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Wave Forms of Caenorhabditis elegans in a 
Chemical Attractant and Repellent 

and in Thermal Gradients 
T. A. RUTHERFORD and N. A. CROLL ~ 

Abstract: T h e  w a v e  f o r m s  a n t i  a c t i v i t y  p a t t e r n s  o f  Caenorhabditis elegans w e r e  e x a m i n e d  o n  a g a r  

in the presence of known chemical attractants (NaCI) and repellents (D-tryptophan), and in 
therlnal gradients. Total activity was reduced in both a l t r a c t a n l s  amt repellents. Different com- 
binations of transfers between chemicals were investigated. Two thresholds were found for NaCI: 
10-3 M NaC1 caused reduced activity; 10-s M NaCI increased reversals. D- or L-tryptophan in- 
fluenced neither orientation nor the ability o1: thermally acclimatized individuals to remain at 
their eccritic temperature. Key Words: Behaviour; wave patterns; movement; thermotax~s: 
chemotaxis; acclimatization; neurobiology. 

T h e  inf luence  of chemicals on  the be- 
hav iou r  of Caenorhabditis elegans has been  
s tudied exclusively in  chemical  gradients  
(6, 11). NaC1, cyclic nucleot ides ,  and  alka- 
l ine p H  are a t t ractants .  T h e  D-isomer of 
t r y p t o p h a n  has been  described as a 'repel- 
lent '  (6). T h e  non-d i r ec t iona l  behav ioura l  
movement s  of C. elegans have also been  
analysed in  sterile condi t ions ,  or in  bacter ia  
or n u t r i e n t  med ia  (2, 3, 4). T i l e  de ta i led  
effects of chemicals on  the wave forms a n d  
frequencies  in  m o v e m e n t  have no t  been  
invest igated.  C. elegans and  o ther  nema-  
todes accumula te  at eccritic t empera tures  
to which they have been accl imatised (7). 
No  studies have descr ibed the in t tuence  of 
t empera tures  on the wave forms and  fre- 
quencies  of C. elegans. Analysis  of the 
behav iou r  of C. elegans i n  NaCI  and  
D- t ryp tophan ,  and  when  given thermal  
changes, is hoped  to fur ther  u n d e r s t a n d i n g  
of the n a t u r e  of n e m a t o d e  o r i en t a t i on .  
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M A T E R I A L S  A N D  M E T H O D S  

Caenorf:abditis elegans wild  type (Br;stol 
s train)  was used t h roughou t ;  they were 
cu l tu red  in  5-cm-diam petr i  dishes conta in-  
ing  10 ml  Czapek-dox agar (1.4%) (Difco 
Laborator ies ,  Detroi t ,  Michigan)  wi th  
Escherichia coli at 20 C (2). Grav id  females 
(ca 6 ± 1 days old) were used, and,  unless 
stated otherwise, all  observat ions  were car- 
r ied out  at 20 C. A water-fil led t empera tu re  
cont ro l led  microscope stage ensured  that  
this t empera tu re  was constant .  T i l e  observa- 
t ion  chamber  was made  of clear plastic, a n d  
t empera tu re  e q u i l i b r i u m  of t h in  layers of 
agar occurred w i t h i n  30 sec of be ing  placed 
in  tile stage. 

T h e  t ime pat te rns  of tlle activities of 
i nd iv idua l s  were recorded wi th  a mul t i -  
channe l  event  recorder.  Events  recorded 
were: 1) backward  waves (BW) resu l t ing  
ill forward mo t i on ;  2) forward waves (FW) 
ar is ing from a reversal a nd  resu l t ing  in  
backwards mot ion ;  a n d  3) " O me ga "  waves 
tOW),  which  resul t  in  sharp tu rns  of 
a r o u n d  180 ° (2). 

