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Fluoroacetic Acid Is a Potent and Specific Inhibitor of 
Reproduction in the Nematode Caenorhabditis elegans 

PAUL J. MIDDENDORF 1 AND DAVID B.  DUSENBERY 2 

Abstract: Fluoroacetic acid is known to lead to inhibition of aconitase and block both the Krebs and 
glyoxylate cycles. In this study, we discovered it to be a potent and specific inhibitor of  reproduction 
in a bioassay using the nematode Caenorhabditis elegans. Fluoroacetic acid added to the growth me- 
dium reduced reproduction in the second generation by 50% at concentrations 3,000 times lower 
than the concentrations that  reduced 24-hour survival by 50%. Four concentrations (2, 4, 8, and 17 
mM) of fluoroacetic acid were tested thoroughly. At the two lower concentrations, the survival rates 
were unaffected, and first-generation reproduction was greatly reduced but not  completely elimi- 
nated. Survival was reduced at the higher  concentrations. Malonate, which inhibits the Krebs cycle, 
and itaconate, which inhibits the glyoxylate cycle, were tested individually and in combination. The  
combination did not specifically inhibit reproduction, suggesting another  mode of action for fluo- 
roacetic acid. Fluoroacetic acid shows promise as a tool in studies requiring age synchrony. 
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In the course of  developing and testing 
toxicity assays using lethality and repro- 
duction as endpoints and Caenorhabditis el- 
egans as the test organism (12-14), experi- 
ments were performed with fiuoroacetic 
acid. Fluoroacetate is a metabolic precur- 
sor of  fluorocitrate, a compound that in- 
hibits the action of  aconitase, an enzyme 
central to both the Krebs and glyoxylate 
cycles (6). Because  f luo roace t i c  acid 
strongly inhibited reproduction at much 
lower concentrations than it inhibited sur- 
vival, its use could supplement other meth- 
ods of  inhibiting reproduction and enable 
processes and phenomena (such as aging) 
that require synchronous populations for 
experimentation to be studied. 

To determine whether fluoroacetic acid 
inhibited reproduct ion because it inter- 
fered with both the Krebs cycle and the 
glyoxylate cycle, metabolic poisons that in- 
terfere with only one of  the cycles were 
tested individually and in combination 
against C. elegans. Malonate is a specific 
competitive inhibitor of  succinate dehy- 
drogenase,  a Krebs cycle enzyme. Ita- 
conate noncompetitively inhibits isocitrate 
lyase, an enzyme of the glyoxylate cycle. 
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Isocitrate lyase is found in C. elegans at 
high levels during embryogenesis and in 
first-stage juveniles, but  is not detectable 
again until, as adults, eggs are produced 
(9). 

MATERIALS AND METHODS 

Caenorhabditis elegans var. Bristol (strain 
N2) were grown on 5-cm-d pe t r i  plates 
containing 10 ml of  K agar (KC1, NaC1, 
peptone, cholesterol, CaCI 2, and MgSO4) 
(12). A thin lawn of a uracil-requiring mu- 
tant strain (OP50) of  Escherichia coli was 
added to the surface of  the medium as a 
food source and allowed to grow for 24 
hours. All experiments were performed at 
20 C. Plates were prepared by spreading 
133 p,1 of  aqueous solution of  test com- 
pound (for treatment plates) or deionized 
water (for control plates) with a glass rod 
on plates containing the medium and bac- 
teria. Plates were stored in a desiccator 
over a saturated solution of  CaC12 for 24 
hours to remove excess moisture and to 
allow the tes t  c o m p o u n d  to d i f f u s e  
throughout the medium. 

Dauer larvae were prepared by seeding 
egg white plates (1) with adult nematodes 
and incubating at 20 C for at least 1 week. 
Dauers were rinsed from the plates using a 
buffer  (19.5 g Na2HPO4 ° 7 H20,  3.0 g 
KH2PO4, 0.5 g NaC1, and 1.0 g NH4CI in 1 
liter distilled water) and centr i fuged at 
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650g. The supernatant was aspirated and 
the dauers were resuspended in 10 ml of  
1% sodium dodecyl sulfate for 30 minutes 
to kill nematodes not in the dauer stage. 
The dauers were again centrifuged, and 
the supernatant was aspirated. The pel- 
leted worms were layered in centrifuge 
tubes on top of  a 15% ficoll solution. The 
solutions were centrifuged again, the su- 
pernatant was aspirated, and the pelleted 
dauers were resuspended in the buffer so- 
lution. The  final rinse with the buffer  and 
centrifugation was repeated three times to 
clean the dauers. The dauers were then 
stored in the buffer  at 20 C until needed. 

