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ABSTRACT: Energy dispersive X-ray analysis  of e lements  with  Z > 11 in a SEM (scanning electron 
microscope) was used to invest igate  the elytra of Lagisca extenuata, Lepidonotus clava, and 
Harmothoe areolata from Naples  (Italy) and  Banyuls (France). High concentrat ions of ha logens  and  
a few other e lements  were found in cer tain papi l lae  in samples  from both  locations. Addi t ional  
TEM-examinat ions  and X-ray analysis  of th in  sections revealed that  the ha logen  concentra t ion  is 
inversely related to the collagen content  of the matrix. The ha logens  are presumably  bound  to 
tyrosines, which occur in these structures, In addition, accumulat ion of Mn 2+ and  possibly Fe 3+ in 
the papi l lae might  depend  on envi ronmenta l  conditions. The results show that  va luable  information 
about the chemical  composit ion of biological  structures can be  obta ined  by energy  dispersive X-ray 
analysis, Moreover, the results indicate  that  this method may be useful for envi ronmenta l  invest iga-  
tions. 

I N T R O D U C T I O N  

In s e v e r a l  s t u d i e s  o n  t h e  s t r u c t u r e  a n d  c h e m i c a l  c o m p o s i t i o n  of t h e  c u t i c l e  of 

p o l y c h a e t e s  c h e m i c a l  a n d  h i s t o c h e m i c a l  s t a i n i n g  m e t h o d s  w e r e  u s e d  to i n v e s t i g a t e  i ts  

c o m p o s i t i o n  or loca l  v a r i a t i o n s  in  c o m p o s i t i o n ,  r e s p e c t i v e l y  (Mil l ,  1978). T h e s e  v a r i a -  

t ions  are'  s u g g e s t e d  b y  t h e  l oca l l y  v a r y i n g  c o l l a g e n f i b e r  a n d  m a t r i x  d i s t r i b u t i o n s  in  t h e  

cut ic le .  

N o r m a l l y ,  t h e  p r o x i m a l  z o n e  of t h e  c u t i c l e  c o n s i s t s  of l a y e r s  of c o l l a g e n  f i b e r s  

a r r a n g e d  a t  r i g h t  a n g l e s  to o n e  a n o t h e r .  In  t h e  c a s e  of t h e  e l y t r o n  c u t i c l e  w e  f o u n d  t h a t  

t h e  f i be r s  of two  s u b s e q u e n t  l a y e r s  a l w a y s  l ie  a t  a n  a n g l e  of 120 ° to o n e  a n o t h e r .  T h e s e  

f i b e r s  a r e  h o u s e d  in  a h o m o g e n e o u s  m a t r i x ,  w h i c h  a l so  f o r m s  t h e  d i s t a l  z o n e  of t h e  

e l y t r o n  cu t ic le .  T h e  r e l a t i v e  a m o u n t  of f i b e r s  in  t h e  c u t i c l e  of c e r t a i n  p a p i l l a e  is f o u n d  to 

b e  m u c h  less  t h a n  in  t h e  cu t i c l e  b e t w e e n  t h e  p a p i l l a e .  

T h e  p o l y c h a e t e  c u t i c l e  is r e p o r t e d  to b e  c o m p o s e d  of two  c l a s s e s  of o r g a n i c  m a t e r i a l ,  

a c a r b o h y d r a t e  c o m p o n e n t  a n d  a p r o t e i n  c o m p o n e n t  in  t h e  f o r m  of c o l l a g e n .  T h e  

c o l l a g e n  f ibe r s  a re  u n b a n d e d ,  w h i c h  s p e c i f i c a l l y  r e f e r s  to t h e  b i n d i n g  of a c a r b o h y d r a t e  

c o m p o n e n t  to t h e  t r o p o c o l l a g e n  d i m e r s  ( M a s e r  & Rice,  1963). T h e  m a t r i x  is c o m p o s e d  of 

n e u t r a l  a n d  a c i d o u s  m u c o p o l y s a c c h a r i d e s  of w h i c h  t h e  a c i d o u s  p o s i t i o n  is c a r b o x y l a t e d .  

