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Abstract: In microaerobic and anaerobic environments the principal glycolytic end-product 
of A. avenae and Caenorhabditis sp. was lactic acid during the first 12-16 hr, after which it 
was ethanol. Upon return to aerobiosis, 1~C-labeled ethanol in the medium was utilized by the 
nematodes; "CO~ and some ~C-labeled glycogen was detected. Total dry weight loss of non- 
feeding nematodes was 25% greater in the absence of alcohol than in the presence of ethanol 
or n-propanol. Physical movement and respiration increased and reproduction was extended 
by alcohol in the bathing solution. Key Words: Lactic acid, Acetaldehyde, Succinic acid, 
Aerobic, Anaerobic, Microaerobic, Glycolysis, Alcohol dehydrogenase, Lactic dehydrogenase. 

In mammals, anaerobic glycolysis yields 
lactic acid and generates nicotine adenine 
dinucleotide (NAD+). In anaerobic fermen- 
tation by animal-parasitic nematodes, how- 
ever, succinic acid production and carbon 
dioxide fixation are common. Of the many 
genera investigated, only Litomosoides, Dra- 
cunculus, and Dirofilaria excreted appreciable 
lactic acid (11 ); a few others excrete trace 
amounts (1 1). In Ascaris, lactic dehydro- 
genase activity is low and only traces of lactic 
acid have been detected. The anaerobic end- 
products were primarily succinic acid (3)  
and smaller amounts of c~-methylbutyric and 
a-methylvaleric acids (9) .  

Schiebel and Saz (14) identified cyto- 
chrome oxidase in the rat tapeworm, Hy- 

menolep& diminuta (a cestode), but found 
its metabolism to be essentially anaerobic. 
They suggested succinate formation is com- 
monly present in helminth and flatworm 
metabolism and that the excreted organic 
acids were produced primarily by carbon 

dioxide fixation. 
Bryant and Nicholas (2)  demonstrated 
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glycolysis of glucose, succinate, and acetate 
as well as transamination and other syntheses 
of the tricarboxylic acid cycle mediated by 
body wall fragments of Monilijormis dubius. 
They judged this to be consistent with the 
known glucose--~ pyruvate--~ malate-succinic 
acid-oxalacetic acid pathways. Ward and 
Crompton (15) reported ethanol to be a 
major end-product o~ aerobic and anaerobic 
glycolysis in M. dubius. Neither aerobic nor 
anaerobic ethanol production had previously 
been reported in nematodes. 

Dunagan (6)  found succinic and lactic 
acids were only minor end-products of aer- 
obic and anaerobic fermentation in Neo- 
chinorhynchus sp. and suggested (without 
evidence) that acetic acid might be the major 
o n e .  

Cooper and Van Gundy (4)  reported aer- 
obic utilization of neutral storage lipids by 
nonfeeding Aphelenchus avenae and Caeno- 
rhabditis sp., both free-living, soil-inhabiting 
nematodes. Anaerobically these nematodes 
utilized no lipids but survived on endogenous 
glycogen. 

Ells and Read (7)  found that intact Tur- 
batrix aceti utilized acetate and oxaloacetate. 
Citrate was synthesized from acetate but no 
respiratory activity was stimulated by exog- 
enously supplied citrate, malate, or succi- 
nate. Lack of malate dehydrogenase activity 
suggested succinate may not be in the central 
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respiratory pathway of T. aceti. No lactate 
dehydrogenase (LDH) or alcohol dehydro- 
genase (ADH) activity was found in T. aceti 
(15 ), and Ells (8) further suggested that the 
low levels of glycolytic enzymes detected may 
perform only synthetic functions. 

Krusberg (10) found that glycolytic and 
pentose phosphate pathway enzymes were 
uniformly present in Ditylenchus tri[ormis 
but could not detect LDH in D. dipsaci. 
Myers and Krusberg (12) reported no lactic 
acid excretion by five plant-parasitic nema- 
todes. 

The purpose of the study reported here 
was to add to our knowledge of the aerobic 
and anaerobic metabolism of lipids and gly- 
cogen in Aphelenchus avenae and Caeno- 
rhabditis sp. (soil-inhabiting nematodes) and 
to define their role in the survival of non- 
feeding nematodes. 