In the survival assay, seven adult (24 
hours after dauer) nematodes were placed 
on each plate 24 hours after the test solu- 
tion was added; 24 hours later the number 
of  living nematodes  on each plate was 
counted under  a dissecting microscope. 
Nematodes were scored as alive if they 
were motile or if they responded to a light 
stroke with a platinum wire. Nematodes 
not found on the plate were considered to 
have died and decomposed. Ten replicates 
at each concentration were performed. 

In the reproduction assay, one adult (24 
hours after dauer) nematode was placed 
on each treatment plate. Three  days later, 
one of  the adult offspring (when available) 
was transferred to a new, identical treat- 
ment plate. Four days later, the number  of  
offspring at all stages beyond the egg on 
each o f  the second set o f  plates was 
counted under  a dissecting microscope. 
Ten replicates at each concentration were 
performed. 

Fluoroacetic acid, malonic acid, itaconic 
acid, sodium azide (Sigma Chemical Co., 
St. Louis, MO), and sodium cyanide (Ald- 
rich Chemical Co., Milwaukee, WI), were 
tested individually at various concentra- 
tions in both the survival and reproduction 
assays. Three  combinations of  malonic 
acid and itaconic acid were tested. In one 
experiment,  a stock solution containing 
the concentrat ion of  itaconic acid that 
killed 50% of the exposed worms (LC50) 
and the LCs0 of  malonic acid was made 
and then the following dilutions were 

made with distilled water: 1/8, 1/4, 3/8, 1/2, 
5/8, 3/4, 7/8, and 1/1. In a second experi- 
ment,  the stock solution contained the 
LC~6 of malonic acid and the LC84 of ita- 
conic acid, and the same dilutions were 
used on treatment plates. In a third exper- 
iment, the stock solution contained the 
LC84 of malonic acid and the L C 1 6  of ita- 
conic acid, and the same dilutions were 
used on treatment plates. The three exper- 
iments were repea ted  using the ECso, 
EC16, and ECs4 for reproduction. The  ef- 
fects of  combinations of chemicals were 
determined to be synergistic, additive, or 
antagonistic using the method of  Marking 
and Dawson (7). 

Concentration-response curves for the 
survival assay and the reproduction assay 
were developed for each test compound 
and combination of  compounds. The pro- 
bit method was used to calculate the LC50 
and ECso for reproduction using a com- 
puter program (10) based on the method 
of  Finney (2). 

For mixtures, calculations were made 
using the dilution of  the mixture as the 
concentration. To determine the contribu- 
tion of  each compound to the LCso of  the 
mixture, the dilution that gave the LC50 
was multiplied by the actual concentration 
of  each of the compounds in the mixture. 
The ratio of  the LCso to EC50 was calcu- 
lated for each of the compounds added in 
combination by dividing its contribution to 
the LC50 by its contribution to the ECso. 
An example for the experiment using the 
LCso for malonic acid and the LC50 for 
itaconic acid is shown in the following 
equation 

(DL × LCso:m~l DL × LCso:itcn I 
× ECso:mal + DR × ECso:itcn] 

Ratio = 
2 

where D L = dilution of  combination that 
resulted in 50% lethality, and D R = dilu- 
tion of  combination that reduced repro- 
duction by 50%. 

