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Abstract: C. eh'gans r e s p o n d s  d i r e c t i o n a l l y  Io a D C  c u r r e n t .  T h e  r e s p o n s e  m a y  b e  to  t h e  a n o d e  
o r  c a t h o d e ,  d e p e n d i n g  o n  t h e  c u r r e n t ,  p o t e n t i a l  d i f f e r e n c e ,  a n d  i o n i c  c o n c e n t r a t i o n  o f  KC1, 
T r a c k s  o f  t h e  r e s p o n d i n g  n e m a t o d e s  s h o w  that e l e c t r o t a x e s  a r e  g e n u i n e  o r i e n t a t i o n  p h e n o m e n a .  
T h e  d i r e c t i o n a l  n toven~en t  is n o t  d u e  to t h e  pass ive  m o v e m e n t  of  n e m a t o d e s  o r  to  t h e  i n f l u e n c e  
o f  c u r r e n t s  o n  t h e  m u s c u l a r  p h y s i o l o g y ;  e l e c t r o t a x e s  a r e  m e d i a t e d  s enso r i l y .  D e t a i l s  of  t h e  
r e s p t m s e  a r e  , lescr i l )ed .  Key Words: b e h a v i o u r ,  g a l v a n o t a x e s ,  e l ec t r i c  c u r r e n t ,  e l ec t r i c  p o t e n t i a l .  

When  placed in an electric current,  some 
nematodes show an electrotaxis (or galvano- 
taxis), accmnulat ing at one electrode or the 
other (1, 2, 3, 17). Accumula t ion  is usually 
at  the cathode (l, 2, 8, 1 l, 14), though not  
always (3, 9, 17). While electrotaxes have 
been reported from a variety of nematodes, 
the phenomenon  has not  been examined  in 
Caenorhabditis elegans, despite the wide 
use of that  species as a hehavioural  model  
(4, 5, 16). Fur thermore ,  nematode-tracking 
techniques have not  been appl ied to the 
study of electrotaxes, so that  the mechanism 
of orientation,  if any, is unknown. Indeed, 
the apparen t  ' taxis '  may in fact be a 'kinesis' 
(~). 

Various theories about  the nature  of the 
phenomenon  include: sensitivity to current  
strength (2, 10) or potent ial  difference (3), 
or that  affinity for an electrode depends on 
the density of cations (14). I t  may also be 
that  passive electrophoresis or the direct 
effect of electric fields alters neuromuscular  
contract ion (3). 

Th is  paper  reports  on the electrotaxis of 
C. elegans at different current  strengths and 
potent ial  differences. I t  also presents tracks 
of responding nematodes (4, 16). 

M A T E R I A L S  AND M E T H O D S  

Five-day-old C. elegans (young adults) 
were used throughout .  T h e y  were cul tured 
on lawns of Escherichia coli (4) bacto-agar 
at 20 G (-+- I). All experiments  were con- 
ducted at 21 C ( ±  1.5 C). C. elegans were 
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exposed individually to currents on agar 
between two p la t inum electrodes placed 3 
cm apar t  in a 5-cm-diameter plastic petri  
dish. T h e  nematodes were exposed to cur- 
rents from 0.02 to 0.04 mA and potent ial  
differences from 2 to 6V. 

A DC current  generated from three bat- 
teries connected in series to give 18V was 
regulated by a variable-resistance rheostat.  
T h e  electrolysis med ium was made of Difco 
Noble  agar hydrated with distilled water 
or KC1 solution in a p ropor t ion  of ].25 g 
per 100 ml solvent. Six-tenths ml of freshly 
prepared agar was poured into sterile plates 
to an average depth  of 2.0 ram. T h e  eight 
current  strengths used under  a fixed po- 
tential difference (PD) were obta ined by 
varying the KC] concentrat ion and the agar 
depths. KC1 electrolysed for 6 min  is not 
toxic to nematodes (6). Current  strengths 
above 0.1 mA at 2V could not be obtained. 
KC1 concentrations used for the PD values 
are given in T a b l e  I. Before the test, the 
nematodes were incubated overnight  on 
agar with bacteria that  had been hydrated 
with a KCI concentrat ion equal to that  to 
be used in the test. Th is  minimised sudden 
change in the ionic envi ronment  in an 
a t tempt  to ensure that  the only change felt 
would be f rom the current  (15). 