All i nd iv idua l s  were from cul tures  wi th  
a subs tan t ia l  bacter ia l  l awn  in  which  the 
nematodes  were considered to be well-fed. 
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T h e y  were washed f rom the cultures with 
distil led water,  r insed once, and  then re- 
suspended in a few drops  of  distilled water.  
A bristle was used to transfer indiv idual  
nematodes  to a 5-cm-diam petri dish con- 
ta in ing a thin layer (3-4 mm) of  sterile 
aqueous  Noble  agar ( ! . 2%)  (Dilco). Be- 
havioura l  events were then immedia te ly  
recorded for one minute .  T h e n  the nema- 
tode was transferred to ano the r  plate of 
similar agar con ta in ing  ei ther  an "at tract-  
an t "  (10 -3 M NaCI)  (11), a " repe l len t"  (10 -a 
M D-t ryptophan) ,  or a "neu t ra l "  chemical  
(10-" M L- t ryp tophan)  (6). After  this trans- 
fer, nematode  behav iour  was recorded  for 
another  minute .  Controls  were individuals  
transferred from sterile agar  to sterile agar. 
In  addi t ion,  some individuals  were trans- 
ferred f rom plates con ta in ing  D- t ryp tophan  
to L- t ryp tophan ,  or vice versa. Tests were 
made  also on plates con ta in ing  bo th  10 -a 
M NaC1 and  ei ther  D- or  L- t ryp tophan .  
Accl imat isat ion to t reatments  (behavioural  
change beyond the initial exposure  t ime of 
one minute)  was de te rmined  by observat ion 
over a 5-min per iod after direct  transfer  
from distilled water  to the agar t rea tment  
medium.  

In  the above experiments ,  transfers were 
made  f rom sterile agar  on to  NaCI  agar bu t  
not  vice versa, since C. elegans did no t  
tolerate decreases in osmolal i ty  [similar 
p h e n o m e n a  have been described for o ther  
nemato~les (5)]. Ind iv iduals  for groups  of 
tests were all selected f rom the same cul ture  
plate  in order  to minimize  possible differ- 
ences between popu la t i on  and  cul ture  
condit ions.  

An o th e r  me thod  involved pou r i ng  a 
thin layer of  sterile agar on to  one side of  a 
divided petri dish. Once  that  had  gelled, 
the divider  was removed  and  the second half  
of  tbe dish was poured  wi th  agar con ta in ing  
D- or  L- t ryp tophan .  Ind iv idua l  nematodes  
were placed on ei ther  side of  the plate as 
soon as the plate had cooled to 20 C. After  
the nematode  had inscribed tracks for 30 
min  it was removed,  and  the tracks were 
recorded pho tograph ica l ly  on  Kodak  7 X 
7-cm electron-microscope film, modif ied 
after W a r d  (11). T h e  recorded tracks were 
then analysed. 

T h e  effect of  D- or  L - t ryp tophan  in 
modi fy ing  the o r ien ta t ion  of  C. elegans to 
heat  was de te rmined  by record ing  the tracks 

made  on agar in the presence of a circular  
heat  g rad ien t  (7). T h e  agar was ei ther  
sterile or  impregna ted  wi th  10 -3 M D- or  
L- t ryp tophan ,  and  the nematodes  were 
tracked for 30 min  in the t empera tu re  
gradient .  

Wave-form changes of C. elegans were 
studied in 5 C tempera tu re  changes using 
petri dishes con ta in ing  single adults. Be- 
hav iour  was recorded  for 5 m in  at 20 C and  
then for a fur ther  5 min  after transfer  to 15 
or  25 C. Both  normal  and  2-hr-fasted indi- 
viduals were used. 

Because C. elegans shows a high degree 
of idiosyncrasy in its behav ionr  (2) it was 
necessary to qnan t i fy  movemen t s  of  indi- 
viduals (BW, FW, OW,  and reversals). T h e  
design of each test was therefore based on  
measurements  of  the above behavioura l  
parameters  before and  after t reatment .  For  
example,  a trial wi th  an  indiv idual  C. 
elegans which resulted in 4 reversals in the 
first t r ea tment  and  8 reversals in the second, 
or  ano ther  which  resulted in 3 reversals and  
6 reversals respectively, represent  a two-fold 
increase in the reversal ra te  in each case. 
T h e  rat io in these trials was then 1:2 or  + 2 ,  
as shown in the results. A rat io  of -2  (2:1) 
therefore represents a two-fold decrease in a 
behavioura l  componen t .  

Ano the r  aspect of behav iour  was ana- 
lysed which is described herein  as the net  
forward m o v e m e n t  ( forward component ) ,  
which  is the rat io of B!,V to F W  shown by 
individual  nematodes .  Thus ,  a forward com- 
p o n e n t  of + 2 represents a n e m a t o d e  which  
made  twice as m a n y  B W  as F~V, resul t ing 
in twice as m u c h  forward  m o v e m e n t  as 
reverse movement .  

