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Abstract 

The longevity of the free-living nematode Caenor- 
habditis elegans was studied under two different 
nutritional regimes, one axenic and the other 
monoxenic. Axenic nematodes showed typical 
sigmoidal survival curves with exceptionally long 
tailing. Monoxenic worms died off much faster 
and the maximum life-span in bacterial culture 
was generally three to four times shorter than that 
obtained in axenic culture. When nematodes were 
transferred from axenic to monoxenic culture and 
vice versa at near adulthood the survival patterns 
observed were reminiscent of the final medium. 
These results are in agreement with the hypoth- 
esis that worms may die off prematurely in 
bacterial culture by toxins given off by the 
bacteria. 

Introduction 

Free-living nematodes, among which C. elegans 
are gaining popularity as model systems for 
studying aging (1-3). They are small, can easi ly be 
grown in either bacterial (Escherichia coh) or ax- 
enic culture and have short life spans. In addition 
they offer the advantage of a system which is ac- 
cessible to combined genetic and biochemical 
analysis (4, 5). 

It has become clear that culture condit ions con- 
siderably influence the actual l ife span of C. 
elegans. Thus the median life span, i.e. the t ime by 
which 50% of the nematode population cultured 
at 20-21 ~ on a bacterial diet has died, is about 
12-16 days (6-8) and in axenic condit ions 17-22 
days (6, 8), exceptional ly 59 (9) days. The rapid 
decline of live nematodes observed in bacterial 
culture even with daily transfer to fresh medium 
led Hansen (10) and Croll and his associates (6) to 
believe that the intestinal bacterial flora somehow 
might cause their premature death. If so, serious 
restraints would be imposed to the use of the 
monoxenic regime for studying the process of 
aging in C. Elegans. 

Alternatively it might be argued that the t ime 
needed for nematodes to mature in axenic culture 
is delayed and that there is some intrinsic rela- 
t ionship of life span to maturation t ime Worms 
grown in bacterial culture would then live shorter 
as a consequence of their abi l i ty to complete their 
life cycle in considerably less time. 
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The present study is an attempt to further in- 
vestigate the influence of the nutrit ional regime 
on nematode aging by interchanging the diet 
when the worms reach maturity and examining the 
effects on reproduction and life span. 

Results 

The effects of temperature and nutrit ional regime 
on some biological parameters of C. elegans are 
shown in Table 1. For comparison the average 
fecundity of C. elegans on a bacterial diet may be 
taken at 200-280 at 21 ~ (7, 11). Both the increased 
generation t ime and the few progeny produced in 
axenic culture may reflect partial starvation. 
CbMMS-Hb a l lows faster  matura t ion  than 
CbMMS-Hm but this appears to have no effect on 
life span. However, when the worms were unable 
to mature, the median life span increased to as 
much as 88 days. It is interesting to note that the 
median life span observed in axenic culture is not 
s igni f icant ly shorter at 25 ~ as compared to 21 ~ 
This is in contrast to comparable results in 
monoxenic culture (7). 

The survival curves observed with axenic and 
monoxenic nematodes are str ikingly different 
(Fig. 1). Axenic worms show sigmoidal survival 
curves with a small but consistent number of long 
term survivors. These are absent in the monoxenic 
regime. We then resolved to examine whether this 
could be due to some toxic effect produced by the 
bacteria. Nematode larvae were cultured in a 
suspension of E. coli cells (5.108/ml) until they 
reached the late fourth juvenile or early adult 
stages. Then they were axenized and grown fur- 
ther in axenic medium. Corollarly larvae were 
raised in axenic medium and transferred to E. coli. 
Fecundity and life span data are presented in 
Table 2. The survival curves are shown in Fig. 2, A 
and B. From these data it is clear that the shape of 
the curves is largely determined by the final 
culture medium. The shorter median life span 
observed in some of these experiments is not rele- 
vant largely due to stressing factors related to the 
washing in ant ibiot ics and adaptation to another 
medium. Careful examination of the survival 
curves reveals a decline of live nematodes which 
coincides with the event of transfer. 
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T a b l e  1. Effects of Temperature and Nutritional Regime on Generation Time, Life Span and Fecundity of C. Elegans 