MATERIALS AND METHODS 

The culture, harvest and general proce- 
dures for handling the test organisms, Aphe- 
lenchus avenae (a myeophagous nematode) 
and Caenorhabditis sp. (a microphagous 
nematode), were described earlier (4). 

FERMENTATIVE END-PRODUCT AND EN- 

ZYME DETERMINATIONS: Incubation solutions 
and homogenates of A. avenae and Caeno- 
rhabditis sp. were analyzed for organic acids, 
alcohols, aldehydes, glycols, ketones, alcohol 
dehydrogenase and lactic dehydrogenase after 
exposure to controlled aerobic, microaerobic 
and anaerobic conditions. 

Freshly-harvested nonfeeding A. avenae 
suspensions containing 300,000 nematodes 
per ml were incubated aerobically as follows: 
(i) Two ml of suspension, 28 ml of sterile 
tap water, and 10 ml of "AB/AF" (an anti- 
bacterial/antifungal mixture; 10 ppm aretan, 
45 ppm aureomycin and 150 ppm strepto- 
mycin) were bubbled in a 100 ml beaker with 
50 cc/min of filtered, 100% humidified air 
at 27 C for up to 24 hr; (ii) Five ml of sus- 

pension, 345 ml of sterile tap water, and 150 
ml of AB/AF mixture similarly bubbled up 
to 24 hr with air at 27 C in a 600 ml beaker; 
(iii) To favor detection of volatile metabo- 
lites, two ml of suspension, 28 ml of sterile 
tap water, and 10 ml of AB/AF were in- 
cubated in a 160-mm petri dish (4-mm liquid 
layer) contained in a sealed desiccator evac- 
uated and flushed four times with the desired 
gas mixture and maintained without supple- 
mental aeration at 27 C up to 24 hr. The 
incubation treatments of Caenorhabditis sp. 
were essentially the same except the number 
of nematodes was fewer by a factor of four. 
Each exposure time was replicated six times 
and each test was repeated at least three 
times. 

Anaerobic and microaerobic atmospheres 
were commercially prepared (Matheson) gas 
mixtures: 90% N2 + 10% 02, 95% Ne + 5% 
02, 96% N2 + 4% O.,, 98% Nz + 2% O2 and 
100% N2. The incubation solutions were 
prepared as above, except that just prior 
to the addition of the sterile tap water and 
AB/AF mixture, they were bubbled with 
the corresponding gases for 20 min to hasten 
equilibration. The gaseous environment was 
changed every 8 hr during the incubation 
period. Each exposure time was replicated 
six times and all tests were repeated at least 
four times. 

Because the nematodes used were not 
cultured axenically (due to the large numbers 
required) there was always the chance that 
the respiratory activity of associated micro- 
organisms might have influenced the results. 
The degree of microbial contamination within 
each treatment group (aerobic, microaerobic 
and anaerobic) was determined at the end of 
the treatment period by pipetting 1 ml of 
solution onto a PDA plate and l ml into 
melted (45 C) NA and poured into a petri 
dish. After incubation 48 hr at 28 C, the 
resulting colonies were counted. Fewer than 
150 colonies per plate was arbitrarily con- 
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sidered the threshold beneath which signifi- 
cant interference from microbial metabolites 
would be unlikely. Assay for anaerobic bac- 
terial contaminants was conducted in thio- 
glycollate agar containing indicators (Difco). 
Any treatments with contamination were 
discarded. The use of axenically-propagated 
nematodes would obviate the need for the 
AB/AF and its possible influence. 

The nematodes were removed from the 
incubation solutions by filtration and soni- 
cally homogenized in 20 ml of distilled 
water (4).  The cellular debris was removed 
by centrifugation 1 hr at 20,000 g. The re- 
sulting supernatant and original incubation 
solution were analyzed in the same manner. 

Organic acids.--Analyses for ether-soluble 
nonvolatile organic acids followed the meth- 
ods of Myers and Krusberg (12) except that 
thin-layer chromatography (TLC), with 0.25- 
mm silica-gel G, was substituted for paper 
chromatography. 