Tests were carr ied ou t  on  the data  
collected in the above exper iments  to 
de te rmine  whe ther  observed ratios were sig- 
nif icantly different f rom 1 a n d / o r  f rom 
controls.  Significant differences in behav iour  
before  and  after t rea tment  for the nema tode  
used in each exper imen t  were de te rmined  
using Student ' s  t-test for paired samples (9). 

R E S U L T S  

W h e n  C. elegans was transferred f rom 
sterile agar to sterile agar there was no 
significant change in overall  activity by 
indiv idual  C. elegans (activity -- the sum 
of BW, OW,  F W  per  un i t  time); tha t  is, 
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the activity rat io  was not significantly dif- 
ferent from 1 (Table  1). However,  there 
was a significant four-fold decrease in re- 
versals upon  transfer (Table  1) and an 
increase in the forward movement  compo- 
nent. Thus,  in a sterile transfer, backward 
waves (BW) dominated  movement ,  coupled 
with a decrease in reversals. In contrast, 
when C. eIegans was transferred to a me- 
d ium containing either an a t t ractant  (NaC1) 
or a repellent  (D-tryptophan),  activity de- 
creased significantly (Table  1). In  addition, 
the number  of reversals and the forward 
movement  decreased significantly less than 
in controls. Transfer  from sterile agar to 
L- t ryptophan media, or vice versa, resulted 
in behaviour  not significantly different from 
that  of controls (Table  1). 

Nematodes  transferred from distilled 
water to L- t ryptophan  agar and then to 
D- t ryptophan agar did not exhibi t  be- 
haviour  significantly different from that  of 
controls. T h e  reciprocal transfer, f rom D- 
to L-tryptophan,  resulted in increased 
activity and increased reversals (Table  1). 
Th i s  latter t rea tment  was the only one 
which resulted in an increase in reversals 
upon  transfer. 

Tracks  indicated that  the presence of 
D-t ryptophan at 10 -3 M in agar media on 
half  of a petri  dish did not  affect the ori- 
entat ion of individuals. T h e  worms crossed 
into and out of each m ed i um  from either  
sterile agar or L- t ryptophan agar with no 
visible "edge effect" at the meet ing of the 
two zones. T h e  D-t ryptophan did not  ap- 
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parent ly  repel them, nor  did they avoid the 
D- t ryptophan (Fig. 1). 

T h e  behaviour  of C. elegans in media  
containing salt and an isomer of t ryp tophan  
was not similar to that  in t ryp tophan  or 
NaCI alone. T h e  presence of each com- 
pound modified the response to the other 
(Table  1). 

In  transferring C. elegans from sterile 
agar to agar containing different concentra- 
tions of NaCI, two behavioural  thresholds 
were noted. One threshold, at about  10 -,~ 
M NaC1, was observed for a significant 
decrease in activity coupled with a signif- 
icant decrease in the forward componen t  
(Fig. 2). A second threshold, at 10 -5 M 
NaC1, was observed for reversals (Fig. 2). 
Thus ,  there were two responses to temporal  
increases in salt concentrations: first, an 
increase in reversals at low salt levels; and 
second, a decrease in both  activity and 
forward movement  at higher concentrations. 
T h e  most  noticeable change in activity oc- 
curred upon transfer f rom 10 -3 M NaC1 to 
10 -1 M NaC1 (Table  I). 

Effects of acclimatization over a period of 
5 minutes  were examined after transfer f rom 
distilled water  to sterile Noble  agar, Noble  
agar plus either NaC1 or D-tryptophan,  or 
Czapek-dox agar. In  either sterile agar or 
10 -3 M NaC1 agar there was a gradual  
decrease in the forward component ,  reach- 
ing a plateau at about  2 min  (Fig. 3). 
Forward movement  was lower, a l though rel- 
atively constant, in D-tryptophan,  whereas 
it was initially low but  gradually increased 

T A B L E  1. Change  in activity, reversals,  and  forward m o v e m e n t  in C. elegans u p o n  t ransfer  f rom one 
m e d i u m  to ano ther .  

