrient-rich AXM agar, we initially exposed E. coli to an electron beam 

(10 kGy). Although unable to divide, bacteria irradiated in this way mostly remain alive (see 

section Rescue of Axenic Culture Effects is Correlated with the Presence of Metabolic 

Activity in E. coli).

C. elegans raised in liquid axenic culture show reduced fecundity and increased life span 

(17). We first explored whether similar effects occurred on AXM agar, and whether we 

could selectively rescue the poor nematode growth on AXM agar by addition of small 

quantities of E. coli. To this end, we tested the effects on fecundity and life span by adding 2 

× 106, 2 × 107, 2 × 108, 2 × 109, and 2 × 1010 E. coli K12 cells to AXM agar-cultured 

nematodes, from the L1 stage onwards. Addition of E. coli produced a concentration-

dependent increase in brood size from 51 up to ~245 progeny on 2 × 108 to 2 × 109 cells/

plate (Figure 1A). By contrast, lower levels of E. coli (2 × 106 to 2 × 108 cells/plate) had 

little effect on life span, whereas higher concentrations (2 × 109 and 2 × 1010 cells/plate) 

suppressed the DR effect on life span (Figure 1B). Thus, one can dissociate the effects of 

axenic culture on fecundity and aging. This is reminiscent of the effects of insulin/insulin-

like growth factor 1 signaling (IIS), where partial loss can result in normal development and 

fecundity but increased life span (28,29). We also examined the effect of these culture 

conditions on body size. A maximal worm volume was reached on a food concentration of 2 

× 1010 cells/plate, and a gradual decline in body size is observed with decreasing food 

concentration (Figure 1C).

Because few laboratories have access to a particle accelerator, we developed a second 

protocol. Animals were raised until the first day of adulthood on AXM agar plates plus E. 
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coli treated with an antibiotic (carbenicillin). The resulting populations showed 

developmental synchrony and a body size similar to that of populations raised under 

standard C. elegans growth conditions (NGM agar and live E. coli; data not shown). After 

day 1 of adulthood, nematodes were transferred to axenic plates containing carbenicillin, 

which prevents any further proliferation of E. coli. C. elegans cultured in this way showed 

an increase in adult life span typical of axenic culture (Figure 1D).

Maintenance on AXM agar in the presence of E. coli throughout adulthood fully rescued the 

increase in nematode life span. We directly compared life spans of C. elegans on AXM agar 

with those on NGM agar (with antibiotic present in each case), and they were not 

significantly different (Figure 1D). Thus, the property of AXM plates that increases life span 

is fully rescued by addition of E. coli. The increased longevity of nematodes on NGM agar 

without E. coli is also rescued by addition of live E. coli (11,12). Comparison of populations 

on axenic plates with or without carbenicillin showed that this antibiotic does not affect C. 

elegans life span at the concentration used (Figure 1D).

That addition of E. coli could suppress the slowed development and decreased fecundity 

seen in axenic culture implies that the E. coli cells provide a nutritional requirement that is 

missing from axenic plates. Later in adulthood, however, there appears to be some 

detrimental component of viable E. coli that contributes to a shortening of life span. That life 

span was extended by axenic culture after day 1 of adulthood confirms an earlier 

observation (30) that the critical period for the effects of axenic culture on life span is during 

adulthood and not during development.

Concentration of Nutrients in AXM is not a Determinant of the DR Effect

Our results suggest that AXM is deficient in critical dietary components that are present in 

E. coli. To investigate what these might be, we first compared the nutrient content of AXM 

with that of a suspension of E. coli OP50 (in water) at a concentration approximating that 

which is sufficient to rescue the effects of axenic culture (3.8 × 107 cells/mL). This analysis 

was performed by a commercial food analysis service (Leatherhead Food International, 

Wells, U.K.). We first compared the caloric content of these two culture media. Whereas the 

energy content of 100 mL of 1X AXM was ~20 kCal, that of the same volume of E. coli 

suspension was below the limit of detection for the methods used (<3 kCal). Thus, AXM is 

not able to support normal C. elegans growth despite having a caloric content that is at least 

6-fold higher than a concentration of E. coli that is sufficient to rescue fully the effects of 

axenic culture. This high nutrient concentration implies that the effects of AXM on life span 

are not due to an insufficiency of caloric content. Also notable in the nutritional breakdown 

of AXM is that it is rich in protein, less so in carbohydrates, and the level of fat was below 

the limit of detection (Table 1).