Volatile aliphatic acids were isolated from 
25 ml of incubation solution on Rexyn AG- 
50-NH4 + and Amberlite IRA-400-CO:i resin 
columns (12). The aliphatic acids were 
eluted from the Amberlite resin with 75 ml 
2y NH4OH and the eluate was evaporated to 
20 ml in a rotary evaporator at 30 C. The 
eluate was then adjusted to pH 3.0 with 1N 
HCI and immediately extracted three times 
with 10 ml of peroxide-free ethyl ether. One 
ml aqueous 0.5% (NH4).,SO4 was added to 
the combined ether extracts and the solution 
was concentrated to 10 ml with a stream of 
nitrogen. Qualitative and quantitative anal- 
yses (vs known standards) were by gas- 
liquid chromatography using a Varian Aero- 
graph 600D (with flame-ionization) fitted 
with an 3.2 mm × 182.9 cm (%-inch diam- 
eter × 6 ft) column of 10% diethylene glycol 
succinate on Chromosorb-W® (60-80 mesh) 
or Porapak-T® (80-100 mesh) with 6% 
FFAP at 150 C with nitrogen carrier gas. 

,4lcohols (C1-C~), Aldehydes (C1-C5), 

Glycols, and Ketones.--These compounds 
were analyzed directly from the aqueous 
phase of the incubation solution or super- 
natant fluid of the nematode homogenate by 
gas-solid chromatography on a 3.2 mm × 
182.9 cm (%-inch × 640 column containing 
Porapak-Q® at 200 C with flame-ionization 
and nitrogen carrier gas. This was possible 
because water elutes more rapidly than the 
compounds of interest. Qualitative and quan- 
titative measurements were based on reten- 
tion times and areas under the curve com- 
pared with known internal standards. Final 
confirming identification of ethanol was de- 
termined by preparing a 3,5-dinitrobenzoyl 
derivative and measuring its melting point 
and nuclear magnetic resonance spectrum. 

,4 lcohol Dehydrogenase (.4 DH) and Lactic 
Dehydrogenase (LDH).--Enzyme activities 
were determined after exposure of the nema- 
todes to aerobic, microaerobic, and anaer- 
obic environments. For LDH analysis 3 ml 
of nematode suspension (300,000 nema- 
todes/ml or 270 mg of dry nematodes per 3 
ml) were suspended in 27 ml of 0.1M Tris- 
buffer (pH 8.0) and homogenized by sonic 
disruption for 20 min at 1-3 C. The homog- 
enate was centrifuged at 35,000 g for 8 hr 
at 0-3 C. This isolation of LDH parallels 
that of ADH except 0.1 M phosphate buffer 
(pH 7.2) was substituted for Tris-buffer. The 
supernatant fluid was considered the "crude" 
enzyme preparation (Prep 1). Twenty ml 
of the "crude" prep was dialyzed against 3 
liters of Tris-buffer (pH 8.0) for 24 hr (Prep 
2). Ten ml of Prep 2 were precipitated with 
30 ml cold (-15 C) acetone and centrifuged 
(--4 to 0 C) at 10,000 g for 15 min. The 
precipitate was dissolved in ice-cold 0.1 M 
Na2EDTA (pH 8.0) and dialyzed against 
two changes of 2 liters of Tris-buffer (pH 
8.0) each for 24 hr at 1-3 C (Prep 3). 

The enzyme assays were conducted by 
following the reduction of NAD+ in the 
presence of substrate at 340 nm wavelength 
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on a Beckman Kintrac VII. Cuvettes were 
set up containing the following mixtures: 
(i) 1.0 ml enzyme prep (Preps 1, 2, or 3), 
0.5 ml buffer (for ADH 0.1 M Tris-buffer 
pH 8.8; for LDH 0.1 M phosphate buffer pH 
7.5), 1.0 ml 25 × 10 --:~ M NAD ~ and 0.5 ml 
lactic acid were added to start the reaction; 
(ii) 1.0 ml enzyme prep, 1.5 ml buffer, and 
0.5 ml substrate; (iii) 1.0 ml autoclaved (6.8 
kg/15 min) enzyme prep, 0.5 ml buffer, 1.0 
ml NAD ÷, and 0.5 ml substrate; (iv) 1.0 ml 
buffer, 1.0 ml substrate, and 1.0 ml NAD * 
(the blank). Optical density was recorded 
every 1.5 min. 