Nematodes  were placed individually on 
the plates with a moun ted  bristle. The re  
was often only a m o m e n t  for them to re- 
cover from the transfer, bu t  they quickl~ 
recovered and proceeded to move normally.  
T h a t  never took more than 5 min,  and 
when they were moving  normal ly  the cur- 
rent  was applied.  Movement  proceeded for 
6 rain and then the C. elegans was removed 
to a plate wi thout  current.  T h e  tracks on 
the plate were then quickly photographed  
(4, 16). 

Twen ty  individuals were used for each 
combinat ion  of current  and PD. In  addit ion 
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T A B L E  1. Mean total  e lectrotact ic  response of C'. elegmts to var ious combina t ions  of currents  and  po- 
tent ia l  difference." 

Cur ren t  (mA) 

P D (V) 0.02 0.04 0.06 0.08 0.I 0.2 0.3 0.4 

2 +45"  + 9 --25" --51 
3 +47" + 8 --72" --70 h +21 -- 78" --13 b + 30  u 
4 + 5 -- 9 +20  +14  --47 ~' --110 --18 - - t l  b 
5 + 9 + 2 +17  +17 -- I + 29 h --58 + 1 0  
6 +18  +27"  + 7 +11 --36" + 26" + 4 6  +15  b 

"20 ind iv idua l s  for each value.  
~'Differs (1' = 0.05) from the u n s t i m u l a t e d  control  us ing  

to recording tile tracks, tim exact position of 
the nematode was quantif ied in each test. 
T h e  entire field area between the electrodes 
(3 cm) was divided into 10 parallel zones of 
3 m m  width. T h e  two middle  zones, where 
the individuals were placed was considered 
to be a 'no-worm's land'. Those  nematodes 
moving into all other zones were scored + 
or - 5 for every zone, dependitag on whether  
they moved towards the anode or catbode 
end. Thus  each combinat ion could score 
bo th  a cathodal and an anodal response. 
These could be used to calculate a total 
response (Table  2). 

R E S U L T S  

At certain cu r r en t /PD combinat ions 
electrotaxes were observed. Eight significant 
anodal  (0.05 using Mann-VVhitney non- 
parametr ic  test) aml 13 cathodal migrat ions 
occurred (Tables 1 and '2). Lower currents 
and also high current  with high PD stimu- 
lated anodal  responses (Table  1). Medium 
current strengths caused catbodal  electro- 
taxes. A few individuals were irreversibly 
immobil ised at 6V or 0.4 mA, presumably 
electrocuted. 

Figs. 1 to 6 show a selection of tracks 
which illustrate addit ional  points; 7 is a 

T A B L E  2. T o t a l  mean  ca thoda l  (C) and  anodal  
0.05) from the uns t im u la t e d  control .  

the  M ann-Whi t ney  non-pa ramet r i c  test. 

control. Uns t imula ted  controls in sterile 
conditions move forward in loops and 
spirals; the spontaneous reversal rate is 
usually low (Fig. 7), bnt  can occasionally be 
higher. Ti le  other tracks show individuals 
responding with direct movements to the 
electrodes (4). Disruptive reversals dur ing 
or ientat ion are very low with only infre- 
quent  spontaneous reversals. None of the 
tracks ]cad all the way to the electrodes; 
abottt 2 m m  from the electrode each indi- 
vidual increased reversing (Figs. 5, 6), or 
reversed cont inuously at a certain constant 
and critical distance from the electrode 
(Figs. 3, 6). Once in this position, C. elegans 
did not migrate  to the pole but  kept  moving  
at tbe same distance from the electrode. In  
many  cases (e.g., Figs. 3, 6) strangely-shaped 
tracks were inscribed that  were composed of 
straight sections and obtuse angles caused 
by reversal movements.  T h e  initial response 
was not characterised hy high reversal rates 
and if the initial direction was 'wrong',  the 
individuals moved forward in a smooth 
circle (e.g., Figs. 3, 5). 

DISCUSSION 

C. elegans adults move directionally at 
selected combinat ions of voltage and po- 

(A) responses which were s ignif icant ly  different  (P = 

Cur ren t  (mA) 

P D ,(V) 0.02 0.04 0.06 0.08 0.1 0.2 0.3 0.4 

2 A C C C 
3 A A C C C C A 
4 C C C C 
5 A C 
6 A C A A A 
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T A B L E  3. Po tass ium chlor ide concent ra t ions  (g/l i t re)  used to ob ta in  var ious  combina t ions  of cur rents  
and  potent ia l  differences used in Tab les  1 and  2. 