To test the possibility that slow growth and aging on AXM may reflect limiting, low 

concentrations of specific constituents, we tested the effect on life span of varying its 

concentration from 5% to 200% of the standard recipe. In rodents, maximal increases in life 

span result from reducing food intake to ~60% of ad libitum levels (31). In Drosophila, food 

dilution to 60% of standard sugar yeast fly medium maximized life span (32). Our 

expectation, therefore, was that a stepwise reduction of the medium concentration would 
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first increase life span as DR became more severe, and then at very low concentrations 

decrease it, as animals tipped over into starvation. We expected that increasing the medium 

concentration would lessen DR and reduce life span.

Against expectation, the concentration of AXM had little effect on life span (Figure 2). 

Reducing the medium concentration from 100% to 50% or 10% did not increase life span, 

but instead marginally decreased it. Increasing the AXM concentration from 100% to 200% 

slightly increased life span, whereas 300% caused a large drop in life span. Similar results 

were obtained using axenic liquid culture: There were no significant differences in life span 

in 50%, 80%, 100%, and 200% AXM; however, mean life span was reduced by 57% in 

0.5% liquid AXM (p < .0001) (Keaney M, Gems D, unpublished results, 2004). Thus, the 

life-extending effects of DR appear not to reflect limited availability of calories or of major 

nutrient classes (e.g., protein, carbohydrate) in this medium. Instead, it appears that 

something else critical for C. elegans nutrition is absent.

As a control for toxic effects of this range of AXM concentrations unlinked to the DR effect, 

we also examined life span over this range in the presence of rescuing E. coli. At the highest 

concentration of AXM (300%), there was a decrease in life span (Figure 2). This implies 

that the shortening of life span of worms on 300% AXM alone may not be due to 

suppression of the DR effect by increased nutrient intake, but rather, it may be caused by 

mildly toxic effects, possibly high osmolarity, of the AXM at this high concentration.

E. coli Factor that Rescues Effects of Axenic Culture is Heat Labile and Nondiffusible

E. coli appears to contain a nutritional factor not present in AXM. To identify this, we tested 

the capacity of derivatives of E. coli to rescue the effects of culture in liquid AXM. In the 

following experiments, we initially tested the capacity to rescue the effects of axenic culture 

on fecundity and then, in some cases, life span too.

We first tested whether the critical factor in E. coli was thermolabile, by adding autoclaved 

E. coli to nematodes in liquid axenic culture. Autoclaved E. coli failed to rescue the reduced 

fecundity (Figure 3A) or increased life span (data not shown). This finding is consistent with 

previous tests on C. elegans in axenic liquid culture, as well as on AXM plates, where 

addition of autoclaved E. coli only partially rescued the effects on development (17). Thus, 

the critical E. coli constituent is heat labile.

One possibility is that autoclaved E. coli does not rescue DR effects because C. elegans 

ingests less of it. To test this, we compared the rate of pumping of the pharynx of nematodes 

on axenic plates with either live or autoclaved bacteria, but there was no difference 

(autoclaved bacteria, mean ± standard deviation: 231 ± 25 pumps/min, live bacteria: 221 ± 

28 pumps/min; p = .159; N = 31). Thus, autoclaving of the E. coli food source does not 

obviously affect feeding behavior. However, this test says nothing about the efficiency of 

uptake of ingested food by intestinal cells.

Next, we tested the possibility that a soluble, heat-labile factor present in E. coli is the 

critical missing component. We prepared a sterile extract of nonautoclaved E. coli (a filtrate 

from an E. coli sonicate, prepared using a 0.2-μm filter). Effects of liquid axenic culture on 
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fecundity were not rescued at all by such a filtrate at the concentrations tested (Figure 3B). 

Thus, the heat-labile constituent that is present in E. coli and promotes fertility, but is 

missing in AXM, appears not to be soluble.