EFFECTS OF ETHANOL ON RESPIRATION: 

Standard Warburg techniques (4) were used 
to compare the effects of 125, 250, 500, 750 
and 1000 ~g/ml ethanol on the aerobic (atm 
air) respiration rates of each nematode spe- 
cies. About 75,000 fourth-stage larvae and 
adult nematodes (surfaced-sterilized in sterile 
tap water and AB/AF for 15 min) were 
added in 1 ml sterile tap water to each 15-ml 
Warburg flask containing 2 ml sterile tap 
water and AB/AF mixture (v /v) .  The 
required amount of 95% ethanol was added 
via microsydnge and 0.3 ml 20% KOH was 
placed in the center well. Four replicates 
were used per test for each nematode. The 
flasks were shaken 87 strokes/min at 28 C. 
Data were recorded every 30 min during the 
first 12 hr and then at 1-hr intervals for 8 hr. 
All tests with the same ethanol concentra- 
tions were conducted concurrently. 

ETHANOL UTILIZATION: Radio-labeled 
ethanol-1-14C (specific activity = 200,000 
cpm/mg ethanol-1-14C, New England Nu- 
clear) was added at 200 ~g/ml (4.3 × 10 -8 
M) to 3 ml of nematodes (300,000/ml) plus 
22 ml of 1:1 (v /v)  sterile tap water and 
AB/AF mixture. Ten ml/min air was passed 
through the incubation solution then through 
two cold traps (dry ice in propanol) and 
finally bubbled through 5 ml of 1.0 M cold 
hydroxide of Hyamine (Rohm and Haas) 

solution that was changed every 30 rain for 
20 hr. The treatments were replicated four 
times. 

The l~C-labeled carbon dioxide in each 
change of hydroxide of Hyamine solutions 
was measured with a Packard Tri-Carb 
Model 3214 liquid scintillation spectrometer 
at 2 C. The scintillator solutions consisted 
of 3 ml of the hydroxide of Hyamine added 
to 12 ml toluene containing 5 g/l  of 2,5- 
diphenyloxazole (PPO) and 0.3 g/1 of Di- 
methyl POPOP- 1,4-bis-2-(4-methyl-5-pheny- 
loxazolyl)-benzene. 

The 14C-labeled and unlabeled glycogen 
was isolated from the treatment of nematodes 
after 20 hr. The glycogen was isolated from 
each replicate as described earlier (4). There 
were 3 g of nematodes/rep with A. avenae 
yielding 24 mg glycogen/rep and Caenorhab- 
ditis sp. yielding 9 mg/rep. Eight mg of gly- 
cogen were dissolved in 2 ml of water and 
this was added to 12 ml of Dioxane (Mal- 
linckrodt) and then counted. 

All samples were counted a sufficient 
number of times to achieve a 2% error. The 
actual counting rate (dpm) was determined 
by comparison with an internal standard. 

E F F E C T  OF ETHANOL AND PROPANOL ON 

NEUTRAL LIPID USAGE AND NEMATODE SUR- 

VIVAL: The ethanol and n-propanol treat- 
ments were as follows: (i) To one set (3 
reps per set) of incubation solutions 95% 
ethanol was added, via a pipet, to give a con- 
centration of 1000 ppm ethanol; (ii) To a 
second set, 100% n-propanol was added to 
give a concentration of 1000 ppm n-propanol; 
(iii) To a third set 95% ethanol plus 100% 
n-propanol was added to give a 1000 ppm 
concentration for each alcohol; (iv) The 
fourth (control) set received no additions. 
Each replicate received nematodes from sus- 
pensions of freshly-harvested starving (= non- 
feeding) .4. avenae containing ,,300,000 
fourth-stage and adults per ml as follows: 
5 ml of suspension plus 345 ml sterile tap 
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water and 150 ml of an A B / A F  mixture 
(300 ppm streptomycin, 90 ppm aureomycin 
and 12 ppm aretan) were bubbled in a 1000- 
ml beaker with filtered, 100% humidified 
atmospheric air flowing at 150 ml/min for 
5, 10 and 15 days at 26 C. Aeration air was 
humidified by bubbling it first through 4000 
ml of sterile tap water plus A B / A F  mixture 
containing the same ethanol and/or  n- 
propanol concentrations as the treatment so- 
lutions. These were also monitored with the 
gas-chromatograph and the alcohol concen- 
trations maintained within 500-1000 ppm. 
Incubation and humidification solutions were 
replaced every 48 hr in order to avoid the 
possible build-up of toxic compounds. All 
tests were repeated three times. Alcohol con- 
centrations were monitored periodically on 
a gas-chromatograph, at 200 C. 