To determine the optimal concentra- 
tions of  fluoroacetic acid at which repro- 
duction was strongly inhibited and survival 



Fluoroacetate, C. elegans: Middendorf, Dusenbery 575 

120 

100 

8O 

6o 

40 

20 

10 4 

R e p r o d u c t i o n ~  Su 

Concentration (raM Fluoroacetic Acid) 

FX~. 1. Concen t r a t ion - r e sponse  curves o f  f luoro- 
acetate for  survival and second-genera t ion  reproduc-  
tion o f  Caenorhabditis elegans. T h e  calculated LCs0 is 
76 mM, and the  calculated ECs0 for reproduc t ion  is 
23 p~M. Er ro r  bars r ep resen t  the  s tandard  e r ro r  o f  the  
mean.  

was not affected, four concentrations (1.7, 
4.2, 8.5, and 17 mM in the final media) 
were tested. In the survival assay, the 
nematodes on each plate were scored at 
24-hour intervals ( -1  hour) for 6 days. 
The reproduction assay was performed as 
in the other experiments. Fifteen control 
and 10 treatment plates at each concentra- 
tion were used th roughout  the experi- 
ment. For statistical analysis of the survival 
study, each plate was considered a repli- 
cate. The binomial distribution of the ratio 
of living to dead nematodes on the treat- 
ment plates was compared to the control 
distribution by goodness of fit analysis. 

To determine whether the living bacte- 
ria modified fluoroacetic acid, autoclaved 
E. coli OP50 were added to 5 control plates 
and 10 plates each containing fluoroacetic 
acid at the ECs4, EC50, and EC16 for repro- 

duction. The reproduction assay was per- 
formed as described previously. 

RESULTS 

The concentration-response curves for 
fluoroacetic acid effects on 24-hour sur- 
vival and second-generation reproduction 
are presented in Figure 1. The LC50 was 
calculated as 76 mM, whereas the ECs0 for 
reproduction was calculated as 23 ~M, 
over 3,000-fold lower. The LC50/EC50 ra- 
tio was far greater for fluoroacetic acid 
than for all but one of  18 other chemicals 
tested (unpubl. results), including five 
other known metabolic poisons. The ex- 
ception was fluorodeoxyuridine, with a ra- 
tio greater than 12,000. 

The absence of bacteria did not appear 
to change the effect of fluoroacetic acid on 
reproduction.  With autoclaved bacteria 
added in place of live bacteria, reproduc- 
tion at the EC16 was reduced by 28% 
(-+11%), 45% (+12%) at the EC50, and 
73% (-+ 10%) at the EC84. 

Additional tests were performed at four 
final concentrations in the medium (1.7, 
4.2, 8.5, and 17 mM) in the range where 
fluoroacetic acid did not affect survival, 
and where second generation reproduc- 
tion was essentially zero (Table 1). At the 
two higher concentrations, the nematode 
survival rate was lower (P < 0.01). Repro- 
duction at each concentrat ion was not 
completely suppressed on all plates. Nu- 
merous f irst-generation (G1) offspr ing 
were observed in all 1.7 and 4.2 mM fluo- 
roacetic acid treatment plates beginning 

TABLE 1. Percentage survival o f  Caenorhabditis elegans exposed to fluoroacetic acid. 

Concentration Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 
(nM) % % % % % % G# 

Control  100 100 100 100 99 97 
1.7 100 99 99 99 99 99 7.2 
4.2 100 100 100 99 98 98 0.1 
8.5 100 100 99 98 96 89 39~ 

17 100 100 98 96 89 77 68~ 

Nematodes were cultured on Escherichia coli on plates containing K medium and fluoroacetic acid for 6 days, and the number 
of living C. elegans was counted at 24-hour intervals. 

t G = Calculated goodness of fit to controls on day 6 of the binomial distribution of number of dead animals per plate. 
$ Different (P< 0.01) from controls on day 6 using goodness of fit test with 7 degrees of freedom (critical value = 18.5). 
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TABLE 2. Ratios o f  LCs0 to reproduc t ive  ECs0 against  Caenorhabditis elegans f r om some  metabolic  poisons.  

LCs0 ECso 
Compound (mM) (mM) LCso/ECs0 Nominal site of  inhibition 

Sod ium cyanide  2.0 1.4 1.4 
S o d i u m  azide 1.3 0.22 6.0 
Fluoroacet ic  acid 76 0.023 3474 
Malonic acid 9.9 3.3 3.0 
I taconic acid 21 4.3 5.0 

Cy toch rome  aa 3 o f  e lectron t r anspo r t  
Cy toch rome  aa 3 o f  e lectron t r anspo r t  
Aconi tase  o f  citric acid and  glyoxylate cycles 
Succinate d e h y d r o g e n a s e  o f  citric acid cycle 
Isocitrate lyase o f  glyoxylate cycle 

on day 4, and the number  of  offspring ob- 
served generally increased f rom day 4 
through day 6. The G 1 offspring were sim- 
ilar in size to normalJ  1 through J4juvenile 
stages. The  G1 offspring transferred to 
parent  the second generation remained 
small, did not advance to the adult stage, 
and produced no offspring. At 8.5 mM, 
only some of  the plates had G1 offspring, 
and the numbers were small. These off- 
spring did not appear to advance beyond 
the J 1 stage. No offspring were observed 
on 17 mM fluoroacetic acid t rea tment  
plates. 