Weak Rescuing Effects of Extracts of Fresh Plant and Animal Tissues

Next we conducted further tests searching for possible organic components (“nematode 

vitamins”) missing from AXM, reasoning that such compounds, if they existed, might be 

present in complex organic mixtures derived from fresh plant and animal tissue. We found 

that plant extracts from two sources tested, Daucus carota (carrot) and Pisum sativum (pea), 

partially rescued the effects of axenic culture on fecundity (Figure 3, C and D) but not 

longevity (data not shown). Addition of skimmed milk has also been shown to improve 

growth and fecundity of C. elegans in defined medium (33). We therefore tested its capacity 

to rescue the effect of axenic culture on life span and fecundity, but no rescue was observed 

(Matthijssens F, Vanfleteren JR, unpublished results, 2003). In summary, these tests failed 

to find clear evidence for a diffusible requirement for nematode nutrition that AXM lacks. 

However, more promising results were obtained using extracts of fresh animal tissue. Liver 

extract has been used previously to improve growth of nematodes in axenic culture 

(reviewed in 25). In our tests, 20% horse liver extract could largely rescue effects on 

development but, as with plant extracts, fecundity was only slightly improved. However, 

liver extract did partially suppress the extended life span of worms in liquid axenic culture 

(data not shown), an observation that warrants further study.

Another possibility is that AXM possesses some property that is detrimental to C. elegans, 

and that live E. coli alter the medium and neutralize this detrimental property. We tested this 

possibility by incubating liquid AXM overnight with live E. coli OP50, then filter sterilizing 

the medium, and seeing whether it was better able to support C. elegans development. 

Preincubation with E. coli (37°C), resulting in an increase in bacterial cell number from 4 × 

1010 to 6 × 1011 cells/mL, did not reduce worm development time relative to growth in 

AXM alone (data not shown). This finding suggests that E. coli does not affect C. elegans 

growth by neutralizing deleterious properties of AXM.

Rescue of Axenic Culture Effects is Correlated with the Presence of Metabolic Activity in 
E. coli

Next, we explored the possibility that C. elegans might require live microbes in their diet for 

normal digestive function. To this end, we measured the effect of irradiation of E. coli over a 

range of energy doses on the proportion of cells remaining alive and metabolically active, 

and their capacity to rescue the effects of AXM on life span. E. coli K12 was irradiated with 

β-radiation at 2, 5, 10, or 50 kGy. We measured the proportion of cells remaining alive by 

means of the vital dyes SYTO 9 and propidium iodide (see Methods). The proportion of live 

cells decreased with increasing dose of β-radiation until at 50 kGy very few cells remained 

alive (Figure 4A). When bacteria were irradiated with 2 kGy of electrons, there was no 

effect on oxygen consumption, but given a dose of ≥5 kGy, oxygen consumption showed a 

dose-dependent decline (Figure 4B). Heat production (an alternative measure of metabolic 

activity) showed a similar response to irradiation (Figure 4C). Thus, irradiated bacteria are 

alive and metabolically active after irradiation with doses <50 kGy.
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Addition of irradiated E. coli to 2 × 109 cells/plate rescued the effects of axenic culture at all 

except the highest dose (50 kGy). Worms grown on AXM plates with 50 kGy-treated 

bacteria developed to adulthood in 3 instead of 2 days, and were less fecund than worms on 

E. coli cells treated with lower doses (Figure 4D). Moreover, worms grown on 50 kGy-

treated E. coli were markedly longer lived than those grown on E. coli treated with lower 

doses (e.g., p < .0001 relative to worms on 10 kGy-treated bacteria) (Figure 4E). Thus, as 

long as some metabolically active E. coli remained, rescue was possible. This finding 

suggests the surprising conclusion that metabolic activity in its microbial food source is a 

nutritional requirement for C. elegans.

DISCUSSION

Culture in liquid AXM has long been studied as a form of DR for C. elegans. Here we have 

described new and convenient protocols for studying this form of DR which use AXM in 

agar plates. Surprisingly, applying DR using AXM seems to reflect the lack of critical 

dietary components that are present only in metabolically active E. coli.