T h i s  m a y  c o n f e r  a n  i n c r e a s e d  v i s c o s i t y  to t h e  m a t r i x  ( M a n a v a l a r a m a n u j a m  & S u n d a r a  

* This work is part  of a doctoral thesis, wri t ten at the Zoological Institute of the Universi ty at 
Hamburg.  
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Rajulu, 1974). P resumably  there is some non-co l l ageneous  protein  in  the distal cuticle 
zone. In Nereis the suscept ibi l i ty  of the fuchsinophi l ia  together with the presence of 
aromatic, tyrosine con ta in ing  protein  and  the demonst ra t ion  of d isulphide  bridges 
indicate  a ha rden ing  of the protein  moiety (Manava l a r amanu jam & Sundara  Rajulu, 
1974). 

This study is the first to use X-ray microanalysis  t echniques  for ob ta in ing  further 
informat ion on local changes  in the chemistry of the elytron cuticle. This technique  is 
especial ly  helpful  in re la t ing differences in the morphology of the cuticle, with and 
without  fiber-structures,  to their  chemical  composition. The present  invest igat ions were 
carried out by small  area energy-dispers ive  X-ray analysis  in a scann ing  electron 
microscope, combined  with t ransmiss ion-e lec t ron microscopy of thin sections. 

MATERIALS AND METHODS 

The species s tudied (Lepidonotus clara, Harmothoe areolata, Lagisca extenuata) 
were collected from the Med i t e r r anean  Sea near  Naples,  Italy, and  near  Banyuls-sur- 
mer, France. The total elytra-objects were fixed and  dehydra ted  with methanol  in steps 
from 70 to 100 %. The elytra from which cross-sections were to be obtained,  were fixed 
for 2 hours by 2 % g lu ta ra ldehyde  in cacodylate buffer (0.2 M; pH 7.4) with dissolved 
sucrose to 900 mOsm at 5 °C. After r ins ing  in the same buffer, the specimens were 
postfixed in 1 %  osmium tetroxide dissolved in cacodylate buffer (0.2 M; pH 7.4), and 
with dissolved NaC1 to 850 mOsm for 2 hours at 5 °C. Then  the specimens were 
dehydra ted  in  ethanol,  e m b e d d e d  in Spurr, and  s ta ined with uranyl  acetate in 50 % 
methanol  and  lead citrate. 

By means  of the energy  dispersive X-ray analysis  in  a s cann ing  electron microscope 
(SEM) the e lements  with atomic n u m b e r  Z > 11 can be de te rmined  qual i ta t ively and, 
unde r  cer ta in  conditions,  quant i ta t ively.  An advan tage  of this technique  is the unambi -  
guous ident i f icat ion of the ana lysed  area by the secondary electron image and  compari- 
son with X-ray m a p p i n g  images,  t aken  with selected characteristic X-ray l ines of the 
e lements  analysed.  All the tables in  this work list "quant i ta t ive  est imates" of the 
composit ions neg lec t ing  the amounts  of biological  matrix, despite the fact that biological  
spec imens  ma in ly  consist of e lements  with Z < 11, and  the detect ion efficiency for the 
heavier  e lements  d e p e n d  on their d is t r ibut ion in  the biological  matrix. The concentra-  
t ion va lues  for the ana lysed  e lements  were calcula ted by quant i ta t ive  analysis  programs 
for b u l k  spec imens  or th in  sections, respectively,  as provided by the manufac turer  of the 
detector system (EDAX). In these programs, the relat ive exi tat ion and  detection efficien- 
cies for the elements ,  d e p e n d e n t  on the exi tat ion energy,  the energy of the analysed X- 
ray lines, the geometr ical  orientat ion,  etc., are t aken  into account.  However,  because  of 
the in f luences  men t ioned  above, the results can onty be considered as rough estimates, 
as the cont r ibut ion  of the low Z biological  matrix was unknown.  For the comparison of 
different areas on the same sample  only the ratios of the count rates for each e lement  
were ana lyzed  in order to demonstra te  relat ive concentrat ions.  

Two representa t ive  spectra of the coneshaped  papi l la  cuticle and  of the elytron 
surface cuticle of Lagisca extenuata from Banyuls  are shown in  Figure 1. 