T r e a t m e n t  Forward  
A to B Activity Reversals  c o m p o n e n t  

Sterile agar  Sterile agar  --1.21 ± .18 --4.19 ± ,89" +4 .34  + 1.70" 
Sterile agar  10-2 M NaCI --1.95 ± .18*t  --1.83 ± .62*+ --1.70 ± .47"t  
10-3 M NaCI 10-1 M NaC1 --2.05 + .58"+ --3.12 ± 1.13" +2 .94  ± .87* 
Sterile agar  10-~ M D-t ryp --1.39 ± .09"~ --2.68 ± .65"J" +1.54 ± .40*+ 
10-a M D-tryp Sterile agar  + 1.11 ± .09*+ --3.62 ± 1.16" +2.50 ± .69* 
10-a M D-tryp 10-3 M L- t ryp  + 1.09 ± .13t + 1.25 ± .31+ --  1.18 ± .60+ 
10-a M L- t ryp  10-3 M D-tryp --1.24 ± .20 --4.30 ± .96* +6.66 ± 2.22* 
Sterile agar  L- t ryp --1.10 ± .15 --3.60 ± .80* +5.88 ± 2.35* 
Sterile agar  l . - t ryp + NaC1 +1.17 ± .15+ --1.25 ± .25t +2.78 ± .78* 
Sterile agar  D-tryp + NaCI --1.28 ± .12*t  --2.34 ± .90*t  +2.38 ± .60* 
L- t ryp  + NaCI D-tryp + NaCI  --1.41 ± .25* --5.10 ± 1.40" +4.54 ± 1.85" 
D-tryp + NaC1 L- t ryp  + NaC1 --1.23 ± .14 --3.93 ± .91" +7,69 ± 2.36* 

* =  significantly different  f rom 1.0 (p < 0.05 or less). 
t =  significantly different f rom controls  (p < 0.05 or less). 
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FIG. 1. Tracks made over a period of 30 rain by two C. elegans, one placed on each side of a plate 
containing sterile agar (N) on one half, and 10-a M D-tryptophan (D) on the other half. 

in  Czapek-dox a g a r - a n  ionically more  
complete  med ium.  T h e  reversal rate started 
relatively h igh  in b o t h  D - t r y p t o p h a n  agar 
and  Czapek-dox agar, decreasing rap id ly  in 
Czapek-dox agar after  the first m i n u t e  b u t  
r emain ing  relat ively high in D- t ryp tophan  
agar  for over 3 rain (Fig. 4). Reversals 
started lowest in bo th  sterile Nob le  agar 
and Nob le  agar  plus NaC1, r is ing slowly to 
a level n o t  significantly different  for all 
four groups  at the end of  five minutes .  
Act ivi ty  decreased wi th  thne in all treat- 
ments,  bu t  in none  was it significant at  the 
5% level (Fig. 5). Overal l  activity was 
significantly lowest in D- t ryp tophan  me- 
d ium,  possibly correla ted wi th  the h igher  
n u m b e r  of reversals (Fig. 4). 

Responses to changes in t empera tu re  of 
tile m e d i u m  were different  f rom responses 
to changes in chemicals. T h e r e  was no  sig- 
nif icant  change in the forward  c o m p o n e n t  
in response to t empera tu re  changes (Table  
2). T h e r e  was a 2 8 %  decrease in mean  
activity and  a 33% decrease in mean  re- 
versals when  the t empera tu re  was lowered 
5 C. Similarly, there was a 20% increase in 
mean  activi ty and  a 52% increase in m e a n  
reversals when  the t empera tu re  was raised 
5 C. Var iabi l i ty  in the reversal ra te  for all 
g roups  d imin i shed  after 5 rain in each 
t r ea tment  (Fig. 7). I n  contrast  to no rma l  
C. elegans, those starved for  2 h in distil led 
water  pr ior  to t r ea tmen t  moved  more  slowly 
than  controls  at  20 C, were unaffected by  a 
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FIG. 2. Change  in hehav iou r  of  C. elegans u p o n  
t ransfer  f rom sterile m e d i u m  to e i ther  sterile me-  
d i u m  (controls) or media  con ta in ing  different  con- 
eentra t ions  of NaC1. C hange  is expressed as a 
positive or negat ive ratio represen t ing  an increase 
or decrease in a behav ioura l  parameter .  A rat io of  
1 represents  no change.  + 2  is two-fold increase, etc. 
Each po in t  represents  5-10 trials; bars are s t anda rd  
e r r o r ,  
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FIG. 3. T h e  change in C, elegans forward com- 
ponen t  over 5 rain after  t ransfer  f rom dist i l led 
water to the  following media:  Noble  agar  • - - - -  • ,  
Czapek-dox agar  O O, Noble agar  + 10-3 M NaC1 
A - - - - - - A ,  or  lO-~ M D - t r y p t o p h a n  • . . . .  A -  
For clarity, er ror  bars are omi t ted .  
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H G ,  4, Reversals per  m i n u t e  of C, elegans over 
5 rain af ter  t ransfer  f rom dist i l led water.  Media and  
legend as in Fig. 3. 
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FIG. 5. Wave  activity over  5 ra in  of  C. elegans 
after  t ransfer  f rom dist i l led water .  Media and  legend 
as in Fig, 3. 