There are several possible mechanisms by which culture in AXM might extend nematode 

life span. One such is the absence of the harmful effects of proliferating E. coli. As C. 

elegans age, proliferating E. coli constipate the alimentary tract, such that prevention of E. 

coli proliferation, e.g., by ultraviolet irradiation or use of antibiotics, increases C. elegans 

life span (34–36). We therefore expect that the absence of bacterial proliferation effects 

contributes to longevity in axenic culture, yet this cannot fully account for the effects of 

axenic culture on life history, because culture on ultraviolet-irradiated E. coli does not retard 

development or reduce fecundity (35), and the magnitude of the life-span increase in axenic 

culture (60%–80%) is larger than that resulting from bacterial killing (20%–40%) (35,36).

A second interpretation is that AXM is deficient in major food groups (e.g., lipid, 

carbohydrate, protein) or overall calories. However, our analysis of the nutrient content of 

AXM argues against this interpretation. Although fat content appears to be very low, this is 

also true for a rescuing concentration of E. coli, arguing against a deficiency in fat. 

Furthermore, varying the concentration of AXM from 5% to 200% of the standard recipe 

had only marginal effects on life span. Together, this strongly suggests that increased life 

span in axenic culture is not due to insufficiency of the major nutrient classes.

Our results suggest instead an unexpected conclusion—that C. elegans has a dietary 

requirement for metabolically active microbes, such that their absence in axenic culture 

leads to severe DR. Consistent with this conclusion, it was very recently shown that growth 

on E. coli with impaired respiratory metabolism extends C. elegans life span (Saiki R, 

Lunceford A, Larsen PL, Clarke CF, personal communication, 2007).

How live E. coli might contribute to C. elegans nutrition is unknown. The presence of a 

complex community of intestinal microbiota is essential to nutrition in many larger soil 

invertebrates, for example, termites, isopods, and earthworms (37). In particular, these aid in 

degradation of recalcitrant biological materials such as cellulose and chitin. Thus, axenic 

culture of, say, a termite would be predicted to result in lowered food uptake. One 
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possibility is that in the wild, C. elegans digestion is assisted by mutualistic microbiota 

within their gut. However, given the presence of ample nutrients in AXM, it seems unlikely 

that release of nutrients due to breakdown by E. coli is important here.

A more plausible interpretation is that a nutritional requirement for live microbes reflects the 

fact that the C. elegans intestine has evolved in the constant presence of intestinal microbes; 

therefore, its normal function requires their presence. In the wild, this may aid digestion of 

other foodstuffs (e.g., fungi, protozoa). Föll and colleagues (38) derived the number of live 

E. coli cells in the intestine of sucrose-washed worms by growing a ground worm sample on 

full medium agar plates at 37°C and counting the resulting number of colonies. This gave an 

estimate of ~3900 live E. coli cells in the gut of a young adult worm. A related possibility is 

that endocytosed bacterial components, retaining some biochemical activity, contribute to 

nematode digestion within intestinal cells.

A further possibility is that intestinal microbes influence nutrient transport mechanisms. In 

C. elegans, pH gradients across the apical membrane of intestinal cells play an important 

role in nutrient uptake, e.g., by oligopeptide transporters. Disruption of this transport system 

by mutation phenocopies the effects of DR, including an increase in life span (39). Possibly, 

microbes condition the C. elegans intestinal redox environment in a way that facilitates the 

function of pH-dependent intestinal transporters.

Although our findings seem to suggest that metabolically active microbes may be a 

requirement for C. elegans nutrition, other interpretations of our findings are conceivable. It 

remains possible that highly labile, high-molecular-weight microbial constituents are the 

critical dietary component. Furthermore, earlier studies have suggested that C. elegans 

digestion involves endocytic processes that depend on particles of the size of microbial or 

subcellular particles generated by the action of the pharyngeal grinder (20,21). The uptake of 

nutrients in the gut is stimulated by the presence of particles in the culture medium (21,40). 