For both spectra, areas of about  0.25 /~m 2 on a bu lk  spec imen  were analysed.  The 
comparison already demonstra tes  a spectacular  concentra t ion  of main ly  the halogens  Br, 
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Fig. 1. Lagisca extenuata (Banyuls): (a) X-ray spectrum of the elytron surface cuticle be tween  the 
papillae. The primary beam energy was 25 keV; the analysed area was about 0.25 pm 2. (b) X-ray 

spectrum of the cone-shaped papilla cuticle; same conditions as in (a) 
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I, a n d  C1 i n  t h e  p a p i l l a ,  C a r e f u l  i n v e s t i g a t i o n s  b y  m e a n s  of a b l a n k  s p e c i m e n  h o l d e r  a n d  

o t h e r  s p e c i m e n s  r e v e a l e d ,  t h a t  o n l y  p a r t  of t h e  e l e m e n t s  p r e s e n t  w e r e  c o n t a i n e d  in t he  

s p e c i m e n  i tself .  T h e s e  w e r e  t h e  h a l o g e n s ,  as  m e n t i o n e d ,  K, Ca ,  P, S, Fe, a n d  Mn.  

S o m e t i m e s ,  i n d i c a t i o n s  of N a  a n d  M g  w e r e  a l so  f o u n d ,  b u t  t h e  i n t e n s i t i e s  w e r e  no t  to b e  

d e t e r m i n e d  w i t h  r e a s o n a b l e  a c c u r a c y  d u e  to t h e  s t r o n g l y  v a r y i n g  b a c k g r o u n d  in  th i s  

l o w - e n e r g y  p o r t i o n  of t h e  s p e c t r u m .  S o m e  o t h e r  e l e m e n t s ,  m a i n l y  C u  a n d  Z n  in  t h e  ca se  

of b u l k  s a m p l e s ,  w e r e  d u e  to s c a t t e r i n g  f r o m  t h e  h o l d e r ,  n a m e l y  a b r a s s  p l a t e  o n  w h i c h  

t h e  s a m p l e  w a s  m o u n t e d .  In t h e  c a s e  of t h i n  s e c t i o n s ,  w h i c h  w e r e  o r i g i n a l l y  p r e p a r e d  for 

T E M - i n v e s t i g a t i o n s ,  C u - r a d i a t i o n  o r i g i n a t e d  f r o m  t h e  gr id ,  A1 a n d  Si f rom t h e  ho lde r .  In 

a d d i t i o n ,  e s p e c i a l l y  d u r i n g  t h e  a n a l y s i s  of t h i n  s ec t i ons ,  a s m a l l  a m o u n t  of Fe w a s  f o u n d  

a n d  d e t e r m i n e d  as  d u e  to s c a t t e r i n g  b y  s o m e  s t e e l  p a r t s  in  t h e  m i c r o s c o p e  c h a m b e r .  Th i s  

w a s  o n l y  d e t e c t a b l e  b e c a u s e  of t h e  l o n g  a c c u m u l a t i o n  t i m e s  n e e d e d  for t he  a n a l y s i s  of 

t h i n  s e c t i o n s  to  o b t a i n  a r e a s o n a b l e  s i g n a l - t o - n o i s e  ra t io ,  a n d  a l ow  b a c k g r o u n d  l eve l .  In 

a d d i t i o n ,  for  t h i n  s e c t i o n s ,  w h i c h  w e r e  t r e a t e d  w i t h  O s - s o l u t i o n ,  t h e  P - K - r a d i a t i o n  

i n t e r f e r e d  w i t h  t h e  O s - M - l i n e ,  so t h a t  t h e  P - i n t e n s i t i e s  c o u l d  no t  b e  d e t e r m i n e d  a c c u -  

ra te ly .  N e v e r t h e l e s s ,  e v e n  w i t h  t h i n  s e c t i o n s ,  t h e  s t r o n g  c o n c e n t r a t i o n  of t he  h a l o g e n s  in 

t h e  c u t i c l e  of t h e  p a p i l l a  w a s  d e t e c t a b l e ,  as wi l l  b e  s h o w n  o n  t h e  f o l l o w i n g  p a g e s .  

R E S U L T S  

A l t h o u g h  n u m e r o u s  i n d i v i d u a l s  of p o l y c h a e t e s  w e r e  a n a l y s e d ,  t h e  r e p r e s e n t a t i v e  

r e s u l t s  o b t a i n e d  f r o m  o n l y  t h r e e  s p e c i e s  wi l l  b e  p r e s e n t e d  h e r e .  T w o  s a m p l e s  of e v e r y  

s p e c i e s  f rom e a c h  c o l l e c t i n g  s i te  ( B a n y u l s  a n d  N a p l e s )  a r e  c o m p a r e d .  