The  LCs0/EC50 ratios for some other 
metabolic poisons are presented in Table 
2. In all cases the ratios were between one 
and six. The ratios for the combinations of  
itaconic acid and malonic acid (Table 3) 
were similar to the ratios for the individual 
metabolic poisons tested. 

DIS C US S ION 

If  the potent reproduction effect of  flu- 
oroacetic acid in C. elegans relative to the 
lethality effect is caused by inhibiting both 

TABLE 3. Ratios o f  LCs0 to ECs0 o f  combina t ion  
o f  itaconic a n d  malonic  acids agains t  Caenorhabditis 
elegans. 

Combination DLt DRt Ratio 

I taconic Acid:Malonic  Acid:~ 
50:50 0.71 0.97 2.9 
16:84 0.64 0.44 5.8 
84:16 0.87 0.92 3.9 

? Dilutions as defined in text. 
5; Dilutions of the respective concentrations added to plates 

based on LCso or EC~0; e.g., 16:84 indicates that the undi- 
luted mixture used in lethality tests was composed of itaconic 
acid at its LC16, and malonic acid at its LCsa, whereas the 
mixture used for reproduction testing bad itaconic acid at its 
EC16 and malonic acid at its ECs4. 

the Krebs and glyoxylate cycles, then the 
combination of  malonic acid and itaconic 
acid would be expected to produce results 
qualitatively similar to those obtained with 
fluoroacetic acid. This combination would 
indicate synergy between the chemicals, 
and the ratio of the LC50 to EC50 for re- 
production would be very large. However, 
this was not observed. 

The specific effect of  fluoroacetic acid in 
inhibiting reproduction in C. elegans while 
a Krebs cycle inhibitor and a glyoxylate cy- 
cle inhibitor individually and in combina- 
tion did not specifically inhibit reproduc- 
tion suggests that fluoroacetic acid acts 
with great  potency on an unident i f ied 
pathway specific to reproduction. Because 
fluoroacetic acid acts through fluorocitrate 
to inhibit aconitase, aconitase may be es- 
sential in some stage or some metabolic cy- 
cle of  reproduction. 

A l t h o u g h  C. elegans can be  age-  
synchronized by several methods, includ- 
ing sodium dodecyl sulfate treatment of  
cultures to kill all but dauer larvae, the syn- 
chrony is lost once the populations start 
reproducing. Therefore,  several methods 
have been investigated to exclude progeny 
from a population. Inhibitors of DNA syn- 
thesis such as fluorodeoxyuridine and hy- 
droxyurea (3,5) have been used, as well as 
filtration (3,11). Temperature-sensi t ive  
mutants are available that do not repro- 
duce at 25 C (4). However, each of  these 
methods has drawbacks making them ei- 
ther untenable for handling large num- 
bers of  nematodes or suspect in terms of  
altering normal structures or biochemical 
processes (3,8,11). 

Although aging reportedly progresses 
normally at 400 IxM fluorodeoxyuridine 
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(8), nematode biochemistry may be altered 
by its presence. Fluoroacetic acid, how- 
ever, affects different  biochemical pro- 
cesses than does fluorodeoxyuridine. Ex- 
periments requiring age synchrony and 
performed independently in the presence 
of  fluorodeoxyuridine or fluoroacetic acid 
may allow researchers to observe changes 
and compare  the results f rom the two 
treatments as a means of  identifying unin- 
tended side effects. 

The small number  of  first-generation 
offspring that are still p roduced in the 
presence of  nonlethal concentrations of 
fluoroacetic acid may minimize the useful- 
ness of  this technique. However, where ab- 
solute inhibition of  reproduction in the 
first generation is not necessary, the tech- 
nique may be useful. The technique may 
facilitate producing large numbers of  age- 
synchronous nematodes. 
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