These particles are missing from axenic culture, possibly resulting in decreased nutrient 

uptake. For example, in Caenorhabditis briggsae, stimulation of growth and reproduction by 

added glycogen is associated with the precipitated part of the medium (41). That various 

filtered plant extracts had only a weak rescue effect could reflect the need for a food 

supplement that is composed of particles. That liver extract could partially rescue 

development and life span in axenic culture could be due to its particulate appearance. If E. 

coli provides particulate matter that aids digestion, then our results show that this is heat 

labile.

We postulated above that the DR effects of axenic culture reflect a requirement for a dietary 

component present in metabolically active microbes. If this nutrient is supplied, 

development and fecundity are supported, and life span is shortened. By this view, the life-

shortening effects of the nutrient may reflect a by-product of the life processes that it 

supports (e.g., molecular damage), or a secondary toxicity of the nutrient itself. An 

alternative view is that metabolically active E. coli supplies two distinct elements to C. 

elegans: a nutrient that supports development and fecundity, and a toxic component or 

property that reduces life span. Although the first view is more conventional among DR 

studies, several observations in this study are consistent with the second. First, the threshold 
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for the concentration of E. coli required for normal brood size is 10-fold lower than that 

which shortens life span (Figure 1). Second, addition of plant extracts supported 

development and fecundity, but did not reduce life span (Figure 3).

Our results might suggest that DR in C. elegans using AXM agar is different from DR 

methods in other animal models. In Drosophila, for example, it was shown that axenic 

culture has no effect on life span (42). However, certain observations suggest that the 

underlying mechanisms acting on life span may not be so different between worms and 

mammals. For example, like DR rodents, germ-free rodents exhibit a reduced body weight 

and increased life span (43,44). Moreover, when DR was applied to germ-free animals, no 

additive effects on life span were observed, suggesting that, in germ-free animals and in 

animals subjected to DR, life span is extended by similar mechanisms. Consistent with such 

a DR-microbe connection, the reproductive capacity of germ-free mice was enhanced 

following contamination with intestinal bacteria (45), as is observed in C. elegans after 

addition of β-irradiated E. coli to the AXM plates (Figure 1).

We studied nematodes on agar plates containing AXM to help understand the longstanding 

observation that axenic culture increases nematode life span. While we were conducting our 

studies, it was reported that culture of C. elegans in the absence of E. coli on agar plates 

containing standard NGM also leads to increased life span (11,12). One possibility is that 

the mechanism of nematode life extension is the same in all forms of axenic culture, whether 

in standard AXM in liquid culture or agar plates, or on NGM agar plates. In support of this 

view, extension of the life span of C. elegans by culture either in axenic liquid culture 

medium or axenically on NGM plates is not dependent on the DAF-16 transcription factor 

(11,12,16,19). Preliminary tests show that this is also true for culture on agar plates with 

AXM. Indeed, using a daf-16::gfp reporter strain, we found that DAF-16 remained in the 

cytoplasm, independently of the concentration of irradiated bacteria (Lenaerts I, Vanfleteren 

JR, unpublished results, 2006). Further studies are required to verify whether the same 

mechanisms are at play in each case. Interestingly, starvation in calorie-free liquid medium 

(S basal) rendered both daf-16(+) and daf-16(lf) animals more sensitive to oxidative stress, 

and shortened life span (46). In contrast, starvation for only 1–3 days increased life span by 

30%–40%, likely by eliciting a hormetic response (47).

In conclusion, we have developed novel, convenient methodologies for exerting DR using 

axenic culture on agar plates. We used these methodologies to understand the mechanistic 

basis of this mode of DR. Although the response to DR in terms of delayed development, 

reduced fecundity, and increased life span is widespread among animal species, the extent to 

which evolutionarily conserved mechanisms are involved remains unclear. Our results 

suggest that nematodes may have a nutritional requirement for metabolically active 

microbes, implying a mechanism of DR the evolutionary conservation of which is currently 

far from clear.
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Figure 1. 
Effects of dietary restriction (DR) on axenic medium (AXM) plates, and rescue by addition 

of Escherichia coli. A, Fecundity of wild-type Caenorhabditis elegans at 20°C on AXM 

plates with addition of different numbers of radiation-arrested E. coli K12 (10 kGy). Data 

shown are the average of results from eight partially overlapping replicate trials. There was a 

small replicate effect on fecundity (variance between replicates = 0.028 ± 0.02). For each 

concentration, 50–90 adults were scored. Decreasing the concentration of bacteria on the 

plates below 2 × 108 to 2 × 109 cells caused a substantial decline in progeny production (p 

< .0001 for 2 × 107 vs 2 × 108 cells, and for 2 × 106 vs 2 × 108 cells). A higher concentration 

of E. coli similarly caused a reduction of fecundity (p < .0001 for 2 × 1010 vs 2 × 109 cells). 