Lagisca e x t e n u a t a  

A m a s s i v e ,  t o t a l  e l y t r o n  w a s  i n v e s t i g a t e d .  T h e  c u t i c l e  of t h e  c o n e s h a p e d  p a p i l l a e  

a n d  of t h e  e l y t r o n  s u r f a c e  b e t w e e n  t h e  p a p i l l a e  w e r e  a n a l y s e d ,  A S E M - i m a g e  of t h e  

Table 1. X-ray analyses of two types of cuticle of the elytra of Lagisca extenuata (Banyuls) 

e lement  

Coneshaped  papi l la  Surface of elytron Ratio of 
count rates 

count rate" mass (%) count rate mass (%) papi l la /elytron 

Br 48.5 54.6 0.9 4.3 53.9 : 1 
C1 32.5 4.2 7.9 4.0 4.1 : 1 
I 15.3 5.4 3.4 4,8 4.5 : 1 
K 16.7 2.4 7.5 4.3 2.2 : 1 
Ca 43,6 6.6 14.7 9.4 3.0 : 1 
P 64.1 8.0 44.0 24.2 1.5 : 1 
S 74.3 9.2 92.6 47.2 0.8 : 1 
Mn 13.7 3.3 1.3 1.3 10.5 : 1 
Fe 35.4 6.3 3.3 3,5 10.7 : 1 

* The count rates are given in arbitrary units, but  spectra which were compared with one 
another  were accumula ted  under  the same condit ions (primary beam energy, b e a m  current, etc.) 
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e l y t r o n  is s h o w n  in  F i g u r e  2. In T a b l e  1, t h e  r e s u l t s  of t h e  X - r a y  a n a l y s i s  of two  

r e p r e s e n t a t i v e  a r e a s  of t h e s e  t ypes  of c u t i c l e  a re  s h o w n .  For  t h e  e l e m e n t s ,  t h e  a c t u a l  

c o u n t  r a t e s  a n d  t h e i r  ra t io ,  e.g.  c o m p a r i n g  t h e  s u r f a c e  of t h e  p a p i l l a  to t h e  a r e a  in  

b e t w e e n ,  a r e  l i s ted .  

E v e n  w h e n  o n e  t a k e s  i n to  a c c o u n t ,  t h a t  t he  e f f i c i e n c i e s  i n  b o t h  a n a l y s e s  d e p e n d  

s o m e w h a t  on  t h e  su r f ace  t o p o g r a p h y ,  t h e  r e s u l t s  s h o w  a c o n s p i c u o u s  c o n c e n t r a t i o n  of 

h a l o g e n s ,  m a i n l y  Br, a n d  in  a d d i t i o n ,  Fe  a n d  M n  i n  t h e  c u t i c l e  of t h e  p a p i l l a .  By 

e l e m e n t a l  m a p p i n g ,  u s i n g  t h e  Br-Kc,-line, as  s h o w n  in  F i g u r e  2, t h e  c o n s i d e r a b l e  Br-  

a c c u m u l a t i o n  in  t h e  p a p i l l a  is c l e a r l y  d e m o n s t r a t e d  b y  c o m p a r i s o n  w i t h  t h e  c o r r e s p o n d -  

i ng  S E M - i m a g e .  T E M - i m a g e s  of t h i n  s e c t i o n s  of t h e s e  e l y t r a  s h o w ,  t h a t  b o t h  t y p e s  of 

cu t i c l e  e x h i b i t  d i f f e r e n t  s t r uc tu r e s ,  m a i n l y  t h r o u g h  t h e  d i f f e r e n t  c o n t e n t  of c o l l a g e n  

f i b e r s  a n d  m a t r i x  (Fig. 2 c, d). 