T A B L E  2. Hea t  responses of C. elegans. 

P r e t r ea tmen t  T r e a t m e n t  Forward  
(o C) (o C) Activi ty Reversals  c o m p o n e n t  

20 20 No change No change  No change  
20 15 - - 2 8 % *  - - 3 3 % *  No change  
20 (s) 15 (s) No change  No change  No change  
20 25 + 20%* + 52%* No change  

*Significantly different  f rom controls  (p < 0.05). 
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FIG. 6. Tracks made over a period of one hour by 
10-:~ M D-tryptophan. 

5 C decrease in t empera tu re  (Fig. 7), and  
had  no  decrease in reversals (Table  2). 

Analysis of  tracks made  by C. elegans 
in a circular  heat  g rad ien t  revealed no 
a p p a r e n t  differences when  the m e d i u m  was 
Czapek-dox or  was Nob le  agar wi th  D- or  
L - t ryp tophan  in it. Similarly, the nema- 
todes'  abil i ty to or ient  towards and  follow 
a heat  gradient  was no t  significantly im- 
pai red  by repellents in the m e d i u m  (Fig. 6). 

D I S C U S S I O N  

W h e n  a nema tode  is t ransferred to a 
new m e d i u m  that  is the same as the first we 
suspect tha t  the lack of  any st imulus in the 

i / 

an individual C. elega~ts on Noble agar containing 

new m e d i u m  to inhib i t  forward  m o v e m e n t  
is the reason for the low reversals and  high 
forward c o m p o n e n t  (Table  1, Fig. 1). 

T h e  lack of  discernible differences in 
the overall  activity of  C. elegans when  
placed on ei ther  an a t t ractant-  or a 
repe l len t -conta in ing  m e d i u m  (Table  1) led 
to fur ther  invest igat ion of  the a t t r a c t a n t /  
repel lent  responses. Similarly, the appa ren t  
lack of repuls ion  of  C. eIegans by the 
presence of  D- t ryp tophan  in hal f  of  an agar 
plate (Fig. 1) indicated that  the counter-  
cur rent  methods  (6) perhaps  detected a 
response different  fi 'om true repellency.  
Dusenbery  (6) used appara tus  in which  the 
nematodes  were seldom more  than  a milli- 
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FIG. 8. Activity each minute by C. elegans over 
a 10-min period. Legend and treatments as in Fig. 7. 

meter or two away from either test medium. 
In  such a situation the I-ram-long nema- 
todes could rapidly and continually sample 
either medium and accumulate in the pre- 
ferred one. This  procedure may not test a 
repellent effect so much as a preference or 
an inhibition of accumulation. 

Like Dusenbery, we found that exposure 
of the nematodes to L-tryptophan prior to 
D-tryptophan blocked the response to 

D-tryptophan. Thus,  it appears that tile 
two isomers may be competing for the same 
receptor site. From previous work (6) it 
may be that the L-isomer has a stronger 
affinity for such a receptor. Similarly, the 
action of D-tryptophan may be at the level 
of 5-hydroxytryptamine (5HT) synthesis. 
This neurotransmitter has been implicated 
in several aspects of nervous-system function 
in C. elegans and other nematodes (1). 
Trea tment  of C. elegans with reserpine, 
which causes release of 5 H T  from cell 
bodies, changed the behaviour of C. elegans 
only slightly. However, treatment with 
D-tryptophan, which may inhibit  5 H T  
synthesis from L-tryptophan, does change 
behaviour significantly. Thus,  the constant 
synthesis of 5 H T  may be necessary for 
normal behaviour, and exposure to an 
attractant such as NaCI results in a cessation 
of 5 H T  synthesis or its retention by cell 
bodies, thus modifying behaviour. 