B, Survival of N2 at 20°C on AXM plates with different concentrations of radiation-arrested 

E. coli K12 (10 kGy). There is no difference in life span between worms grown on 2 × 1010 

and 2 × 109 cells (mean adult life span on 2 × 1010 cells = 23.4 ± 0.6 days, N = 77 (dead)/22 

(censored); mean adult life span on 2 × 109 cells = 24.3 ± 0.8 days, N = 48/44; p = .39). 

When the E. coli concentration on the plates was diluted to 2 × 108 or 2 × 107 cells, life span 

was extended substantially, but to the same extent (mean adult life span on 2 × 108 cells = 

31.7 ± 0.8 days, N = 81/19; mean adult life span on 2 × 107 cells = 32.9 ± 1.2 days, N = 
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70/30; p < .0001 for both comparisons). Three other replicate experiments showed largely 

similar results (data not shown). Censored worms were mainly a consequence of crawling 

off the plates in search of food on low concentrations of E. coli, and of crawling in the agar 

at higher E. coli concentrations. Note that worms, at a density of 6–8 per plate, were 

maintained on the same plates throughout life; thus at low bacterial cell densities, it is 

possible that E. coli density declined over time. C, Maximal worm volume at 20°C on AXM 

plates with different concentrations of radiation-arrested E. coli K12 (10 kGy). Average of 

four partially overlapping replicate trials. There was no effect of replicate on body size 

(variance between replicates = 0). Body size is maximal on the highest food concentration 

and declines substantially with decreasing E. coli concentration on the plates (p < .

0001). *Indicates significant differences as compared to 2 × 1010 cells (p < .0001 for 

comparison with 2 × 106 and 2 × 107 cells/plate and p = .0004 for comparison with 2 × 108 

cells/plate). Note that the volumes on the two lowest bacterial concentrations are probably 

underestimated due to the combination of substantial asynchrony on plates with such low 

food concentration on the one hand, and the bulk measurement of the length and width of 

the nematodes on the other hand. Length and width were affected in a similar fashion (data 

not shown). D, Survival of N2 at 22.5°C on nematode growth medium (NGM) and AXM 

plates with or without a rescuing concentration of carbenicillin-arrested E. coli OP50. 

Worms maintained on AXM with carbenicillin but without E. coli (mean adult life span = 

31.7 ± 0.4 days, N = 68/82) were longer lived than animals grown on NGM or AXM with E. 

coli (mean adult life span on NGM with OP50 = 20.3 ± 0.3 days, N = 133/25; mean adult 

life span on AXM with OP50 = 19.5 ± 0.3 days, N = 121/29; p < .0001 for comparison 

between AXM with and without E. coli). The axenic condition without bacteria and without 

carbenicillin was included as a test for possible toxic effects of the antibiotic. The results 

show that carbenicillin does not affect the long life span of axenic cultured worms (mean 

adult life span on AXM = 31.7 ± 0.3 days, N = 75/68; p = .93). Similar results were obtained 

in a second trial (data not shown).
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Figure 2. 
Mean adult life span of wild-type (N2) Caenorhabditis elegans hermaphrodites at 22.5°C on 

different concentrations of axenic medium (AXM) in agar plates. Standard AXM (100%) 

was diluted to 50% and 10%, and concentrated to 200% and 300%. *Indicates statistical 

significant changes as compared to 100% AXM (mean adult life span on 100% AXM = 25.0 

± 0.3 days, N = 156 (dead)/44 (censored); on 10% AXM = 23.3 ± 0.7 days, N = 35/165; on 

50% AXM = 22.2 ± 0.3 days, N = 187/35; on 200% AXM = 26.9 ± 0.5 days, N = 90/70; on 