The survival experiments were conducted 
in the same manner but separate from the 
neutral lipid usage experiments. Movement, 
respiration and reproduction were the criteria 
used to measure survival after 0, 20, 40 and 
60 days exposure to the treatments. Physical 
movement was determined by 10 min obser- 
vations of 200 nematodes under a dissecting 
microscope (20×) .  Respiration of 75,000 
nematodes per 3 ml of sterile water and 
A B / A F  mixture was measured using standard 
Warburg techniques (4) .  Reproduction was 
measured by placing 50 nematodes on three- 
day-old cultures of Rhizoctonia solani grow- 
ing on 4% PDA supplemented with 1% yeast 
extract and incubating for 21 days at 26 C. 

RESULTS 

FERMENTATIVE END-PRODUCT AND EN- 
ZYME DETERMINATIONS: The major anaer- 
obic fermentative end-product of ,4. avenae 

was ethanol and its production was directly 
correlated with glycogen catabolism (Fig. 1). 
Quantitative determinations (4)  indicated 
that 75-80% of the catabolized glycogen was 
converted to ethanol. In the first 12 hr no 
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Fro. 1. Anaerobic endogenous glycogen utili- 
zation vs. ethanol production for nonfeeding Aphe- 
lenchus avenae (300 ± 1 mg dry weight) at 26 C. 
[Glycogen utilization data from (6).1 

ethanol was detected in the incubation solu- 
tion (Table 1). From the 12 t~' to the 40 th 
hr, however, ethanol gradually increased 
until the concentrations in the nematode 
homogenates and the incubation solution 
were equal. Ethanol production then de- 
creased as glycogen catabolism decreased. 
There was no aerobic fermentation of ethanol. 
No acetic acid or acetaldehyde, precursors 
of ethanol, were detected under anaerobic, 
microaerobic (0-4% oxygen) (5)  or aerobic 
conditions. Anaerobic lactic acid production 
was observed in the nematode homogenates 
up to 18 hr after which there was a decrease. 
Lactic acid was not detected in the incuba- 
tion solution. There was no aerobic lactic 
acid production. Succinic acid was excreted 
under aerobic, microaerobic, and anaerobic 
conditions, however, there was no increase 
under anaerobic conditions. 

The major anaerobic fermentative end- 
products of Caenorhabditis sp. were ethanol, 
acetaldehyde, and an unidentified 4-carbon 
alcohol (Table 1). Ethanol and acetaldehyde 
production accounted for 50-60% of the 
catabolized glycogen. Acetaldehyde was de- 
tected during the first 12-16 hr and then de- 
creased to nondetectable levels after 30 hr, 
after which only ethanol was detected. For  
the first 8 -10  hr ethanol was only found in 
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TABLE 1. G l y c o l y s i s  e n d - p r o d u c t  d e t e r m i n a t i o n  • f o r  A p h e l e n c h u s  a v e n a e  a n d  C a e n o r h a b d i t i s  sp.  a f t e r  
v a r i o u s  p e r i o d s  o f  e x p o s u r e  t o  a e r o b i o s i s  a n d  a n a e r o b i o s i s  a t  2 7  C .  