Cu r r en t  (mA) 

P D(V)  0.02 0.04 0.06 0.08 0.1 0.2 0.3 0.4 

2 1 3 4 6 6 
3 0.5 0.8 0.8 2.0 3.0 4,0 4.5 5,0 
4 0.l 0.2 0.2 0.4 1.0 2,0 8.0 4.0 
5 0.05 0.05 0.1 0.I 0.2 0.5 1.5 2,0 
6 H 2 0  0.I 0 . |  0.1 0.2 0.5 1.0 2,0 

tential difference. This is the first study in 
which nematodes responding to currents 
have been tracked, and it is clear that elec- 
trotaxes are genuine phenomena (14, 15) 
and that electrophoresis of the nematodes 
can be ruled out. Furthermore, because 
normal rhythmic waves are used to propel 
responding individuals, electrotaxes are not 
clue to the action of a direct current on 
neuromuscular contractions of the nema- 
todes. The  results indicate that the response 
is a sensorily-mediated orientation response 

to the current or some product o£ the cur- 
rent. 

The  role of ions, particularly the cations, 
as mediators of electrotaxes was proposed by 
Sukul et al (14). Stringfellow (13) reported 
that hydroxyl ions attract males of Pelodera 
strongyloides and C. elegans responds to a 
series of salts (16). The  muscle larvae of 
Trichinella spiralis showed 'tactic' responses 
to both K + and C1- or to both (10). 

At lower currents, the anode goes into 
solution and then positively charged metal 
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FIGS. 1-7. Tracks  of ind iv idua l  Cae~mrhabditis elegans. All tracks on agar  for 6 rain at  21°C,  be tween 
p l a t i n u m  electrodes. Electrodes 3 cm apart .  Fig. 7 is an u n s t i m n l a t e d  control  w i thou t  cur rent ,  all o thers  
have  current ,  ca thode  at the  top, anode  at the  bot tom,  



ions  m a y  a t t r a c t  t he  n e m a t o d e s ,  h e n c e  
a n o d i c  e l e c t r o t a x i s  a t  l o w e r  cu r r en t s .  
K l i n g l e r  (12) o b s e r v e d  t h a t  c o p p e r  a n o d e s  
w e r e  m o r e  a t t r a c t i v e  t i t an  p l a t i n u m  ( the  
f o r m e r  also d i s so lve  m o r e  r a p i d l y ) .  T h e  
a g a r  is k n o w n  to  c o n t a i n  t races  o f  SO4 -2 
w h i c h  evo lves  02  a t  t i le  a n o d e  w h i c h  m a y  
also be  an  a t t r a c t a n t  a t  h i g h  c u r r e n t s  for  
t h e  a n o d e .  F u r t h e r m o r e ,  t h e  w a t e r  m o l e -  
cules  a re  c a r r i e d  to  t h e  a n o d e  by  the  
c h l o r i d e  ions  ( e l e c t r o e n d o s m o s i s ) .  A m o v i n g  
n e m a t o d e  w o u l d  e x p e r i e n c e  a l o w e r  concen -  
t r a t i o n  g r a d i e n t  of  t he  e l e c t r o l y t e  t o w a r d s  
t he  c a t h o d e  a n d  w o u l d  m o v e  to t he  a n o d e .  

C a t h o d a l  m o v e m e n t s  o c c u r r e d  m o s t  sig- 
n i f i c a n t l y  a t  3 to  4 vol ts .  T h a t  m a y  be  d u e  
to t l te  d e c o m p o s i t i o n  p o t e n t i a l  o [  KC1, o r  
4V (7). A t  t h a t  p o t e n t i a l  t h e r e  is a s t eady  
d i s c h a r g e  of  K+ a n d  C1- a t  t he  e l ec t rodes .  
T h e  n e m a t o d e s  m a y  b e  a b l e  to  sense  a 
s t eady  m o b i l i t y  o f  t h e  ions  u n d e r  these  po-  
t e n t i a l  d i f f e r ences  a n d  m a y  be  g u i d e d  by  the  
ca t i ons  to  the  c a t h o d e  (14). A t  d i f f e r e n t  
c u r r e n t s  those  fac to rs  a l ter ,  a n d  t h a t  m a y  
be  p e r c e i v e d  by  the  n e m a t o d e s .  T h e  e x t e n t  
o f  i o n i c  m o b i l i t y  is a l t e r e d  a lso  by  t h e  con-  
c e n t r a t i o n  o f  e l ec t ro ly tes ,  w h i c h ,  i n  these  
e x p e r i m e n t s ,  was a l t e r e d  to  o b t a i n  v a r i o u s  
vo l t ages  a n d  cu r t ' en t  s t r eng ths .  T h e  c lose  
a s s o c i a t i o n  o f  t he  i o n i c  a n d  e l e c t r i c  p a r a m -  
e ters  suggests  t h a t  e l e c t r o t a x e s  a re  a s soc i a t ed  
w i t h  ions.  ~Ve h a v e  f o u n d  n o t h i n g  w h i c h  
c o n t r a d i c t s  S u k u l  e t  al. (14) t h a t  t h e  i o n i c  
changes  m a y  be  p e r c e i v e d  by  the  a m p h i d s .  