Culture T e m p .  Generation time Median life span Average number Number of nematodes 
medium ~ (days) (days) of progeny a in each trial 

CbMMS-Hb b 25 4.5- 5 25 -- 100 
21 6- 6.5 19.5 36 + 2 100 
16 9.5-10 24 - -  100 

CbMMS-Hm b 25 7.5- 8 18 -- 20 
21 7 - 9 19 28-+4 d 140 
16 nm c 88 -- 100 

E. coil 21 3 - 3.5 11.5 -- 25 

aMean values ___ S.E. 
bCbMMS-Hb = Caenorhabditis briggsae Maintenance Medium (GIBCO Bio-Cult, Grand Island, N.Y.) supplemented with 50 #g/ml sterol 
mixture and 1 mg/ml hemoglobin; CbMMS-Hm = Caenorhabditis bdgssae Maintenance Medium supplemented with 50 ~g/ml sterol 
mixture and 200 eg-ml hemin chloride. 

Cnm = non-maturing. 
dMean _+ S.E. of 25 animals only. Figures have been rounded to whole numbers. 

T a b l e  2. Effect of Alteration of the Nutritional Regime on Generation Time, Life Span and Fecundity of C. Elegans 

Generation time Median life span Reproductive period 
Culture medium (days) (days) Number of progeny a (days) Age at transfer 

E. coli--~CbMMS.Hb 3-3.5 19 19 _+ 2 12 young adult 
E. coli---~CbMMS-Hm 3-3.5 9.5 17 _+ 2 12 L, 
E. coli--~CbMMS-Hm 3-3.5 9.5 10_+ 1 12 young adult 
CbMMS-Hb--~E. coil 8.5-9 13.7 81 _+ 28 8 young adult 
CbMMS-Hm.--,~ E. coli 7.5-8 12.5 23 _+ 6 7 young adult 

aThe values cited are mean _+ S.E. The figures have been rounded to whole numbers. Each condition represents 20-25 worms. 
Temperature was 21 ~ 

D i s c u s s i o n  

Our resul ts  are in agreement  w i th  the hypothes is  
proposed by Hansen (10) and Crol l  and his 
assoc ia tes  (6) that  the shor ter  nematode  longev i ty  
observed in bacter ia l  cu l ture  is caused by tox ins  
given of f  by the bacter ia.  Nematodes  wh ich  are 
fed on E. c o l i  unt i l  they reach matur i ty  and then 
are axen ized and t ransferred to axen ic  cu l ture 
med ium age l ike worms raised in axen ic  medium.  
They show the typ ica l  s i g m o i d a l  survival  curve, 
the long tai l  of  wh ich  is due to a smal l  but consis- 
tent number  of long term survivors. Coro l la r ly  ax- 
enic nematodes  wh ich  are t ransferred to a 
bacter ia l  d iet  show the rapid dec l ine  in numbers  
typ ica l  for  monoxen i c  cu l ture cond i t ions .  The pro- 
duc t ion  of many more progeny is a minor  fac tor  
wh ich  may exp la in  the rapid death  in monoxen i c  
culture. At  this po in t  it is in terest ing to compare  
l i fe span data  f rom two t r ia ls  (Table 2) in wh ich  
worms  were t ransferred f rom axen ic  med ium to 
bacter ia l  cul ture. These are very s imi la r  but in one 
exper imen t  the average p roduc t ion  of eggs was 81 
whereas in the second no more than 23 eggs were 
laid. Further suppor t  for  this may be der ived f rom 
the exper iments  of Mi tche l l  and Sante l l i  (12) who  
observed near ly  ident ica l  med ian l i fe spans when 
nematodes  were grown on E. c o i l  in the presence 
and absence of su f f i c ien t  amoun ts  of 5-f luorode- 
oxyur id ine  so as to prevent reproduct ion.  