Chemical groups Specific chemical 

Presence of ( + )  

Aerobic  
(hr)  

16, 24, 48, 96 

Anaerobic  
(hr) 

16, 24, 48, 96 

O r g a n i c  a c i d s  
(c1-c,) 

Alcohols 
(C1-C~) 

+ + + +  

Lactic acid 
Succinic acid + + + + 
Acetic acid 

E t h a n o l  

A l d e h y d e s  
(c~-co) 

A c e t a l d e h y d e  

G l y c o l s  ~ 
K e t o n e s  ~ 

+ + + + Y e s  

+ Y e s  ~ 
+ + + + N o n e  

N o n e  

+ + + + N o n e  d 

+ + + + Y e s  

+ + Y e s  + 

+ + Y e s  r 

N o n e  
N o n e  

• Combined data  for incubation solution and nematode homogenate,  
b For  A.  avenae it increased under anaerobic conditions until 18 hr  after which it decreased until nondetectable at 40 hr. 
" For  Caenorhabditis sp. it increased under  anaerobic conditions until 10 hr after which it decreased until nondetectable 

after  21 hr. 
a Trace amount  of an unidentified 4-carbon alcohol in Caenorhabditis sp. 
e NO aldehydes detected in A. avenae. 

Acetaldehyde found in Caenorhabditis sp. for  30 hr after which it decreased, 
May be present in concentrations not detectable in these tests. 

the nematode homogenate, while the majority 
of acetaldehyde was found in the incubation 
solution. The ethanol in the incubation solu- 
tion and the nematode homogenate came to 
equilibrium after 34 hr. An unidentified 
4-carbon alcohol accounted for 5-10% of 
the catabolized glycogen. Anaerobically- 
produced lactic acid, found only in nematode 
homogenates, was detected until 12-18 hr 
after which the amount decreased. No aero- 
bic lactic acid production was detected. 

Apparently the major end-products of 
aerobic TCA glycolysis in both A. avenae 
and Caenorhabditis sp. are carbon dioxide 
and water. Alcohol dehydrogenase and lactic 
dehydrogenase activities were detected in ,4. 
avenae and Caenorhabditis sp. under aerobic, 
microaerobic, and anaerobic conditions. The 
results for ADH and LDH activities are given 
in Fig. 2A, B, C, D. 

E F F E C T S  O F  E T H A N O L  O N  R E S P I R A T I O N :  

At the concentrations tested, ethanol had no 

major influence on the aerobic (21% 02)  
oxygen consumption of either nematode spe- 
cies. There was a 10-15% decrease in ox- 
ygen uptake for the first 15 rain followed by 
a 20-25% increase for the next 45 min with 
500, 750 and 1000 ppm ethanol after which 
the oxygen uptake remained the same as the 
controls. At 100 and 250 ppm ethanol there 
was a slight increase in oxygen uptake for the 
first 30 rain, after which there were no detect- 
able differences from those nematodes with 
no ethanol. The oxygen consumption levels 
remained similar for 43 hr. 

E T H A N O L  U T I L I Z A T I O N :  A .  avenae and 
Caenorhabdit& sp. were capable of aerobic 
catabolism of ethanol -1 - t4C (Fig. 3) .  A. 
avenae converted 55-60% of the radio labeled 
ethanol to 14CO., and 5-8% of the t~C label 
was detected in the glycogen after 20 hr. 
Caenorhabditis sp. almost quantitatively con- 
verted ethanol 1-1-14C to 1~CO2. No ~4C 
was detected in the glycogen of Caenorhab- 



ETHANOL/Aphelenchus /Caenorhabdi t i s  • Cooper,  Van Gundy  211 

6' 

5' 

4- 
4, 

Z 3. 

~ ' 2 -  

1 "  

0 
0 

Dialyzed Prep / 
............ Crude Prep / 
. . . . .  Cold Acetone / 

°.'* 

.Q" 

i 
1 2 

Min 

7 .  

6. 

5. 

2, 

1- 

O "  

3 0 

............ g2':'z 22r o 

m . . . .  .°,..f,..... o,°, 

1 2 

B 

Min 

4- 

+ 4" 

Z 
3 

2 

7 .  
Dialyzed Prep 

............ Crude Prep 
6" " . . . .  Col 

5" 

..°°.°"*° 
°l°° o* 

°,0, "`° 

°°°*°'* ~ ~ _ ~.,4b,,._ ~ .  -- 

0 
o 1 ) 

Min 

7- 

6. 