L I T E R A T U R E  C I T E D  

1. BIRD, A. F. 1959. The attractiveness of roots 
to the plant parasitic nematodes Meloidogyne 
javanica. Nematologica 4:322-335. 

2. CAVENESS, F. E. and J. D. PANZER. 1960. 
Nemic galvanotaxis. Proc. Hehninthol. Soc. 
Wash. 27:73-74. 

3. CROLL, N. A. 1970. The Behaviour of Nema- 
todes. Their  Senses and Responses. Edward 
Arnold, London. 

4. CROLL, N. A. 1975. Behavioural analysis of 

Caenorhabditis E l e c t r o t a x i s :  Sukul, Croll 317 

nematode movement. In: Advances in 
Parasitology (ed. DAWES, B.) 13:71-122. 
Academic Press, London. 

5. CROLL, N. A., J. M. SMITH and B. M. 
ZUCKERMAN. 1977. The  aging process of 
the nematode Caenorhabditis elegans in 
bacterial and axenic culture. Exptl. Aging 
Res. 3:175-199. 

6. GHOSH, S. K., P. K. DAS and N. C. SUKUL. 
1976. Lethal effect of electrolysis on nema- 
todes Meloidogyne incognita. Experiemia 
32:572-573. 

7. GLASSTONE, S. and LEWIS, D. 1963. Elements 
of Physical Chemistry. MacMillan & Co., 
London. 

8. GUPTA, S. P. 1962. Galvanotactic reactions of 
infective larvae of Trichostrongylus retortae- 
formis. Exptl. Parasit. 12:118-119. 

9. HAWKING, F., P. SEWELL and J. P. 
THURSTON.  1950. The mode of action of 
hetrozan on filarial worms. Br. J. Pharmac. 
Chemother. 5:217-238. 

10. HUGHES, W. L. and J. P. HARLEY. 1977. 
Trichinella spiralis: taxes of first-stage mi- 
gratory larvae, Exptl. Parasit. 42:363-373. 

11. JONES, F. G. W. 1960. Some observations and 
reflections on host finding by plant nema- 
todes. Meded. Lanbl. Hoogesd. Gent. 25:1009- 
1024. 

12. KLINGI,ER, J. 1961. Anziehungsversuche mit 
Ditylenchus dipsaci unter Beriicksichtigung 
der Wirkung ties Kohlendioxyds, des Redox- 
potentials und anderer Faktoren. Nema- 
tologica 6:69-84. 

13. S'FRINGFELLOW, F. 1974. Hydroxyl ion, an 
attractant to the male of Pelodera strongy- 
loides. Proc. Hehninthol. Soc. Wash. 41:4-10. 

14. SUKUL, N. C., P. K. DAS, and S. K. GHOSH. 
1975. Cation.mediated orientation of nema- 
todes under electrical fields. Nematologica 
21:145-150. 

15. SUKUL, N. C., P. K. DAS, and S. K. GHOSH. 
1977. The influence of pre-incubation of 
Labronema digitatum at different ionic con- 
centrations to subsequent electrotaxis. 
Nematologica 23:24-28. 

16. WARD, S. 1973. Chemotaxis by the nematode 
Caenorhabditis elegans: identification of 
attractants and analysis of the response by 
use of mutants. Proc. Natl. Acad. Sci., U.S.A. 
70:817-821. 

17. WHITTAKER,  F. W. 1969. Galvanotaxis of 
Pelodera strongyloides (Nematoda, Rhab- 
ditida). Proc. Helminthol. Soc. Wash. 36:40. 