a b 

c d 
Fig. 2. Lagisca extenuata (Banyuls): (a) SEM-image of the elytron showing two types of papil lae,  
two with cone-shaped,  one with thin cylindrical habi t  (center). The cuticle structure of the latter is 
the same as in the elytron surface. (b) Corresponding e lementa l  mapp ing  image taken with the Br- 
K,,-line. The pr imary b e a m  energy was 25 keV, the spot size 0.125 /~rn. The cone-shaped  papi l lae  
with different cuticle structure from the elytron surface show a considerable  Br-concentration. (c) 
TEM-image of a th in  cross-section through the elytron surface cuticle be tween  the papil lae,  mainly  
consisting of col lagen fibers. (d) TEM-image of a thin  cress-section through the cuticle of the cone- 

shaped  papi l lae  mainly  consist ing of matr ix subs tance  
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L e p i d o n o t u s  d a v a  

B o t h  a m a s s i v e ,  t o t a l  e l y t r o n  a n d  a t h i n  c r o s s - s e c t i o n  w e r e  a n a l y z e d .  For  t h e  to ta l  

ob j ec t ,  t h e  c u t i c l e  c o m p o s i t i o n  of t h e  p a p i l l a  w i t h  s m a l l  p r i c k l e s  a n d  of t he  e l y t r o n  

s u r f a c e  b e t w e e n  t h e  p a p i l l a e  w e r e  c o m p a r e d .  A S E M - i m a g e  of t h e  s u r f a c e  s t r u c t u r e  of 

th i s  e l y t r o n  is s h o w n  in  F i g u r e  3. 

A s  for  Lagisca extenuata, t h e  h a l o g e n s  a r e  s t r o n g l y  c o n c e n t r a t e d  in  t h e  p a p i l l a  

cu t i c l e .  T h e  d i s t r i b u t i o n  of Br a l l  o v e r  t h e  p a p i l l a  s u r f a c e  is c l e a r l y  v i s i b l e  f rom the  X - r a y  

m a p p i n g  i m a g e ,  t a k e n  w i t h  t h e  Br-KQ-line a n d  f r o m  t h e  c o m p a r i s o n  w i t h  t h e  S E M - i m a g e  

(Fig. 3 c, b). A l l o w i n g  for e x p e r i m e n t a l  e r ror ,  a n d  t a k i n g  t h e  r e s t r i c t i o n s  m e n t i o n e d  

e a r l i e r  i n t o  t h e  a c c o u n t ,  n o  p r o n o u n c e d  c o n c e n t r a t i o n  of t h e  o t h e r  e l e m e n t s  w a s  found .  

T h e y  s e e m  to b e  m o r e  or l ess  u n i f o r m l y  d i s t r i b u t e d  in  t h e  c u t i c l e  of p a p i l l a  a n d  sur face .  

T E M - i n v e s t i g a t i o n s  of b o t h  t y p e s  of c u t i c l e  a g a i n  r e v e a l e d  t h a t  t h e  p a p i l l a  cu t i c l e  

c o n t a i n s  m u c h  l e s s  f i b e r  m a t e r i a l  t h a n  t h e  e l y t r a  cu t i c l e ,  as  s h o w n  in  F i g u r e  3 c a n d  d. 

A c a r e f u l  X - r a y  a n a l y s i s  of t h e  c ross  s e c t i o n  of t h e  c u t i c l e  b e t w e e n  t h e  p a p i l l a e  r e v e a l e d  

t h a t  in  t h e  p r o x i m a l  z o n e  w h i c h  is r i c h  in  f i b e r s  n o  Br a n d  I w e r e  f o u n d .  S o m e  C1 w a s  

d e t e c t e d ,  b u t  t h i s  c a n  b e  a t t r i b u t e d  to t h e  f i x i n g  a g e n t  d u r i n g  t h e  p r e p a r a t i o n .  

Table  2. X-ray analysis of two types of cuticle of the elytra of Lepidonotus clara (Naples) 

e lement  

Papil la with  prickles Surface of the elytron Ratio of the 
count rates 

count rate mass (%) count rate mass (%) papi l la /elytron 

Br 65.0 66.8 0.74 3.0 87.8 : 1 
C1 45.5 5.2 9.4 4.3 4.8 : 1 
I 29,2 9.5 5.0 6.8 5,8 : 1 
K 14.9 1,9 7.0 3.7 2.1 : 1 
Ca 25.7 3.6 21.7 12.0 1.2 : 1 
P 30.1 3.3 22,3 9,9 1,4 : i 
S 74.1 8.6 92.5 46.0 0.8 : 1 
Mn . . . . .  
Fe 16.8 4.1 13.8 14.3 1.2 : 1 