5- 

4- 

3" 

2. 

Dialyzed Prep 
............... Crude Prep 

D 

0 1 2 
Min 

FIo. 2. Alcohol dehydrogenase (A and C) and lactic dehydrogenase (B and D) activities in homog- 
enates of Aphelenchus avenae (A and B)  and Caenorhabditis sp. (C and D) .  Homogenates contained 
300 ± 1 mg (dry wt)  of nematode tissue and activity measurements  were made after 24 hr  anaerobic in- 
cubation at 27 C. 



2 1 2  Journal o] Nematology, Vol. 3, No. 3, July 1971 

- ~ Ethanol 
"~ ............... COe 

4 . . . . . . .  Glycogen 

0 ~'±'7 ~ - r  . . . . .  "1 . . . .  "~ . . . .  ' ¢ " ' - " * " -  

0 2 4 6 8 10 12 14 16 18 2 0  

H r  

~ 3 '  

~ 2  

Fro. 3. Aphelenchus avenae. E t h a n o l - l ~ ' C  
catabolism vs. carbon dioxide-~'C production under 
aerobic conditions at 26 C. Data based on mea- 
surements of  a homogenate containing 300 ___ 1 mg 
dry weight of  nematodes. 

ditis sp. The rate of ethanol - 1 - ~ C  catab- 
olism by the nematode species differed 
widely when equal weights of A. avenae and 
Caenorhabditis were tested. No ethanol- 
1-a~C was detected after 20 hr incubation 
with A.  avenae while 80--85% remained in 
the Caenorhabdit& sp. incubation solution. 
There was no microaerobic or anaerobic 
ethanol utilization. 

EFFECTS OF ETHANOL AND N-PROPANOL 
ON NEUTRAL LIPID USAGE AND SURVIVAL: 

The influence of ethanol and n-propanol on 
total dry weight loss and neutral lipid loss of 
nonfeeding A. avenae is given in Fig. 4 and 
5. After 15 days total dry weight loss was 
25% greater in the absence of alcohol than 
in the presence of the alcohols. Approxi- 
mately 509'0 of the loss in total dry weight 
was accountable to neutral lipid loss. There 
was no significant difference between the 
use of ethanol or propanol as a substrate. 

Movement, respiration and reproduction 
of A.  avenae were extended for 20 days in 
the presence of alcohols in the incubation 
solution (Tables 2, 3, 4). 

DISCUSSION 

Scheibel and Saz (14) judged carbon di- 
oxide fixation and succinate production to 
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FIG. 4. Effect of 1000 tzg/ml of  ethanol and/or 
propanol on loss of  dry weight after 15 days of  
starvation at 26 C. 

be a general feature of glycolysis in helminths 
and flatworms. This was not so in the nema- 
todes A.  avenae and Caenorhabditis sp. The 
lack of carbon dioxide in the environment 
did not appear to affect respiration (4, 5) 
and although they produced succinate in aer- 
obic, microaerobic and anaerobic environ- 
ments, it was not the major glycolytic end- 
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FIG. 5. Effect of  1000 gg/ml  of ethanol and/or 
propanol on loss of  dry weight of  neutral lipids 
after 15 days of  starvation at 26 C. 
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TABLE 2. Motilityt of nonfeeding Aphelenchus 
avenae after exposure (days) to 1000 gg/ml of 
ethanol and/or n-propanol. 

Ethanol  
and 

Days Control Ethanol  Propanol  Propanol  

0 1 0 0 %  1 0 0 %  1 0 0 %  1 0 0 %  

20 ~98% ~98% --,98% ~98% 
40 ~30% ~65% ,~55% ,~55% 
60 ~0.1% ~ 40% ~ 35% ~ 40% 

"~ Based on 10-min visual observation of ~ 2 0 0  nematodes 
at 20X. 

product. The major metabolite of both 
microaerobic and anaerobic glycolysis was 
ethanol. Approximately 75-80% and 5 5 -  
60% of the catabolized glycogen was con- 
verted to ethanol in A .  avenae and Caeno- 

rhabditis sp., respectively. Carbon dioxide 
fixation is not required for ethanol produc- 
tion in other organisms (1 ) ;  this may ex- 
plain why the lack of carbon dioxide did not 
affect respiration. 