300% AXM = 13.8 ± 1.1 days, N = 29/121) (p < .0001 for all comparisons). Between 10% 

and 200% AXM life span was statistically significantly, but only marginally affected by the 

medium concentration. Carbenicillin-treated Escherichia coli OP50 was added to 7.5 × 108 

cells/plate to a separate series of AXM concentrations to control for toxic effects of the 

medium. **Indicates statistically significant changes as compared to 100% AXM with E. 

coli (mean adult life span on 100% AXM + E. coli = 19.8 ± 0.2 days, N = 204/16; on 10% 

AXM + E. coli = 17.6 ± 0.2 days, N = 128/26; on 50% AXM + E. coli = 19.6 ± 0.2 days, N 

= 133/10; on 200% AXM + E. coli = 15.5 ± 0.3 days, N = 172/25; on 300% AXM + E. coli 

= 10.0 ± 0.3 days, N = 62/38) (p < .0001 for all comparisons).
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Figure 3. 
Effect of additional nutrients on fecundity of Caenorhabditis elegans in axenic culture. A, 
Fecundity of selfed wild-type C. elegans (N2) hermaphrodites at 22.5°C in liquid axenic 

medium (AXM) supplemented with different concentrations of autoclaved Escherichia coli 

OP50 (average of three replicate trials). For each concentration, a total of approximately 30 

adult broods were scored. One percent of autoclaved bacteria correspond to 108 cells/mL. 

Although there was a significant effect of E. coli concentration on fecundity (p = .0072), this 

is unlikely to be biologically meaningful, because the only brood sizes that were 

significantly different from each other were those on 1% and 10% autoclaved bacteria (p = .

0026). B, Fecundity of N2 hermaphrodites at 22.5°C in liquid AXM supplemented with 

different concentrations of filtrates from sonicated E. coli OP50. Average of two trials. For 

each concentration, approximately 20 broods were scored. One percent of filtrate 

corresponds to 108 bacterial cells/mL. As for the above experiment with autoclaved bacteria, 

the statistically significant effect of E. coli concentration on fecundity (p = .012) is unlikely 

to be biologically meaningful, because the only brood sizes that were significantly different 

from each other were those on 5% and 10% sonicated bacteria (p = .0066). C, Fecundity of 

N2 hermaphrodites at 22.5°C in liquid AXM supplemented with different concentrations of 
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Daucus carota extract. Average of two replicate trials. For each concentration, 

approximately 20 broods were scored. *Indicates statistically significant changes as 

compared to unsupplemented liquid AXM. Brood size in liquid AXM increased with 

addition of 1% or 5% D. carota extract (p = .0098 for comparison between AXM alone or 

with 1% extract and p < .0001 for comparison between AXM alone or with 5% D. carota 

extract). The difference in fecundity on 5% and 10% D. carota extract is not significant (p 

= .9003). Higher concentrations of extract caused fecundity to decline again, with brood size 

being indistinguishable between worms in AXM and animals in AXM with 20% and 30% 

D. carota extract (p = .0526 for comparison between 0% and 20% extract and p = .6344 for 

comparison between 0% and 30% extract). D, Fecundity of N2 hermaphrodites at 22.5°C in 

liquid AXM supplemented with different concentrations of Pisum sativum extract. Average 

of two replicate trials. For each concentration, approximately 20 adults were scored. Brood 

size of axenically cultured worms gradually increased with increasing concentration of P. 

sativum extract (p < .0001 for comparison between axenically cultured worms and worms in 

different concentrations of P. sativum extract). Maximum brood size is reached with a 

concentration of 5%–20% extract. Addition of a higher concentration causes fecundity to 

slightly decrease again (p = .0213 for comparison between worms in 20% and 30% P. 

sativum extract).
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Figure 4. 
Capacity of Escherichia coli to rescue effects of axenic culture correlates with presence of 

microbial metabolic activity. A, Viability staining of E. coli (K12) treated with a range of 

radiation doses (see Methods for details). Live bacteria stain green, whereas dead bacteria 

stain red. A magnification of 12.5 × 40 was used. Note that most cells are killed by 50 kGy. 