Thus,  we have two possibilities for the 
mode of action of D-tryptophan on C. 
elegans behaviour:  1) that C. elegans de- 
tects D-tryptophan by means of a receptor 
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which does not respond to L- t ryptophan  
but  can block the response to D-tryptophan;  
or 2) the D- t ryptophan is acting at the level 
of 5 H T  synthesis to inhibi t  its p r o d u c t i o n -  
an inhibi t ion which can be overcome by 
L- t ryptophan 's  (the normal  precursor) 
greater affinity for the sypiliotis pathways 
a n d / o r  amino acid t ransport  system. 

Most of a set of C. elegans mutants  
isolated as defective in at traction to NaC! 
were also defective in response to 
D- t ryptophan (6). Dusenbery (6) also re- 
ported that  responses to any of the set of 
s t imuli- -Na +, CI-, OH-,  H +, c AMP, and 
NaHCO,~ in phosphate  buffer at p H  6--can 
be abolished wi thout  seriously affecting the 
response to D-tryptophan.  This  evidence 
for different response systems for NaCI and 
D-t ryptophan is further strengthened by the 
results in Tab l e  1 showing that  the response 
to either isomer plus NaC1 in the med ium 
is different from the response to either 
stimulus alone. T h e  presence of one 
stimulus modified the response to the other. 

When  the changes in wave-form behav- 
iour of C. elegans were examined following 
temporal  changes ill NaC1 concentrat ion 
(transfers from sterile agar to agars with 
different NaCI concentrations), two behav- 
ioural thresholds were noted. One thresh- 
old, at a round 10 -0 M, resulted in an 
increase in the reversal rate and a decrease 
in the forward componen t  (Fig. 2). Th i s  
initial threshold corresponds to the "ori- 
enta t ion"  threshold repor ted by Ward  (11). 
Similarly, a second threshold was found, at 
a round 10-4-10 -3 M NaC1, where the nema- 
todes' wave-form activity was significantly 
retarded (Fig. 2). Th is  second threshold 
occurs at a concentrat ion close to that  re- 
ported for accumulat ion response (l 1). T h e  
latter threshold is similar to the one re- 
ported for a detectable response in the 
counter-current  appara tus  (10 -4 to 10 -3 M) 
(6). We thus associate these two wave-form 
changes with the or ientat ion and accumula- 
tion thresholds. At  concentrations above 
10 -3 M the degree of attractiveness of NaC1 
appears  to diminish somewhat, and at a 
concentrat ion of 10 -1 M the nematode ap- 
pears to be going into a type of "escape" 
response--an increasing forward component .  
NaC1 acts as a repel lent  at concentrations 
above 3 × I0- '  M (8). T h e  o p t i m u m  con- 
centrat ion of NaCI appears  to be around 

10 -s M (Fig. 2), which compares to the 
concentrat ion in Caenorhabditis Ringer  
(3NO -3) (8) and its cultural  med ium 
Czapek-dox agar (7 × 10 -3 M). 

When  nematodes are transferred from 
distilled water to a test med ium and al- 
lowed to acclimatize over a period of 5 rain, 
one sees further differences in the response 
to D- t ryptophan as compared  with NaC1 
or sterile agar. T h e  behaviour  of individual  
nematodes shows habi tua t ion  to all treat- 
ments over a period of 5 minutes,  bu t  
habi tua t ion  behaviour  is significantly dif- 
ferent in D- t ryptophan from that  in NaC1, 
sterile agar, or Czapek-dox agar. Forward 
movement  is lower, reversals generally 
higher, and activity consistently lower in 
D- t ryptophan than in any of the other 
treatments.  Th is  suggests that  D- t ryptophan 
is not acting at the receptor  level--a level 
at which habi tua t ion  or sensitization can 
o c c u r - b u t ,  rather,  at the level of sensory/  
behavioural  co -o rd ina t ion-media ted  by a 
neurotransmit ter .  