Ethanol was excreted into the incubation 
solution very rapidly. Selective permeability 
of excretory organelles may favor release of 
ethanol in preference to lactic or succinic 
acids. For  the first few hours of anoxybiosis 
lactic acid is a major fermentative end- 
product. When anoxybiosis is prolonged, 
however, lactic acid accumulates inside the 
nematodes and may become toxic. Probably 
the more easily-excreted ethanol is then pro- 
duced, alleviating toxic levels of lactic acid. 
Ethanol production, like that of lactic acid, 
converts N A D H + H  ÷ to N A D +  causing no 
net energy loss. On the other hand, succinic 
acid production requires energy (1)  that 
these nematodes may not be able to expend 
during anaerobiosis. Organisms (nematodes, 
cestodes and trematodes) (13) which excrete 
large quantities of succinate also have large 
stores of glycogen. 

Ells (8)  working with Turbatrix aceti, 

suggested A D H  or L D H  synthesis may be 
induced by anaerobic conditions. With A. 
avenae and Caenorhabditis sp., L D H  and 

TABLE 3. Oxygen uptake (izl Oe per hr per mg of 
nematode dry wt) of nonfeeding Aphelenchus 
avenae after exposure (days) to 1000 ppm 
ethanol and/or propanol. 

Ethanol 
and 

D ~ s  Control Ethanol  Propanol  Propanol  

0 5.9 5.8 5.9 5.7 
20 3.1 3.6 3.1 3.3 
40 0.9 2.1 2.0 1.8 
60 0.0 1.4 l.l 1.2 

A D H  activities were detected regardless of 
the gaseous environment or length of expo- 
sure time. Even after anaerobic lactic acid 
production disappeared, the L D H  activity 
of the nematode homogenate remained fairly 
high. The mechanism(s)  and cause(s)  for 
the shift from lactate to ethanol production 
after 14-18 hr is as yet unknown. 

The importance of ethanol catabolism in 
the test nematodes upon resumption of aero- 
biosis is not fully understood but it leads to 
interesting speculation on nutrition and sur- 
vival of nematodes. Survival of certain stylet- 
bearing nematodes between hosts is enhanced 
by an ability to become quiescent and con- 
serve food reserves and an ability to obtain 
exogenous energy from other sources. It  
has already been demonstrated that in an- 
aerobic and microaerobic environments A. 
avenae goes into cryptobiosis after about 5 
days due to the production and accumulation 
of ethanol from glycolysis. Respiration drops 
below present detection levels and no food 

TABLE 4. Reproduction* of nonfeeding Aphelen- 
chus avenae after exposure (days) to 1000 ppm 
ethanol and/or propanol. 

Ethanol  
and 

Days Control Ethanol  Propanol  Propanol  

o + + + + 
2O + + + + 
4 0  (+)~t + + + 
60 - + + + 

"~ Three reps (50 individuals per rep) .  
~: Only one rep showed reproduction. 
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reserves are used during the period of cryp- 
tobiosis. When  the env i ronment  becomes 
aerobic, alcohol in the incuba t ion  solut ion is 
used by the nematode  to supply energy for 
metabolic  and physical activity. Most  of the 
alcohol is oxidized to CO2 and water, how- 

ever, some of it is reconverted to glycogen 
(stored energy) .  

The  use of alcohols as an energy source 
suggests that  certain nematodes  may be able 
to obta in  energy-yielding short-chain organic 
molecules f rom metaboli tes  of soil micro- 
organisms by  direct absorpt ion through the 

cuticle. Results of the present  studies in- 
dicate that A.  avenae is capable of metabo-  
lizing ethanol  and  n-propanol  which enables 
a measurable  conservat ion of endogenous 
lipid reserves and increased survival. 

In  summary,  alcohols may at times be im-  
por tan t  energy sources in the nut r i t ion  and 
survival of certain nematodes  in vitro and 
in vivo. 
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