B, Assessment of oxygen consumption of E. coli treated with a range of radiation doses. 

Measurements were performed at 37°C in Luria Broth (LB) medium. E. coli cells (4 × 108) 

were monitored in 1 mL of medium. Average of three replicate trials. Oxygen consumption 

decreases with increasing radiation dose (p < .0001). C, Assessment of heat output of E. coli 

treated with a range of radiation doses. Measurements were performed at 37°C in LB 

medium. E. coli cells (4 × 108) were monitored in 1 mL of medium. Average of three 

replicate trials. Heat production declines with increasing radiation dose (p = .001). D, 
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Fecundity of wild-type Caenorhabditis elegans at 20°C on axenic medium (AXM) plates 

with 2 × 109 E. coli cells treated with different radiation doses. Average of eight partially 

overlapping replicate trials. There was a small replicate effect on brood size (variance 

between replicates = 0.045 ± 0.03). For each radiation dose, a total number of 40–100 adults 

was scored. *Indicates statistically significant changes as compared to worms on AXM 

plates with 5 kGy-treated bacteria. Data on 2 kGy-treated bacteria are not shown because E. 

coli cultures treated with such a low dose were not always completely growth-arrested, 

leading to atypical fecundity results. There is no difference in brood size between worms 

grown on 5 kGy- or 10 kGy-treated bacteria. The difference between worms on 5 kGy- and 

50 kGy-treated bacteria is significant (p < .0001). E, Survival of C. elegans at 20°C on 

AXM plates with E. coli treated with different radiation doses (2 × 109 cells/plate). There 

was no difference in life span when C. elegans was cultured on bacteria treated with doses 

of 2, 5, or 10 kGy (experiment with only 2 and 5 kGy is not shown). Average adult life span 

was extended by ~15% when worms were grown on 50 kGy-treated bacteria (p < .0001 for 

comparison with worms on 10 kGy-treated bacteria) (mean adult life span on 5 kGy-treated 

bacteria = 23.2 ± 0.4 days, N = 85 [dead]/45 [censored]; on 10 kGy-treated bacteria = 24.0 ± 

0.5 days, N = 65/63; on 50 kGy-treated bacteria = 27.7 ± 0.4 days, N = 88/55).
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Table 1

Nutrient Analysis of Axenic Medium and E. coli (3.8 × 107 cells/mL in Water).

Food Component Detection Limit Axenic Medium E. coli

Protein <0.1 g/100 mL 4.6 g/100 mL Below detection limit

Carbohydrate <0.1 g/100 mL 0.5 g/100 mL Below detection limit

Fat <0.2 g/100 mL Below detection limit Below detection limit

Vitamins

 B1 <0.05 mg/100 mL 0.68 mg/100 mL Below detection limit

 B2 <0.004 mg/100 mL 0.12 mg/100 mL Below detection limit

 B5 <0.001 mg/100 mL 1.02 mg/100 mL Below detection limit

 B6 <0.003 mg/100 mL 0.003 mg/100 mL Below detection limit

 B8 n.a. 2.76 μg/100 mL 2.58 μg/100 mL

 Niacin B3 <0.01 mg/100 mL 3.96 mg/100 mL Below detection limit

Minerals

 Chloride <0.1 g/100 mL 0.1 g/100 mL Below detection limit

 Calcium <1 mg/100 mL 8 mg/100 mL Below detection limit

 Iron n.a. 0.2 mg/100 mL 0.1 mg/100 mL

 Magnesium <1 mg/100 mL 4 mg/100 mL Below detection limit

 Phosphorus n.a. 46 mg/100 mL 6 mg/100 mL

 Potassium n.a. 182 mg/100 mL 2 mg/100 mL

 Sodium n.a. 61 mg/100 mL 12 mg/100 mL

 Zinc <0.1 mg/100 mL 0.3 mg/100 mL Below detection limit

Others

 Folic acid <0.123 μg/100 mL 3.93 μg/100 mL Below detection limit

Notes: The measurements were above detection limit in both culture media. In cases of “n.a.” (not applicable), the detection limit was not provided 
by the food analysis company. E. coli, Escherichia coli.
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