Since C. elegans is known to orient  well 
to its eccritic tempera ture  in a circular heat  
gradient  (7), it was decided to examine the 
effects of D- or L- t ryptophan  on this ori- 
enta t ion ability. Al though D-t ryptophan is 
apparent ly  a potent  behaviour  modifier it 
does not  impair  the nematode 's  abil i ty to 
detect and orient  to a heat gradient  (Fig. 
6). Both the thermal  sensitivity and orienta- 
tion in thermal  gradient  are therefore 
affected through different pathways than 
chemical coordination.  

T h e  wave-form response of C. elegans 
to changes in tempera ture  of 5 C above or 
below the eccritic are different from the 
responses to chemical changes. No  differ- 
ence in reversals or activity was noted 
except for a Q10 type of response. Since wave 
activity and reversals are both  time- 
dependent  phenomena  in C. elegans (2), 
that  is not unusual.  
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Histochemical Localization and Nematoxicity of 
Terpenoid Aldehydes in Cotton 

J. A. VEECH 

Abstract: In heahhy cotton, except flu" random occasional occttrrence in cortical cells, terpenoid 
aldehydes (TA) are localized in the epidermis and, even there, are absent from the tip 2-4 cm 
of the root. Sittce constiltttive TA do not occur in the endodermis and stele of the root, they 
cannot be effective agents against the development of the sedentary stage of the root-knot nema- 
tode, Mcloidogy~te incognita. Within 4 days after inoculation with the root-knot nematode, 
infection-indttced TA accumulated in the endodermis and outer  stele. These induced TA were 
thus localized where they could be effective against the sedentary stage of the nematode. 
Infection-induced TA accumulation was more rapid and occurred in more stele cells in a 
resistant cotton cultivar than in two susceptible eultivars. 

TA extracts from cotton were inhibitory to nematode movenlent. All second-stage larvae 
exposed 1o 1,000 ppm TA for 3 h became rigid, made no movement,  and appeared dead. Washing 
these larvae to rcmove the TA and incubating them for an additional 24 h did not change their 
appcarance. Shorter exposure times or lower TA concentrations allowed some larvae to recover. 
Exposing larvae to 10 p p m  of TA for 24 h had little effect on them. TA extracted from G. 
arboreum, a cotton that does not methylate TA, were slightly less inhibitory to lbe root-knot 
nematode than TA extracted front G. hirsutum which partially methylates TA. Key Words: 
(;ossypol-like, resistance, gossypium, host-parasite interactions, toxicants, antibiotic compounds.  

Gossypol attd related terpenoids, potent  
toxicants produced by cotton (Gossypium 
sp.), are putat ively involved in the resistance 
of the crop to insects (5, 6, 7, 11, 12) and 
fungi (1, 2, 5, 6, 15, 21). Their  involvement 
in cotton resistance to the root-knot nema- 
tode, Meloidogyne incognita, has been re- 
ported by Veech and McClure (18). They  
suggested that infection-induced accumula- 
tion of terpenoid aldehydes (TA) might be 
an important mechanism of the resistance 
even though neither pre- nor postinfectional 
terpenoid concentrations in extracts of 
whole roots were related to resistance in a 
susceptible and a resistant cultivar. Their  

Received for publication 25 January 1979. 
U.S. Department of Agricuhure, Science and Education 
Administration, National Cotton Pathology Research Lab- 
oratory, P. O. Drawer JF, College Station, Texas 77840. 

suggestions were tested further in five cotton 
varieties with different levels of resistance 
(19). T h e  results confirmed that relative 
host resistance was not significantly corre- 
lated with the host's ability to produce T A  
in response to infection. That  study also 
confirmetl that neither pre- nor postinfec- 
tional TA concentrations in whole roots 
correlate with relative host resistance: the 
pre- or postinfection concentrat ion in a 
resistant variety may be higher or lower 
than the pre- or postinfection concentra- 
tion in a susceptible variety. Nevertheless, 
inoculated susceptible roots generally ac- 
cumulated T A  more slowly than their 
uninoculated controls, whereas inoculated 
resistant roots accumulated T A  faster than 
their uninoculated controls. 

Although the previous studies (18, 19) 
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