In conc lus ion  we bel ieve that  the s tudy of ag ing 
in bacter ia l  cu l ture is comp l i ca ted  by tox ic  e f fec ts  
given of f  by the bacter ia.  It is a lso true, however,  
that  th is  e f fec t  can be con t ro l led  to some ex tent  
by d ie tary  restr ic t ion.  Monoxen ica l l y  grown nema- 
todes may a lso show survival  curves that  are 
s igmo ida l  rather than parabo l ic  but long term sur- 
v i v o r s  comparab le  to those found in axen ic  
cu l ture  are absent  (8). 

It is not  c lear  why aging nematodes  but not lar- 
vae nor young adu l ts  suf fer  f rom the puta t ive  tox- 
ins. There may be a gradual  accumu la t i on  of tox- 
ins in the nematode  t issues reaching de t r imenta l  
levels later on in life. On the other  hand the 
decreased ab i l i t y  to w i ths tand  phys io log ica l  
stress is a general  charac ter is t ic  of ag ing  
organ isms.  

From our present invest iga t ion  it is not poss ib le  
to de te rmine  whether  there is some in t r ins ic  rela- 
t i onsh ip  of matu ra t ion  t ime to l i fe span, i.e. 
whe ther  the lengthen ing  or shor ten ing of the 
j uven i l e  phase has an equal  or inverse ef fect  on 
the adu l t  l i fe span. Some of the data  presented in 
Tab le  1 wou ld  suggest  that  l i fe span is rather in- 
dependen t  of leng then ing  or shor ten ing of the lar- 
val phase. On the o ther  hand there is some in- 
d i rect  ev idence that  matu ra t ion  by i tsel f  t r iggers 
the onset  of the aging process somehow.  Thus we 
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Nematode Longevity in Axenic and Monoxenic Culture 
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Figure 1. Life span of C. e/egans in axenic and in 
bacterial culture. Newly hatched larvae were transferred 
to each of two axenic media (CbMMS-Hb and CbMMS- 
Hm) and to E. coil cells suspended in S medium (15) at 
5.108 cells/ml and kept in these media throughout their 
lifetime. Temperature was 21~ Each condition 
represents 100 worms except for the monoxenic culture 
which contained 25 worms. 
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Figure 2A. Life span of O. elegans after transfer from 
monoxenic to axenic culture. Newly hatched larvae were 
raised in monoxenic medium (5.108 E. coil cellstml) until 
they just began to mature. Then they were axenized and 
transferred to axenic culture medium (arrow). Each trial 
represents 20-25 worms. Temperature was 21 ~  L4 = 
fourth stage larvae; A = adults. 
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Figure 2B. Life span of C. e/egans after transfer from 
axenic to monoxenic culture. Newly hatched larvae were 
raised in axenic medium until maturation. Then they 
were washed and transferred to monoxenic medium (ar- 
row). Each condition represents 20-25 nematodes. 
Temperature was 21 ~ 

have cons is tent ly  observed except ional ly  high 
survival rates, even at room temperature, when 
nematode larvae were grown in axenic media that 
were unable to support maturat ion. These larvae 
behave like adult  aging nematodes in becoming 
very s luggish and loosing transparency (ac- 
cumulat ion of age pigment?). 

Owing to the shape of the survival curves a 
decrease from 60% to 40% survival current ly cor- 
relates wi th a considerable shi f t  on the t ime axis. 
This is a serious restraint to the usefulness of the 
50% survival value for character iz ing longevity. 
Thus we have general ly found that repl icate ex- 
periments performed s imul taneously  produced 
fair ly reproducible results. However, when Iongevi- 
ty was invest igated later on in identical condi t ions 
but using other egg masses and a new batch of 
medium, the shape of the survival curves substan- 
t ia l ly  remained unchanged whereas the t ime at 
which 50% survival was observed sometimes 
varied considerably. Differences in physiological  
condi t ion of the f irst stage larvae may be part ly 
responsible for this event. In addit ion we have 
noticed that batches of axenic cul ture medium 
may exhibi t  variable growth promoting potency. 
Improved axenic media may enhance reproducibi l-  
ity. In the meantime it wi l l  be necessary to com- 
pare all experimental  tr ials to s imul taneously  run 
control  series so as to provide the internal con- 
s istency which is required for quant i tat ive com- 
parisons. 

E x p e r i m e n t a l  P r o c e d u r e s  

Culture Media 

Caenorhabditis elegans strain N2 (or iginal ly ob- 
tained from Dr. H. F. Epstein, Departments of 
Neurology and Biochemistry, Baylor College of 
Medicine, Houston, Texas) was used in all ex- 
periments. Stock cul tures were maintained ax- 
enical ly  on a medium consist ing of 3% dry yeast 
extract, 3% soy peptone and 0.5 mg/ml hemo- 
globin. The axenic media used throughout  the ex- 
periments were chemical ly  more defined. One 
medium designated CbMMS-Hb was composed of 
CbMM (Caenorhabditis briggsae Maintenance 
Medium, avai lable from GIBCO Bio-Cult, Grand 
Island, New York) to which was added 50 tJg/ml 
sterol mixture and I mg/ml hemoglobin. In the sec- 
ond medium called CbMMS-Hm hemoglobin was 
replaced by 200 /~g/ml hemin chloride. These 
media have been described in detai l  elsewhere 
(13, 14). Monoxenic  cul ture was performed on E. 
col i  cells (strain 3000-38) grown in tryptone broth 
(1% bacto tryptone, 0.5% bacto yeast extract and 
0.5% sodium chloride) and suspended in S 
medium (15) at about 5.108 cells/ml. All ex- 
periments were performed at 21 ~ unless other- 
wise stated. 
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Axenization 

Worms grown in bacterial medium were trans- 
ferred with a pasteur pipette through a series of 
small petri dishes containing M9 buffer (4) to 
which were added 10,000 U/ml penicillin and 10 
mg/ml streptomycin so as to remove the bulk of 
the b~cterial cells. The worms were then suspend- 
ed for 2 hours in M9 buffer containing 1,000 U/ml 
penicillin and 1 mg/ml streptomycin and finally 
transferred to the axenic culture medium to which 
were added 200 U/ml penicillin and 0.2 mg/ml 
streptomycin. Sterility was checked by adding a 
drop from each test culture onto nutrient agar. 

Generation Time, Fecundity and Longevity 

Egg masses are typically formed by dense nema- 
tode populations grown in axenic culture. These 
were harvested, washed and allowed to hatch in 
M9 buffer. The newly hatched larvae were then in- 
oculated one in each culture tube containing 0.30 
ml of culture medium and generation time was 
determined as the time elapsed from inoculation 
to hatching of the first progeny. The adults were 
then transferred daily to fresh medium so as to 
prevent confusion with their growing offspring. All 
progeny were counted to determine the mean 
fecundity in a given medium. Unlike worms grown 
on a bacterial diet, axenic nematodes were no 
longer transferred to fresh medium after reproduc- 
tion had stopped. Median longevity (survival, life 
span) was determined as the time in days by 
which 50% of the inoculated worms were dead. 
Death was determined by visual inspection under 
a dissecting microscope. Worms which did not 
move at all after swirling the culture tube by hand 
were defined as dead. Premature death may occur 
from endotokia matricida (progeny hatching in the 
uterus and feeding on the tissues of the maternal 
organism) in both axenic and monoxenic culture 
though it is much more frequent in axenic culture. 
Worms which became endotokic were not used to 
plot survivorship. 
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