Harrnothoe areolata 

T h e  e l y t r o n  s u r f a c e  of Harmothoe areolata is d o t t e d  w i t h  l a r g e ,  s p i n e - s h a p e d  

p a p i l l a e  w i t h  s m a l l  p r i c k l e s .  T h e  a r e a  b e t w e e n  t h e  p a p i l l a e ,  t h e  c u t i c l e  of t h e  e t y t r o n  

su r f ace ,  i s t  c o v e r e d  w i t h  a n e t w o r k  of n a r r o w  j o i n t s  w h i c h  a re  o n l y  a b o u t  3 ~ m  in  w i d t h .  

A S E M - i m a g e  of t h e s e  s t r u c t u r e s  is s h o w n  in  F i g u r e  4. X - r a y  i n v e s t i g a t i o n s  of d i f f e r e n t  

a r e a s  o n  t h e  p a p i l l a e  a n d  j o i n t s  r e v e a l e d ,  t h a t  e v e n  w i t h  a v e r y  s m a l l  s p o t s i z e  of t h e  

p r i m a r y  e l e c t r o n  b e a m  (16 nm )  t h e  l a t e r a l  r e s o l u t i o n  w a s  no t  s u f f i c i e n t  to s e p a r a t e  t he  

e x p e c t e d  l o w  i n t e n s i t y  of t h e  n a r r o w  j o i n t  f r om t h a t  of t h e  s u r r o u n d i n g  p a p i l l a e  

c o m p l e t e l y .  T h i s  e f f ec t  w a s  d u e  to X - r a y  s c a t t e r i n g  in  t h e  b u l k  m a t e r i a l .  T h e r e f o r e ,  t he  

a n a l y s i s  of t h e  j o i n t s  w a s  o m i t t e d ;  i n  T a b l e  3, o n l y  t h e  r e s u l t s  for  t h e  p a p i l l a  c u t i c l e  a re  
l i s t ed .  
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Fig, 3. Lepidonotus c'Mva (Naples}: (a] S E M - i m a g e  of t he  eIyt ron wi th  l a rge  p a p i l l a e  w i th  p r i ck les  
and  a few very  sma l l  pap i l l ae ,  w h i c h  ~re c o m p o s e d  of bo th  cut ic le  k inds ,  w h e r e a s  the  cut ic le  of t h e  
ld[ge p~p i l l ae  with p r i ck les  con t a i n s  m a i n l y  mat r ix  s u b s t a n c e .  (b) C o r r e s p o n d i n  9 B~-K{~-lme 
e l e m e n t a l  m a p p i n g  of the  s a m e  a rea  as  in {a). Both types  of p a p i l l a e  s h o w  h i g h  Br -concen t ra t ions .  
{c) T k M - i m a g e  of a c ross - sec t ion  of the  e ly t ron  su r i a ce  cut icle ,  m a i n l y  cons i s t i ng  of c o l l a g e n  f ibers .  
{d) T E M - i m a g e  of a hor izon ta l  sec t ion  throl.~gh the  proximal] cut ic le  zone  of the  p a p i l l a e  with far 
fewer  f ibers  and  more  ma t r ix  s u b s t a n c e .  L. clara (Banyuls}:  (e) S E M - i m a g e  of p a p i l l a e  w i th  
prickles.  T h e  X-ray a n a l y s i s  shows ,  b e s i d e s  the  B r - accumula t i on ,  the  o c c u r r e n c e  of M n  in t h e s e  
papi l lae ,  w h i c h  was  typica l  for s p e c i m e n s  from Banyu l s .  (f) X-ray  e l e m e n t a l  m a p p i n g  wi th  the  M n -  

K-l ine  of the  s a m e  a rea  as in (e) 
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T h e  v a l u e s  g i v e n  in T a b l e  3 are  verl/  s im i l a r  to the  c o r r e s p o n d i n g  a n a l y s i s  of the  

p a p i l l a e  of Lagisca exienuata a n d  Lepidonotus clava,  e s p e c i a l l y  r e g a r d i n g  the  h igh  

a m o u n t  of Br. 

As  t h e  n a r r o w  jo in t s  b e t w e e n  t h e  p a p i l l a e  w e r e  e x p e c t e d  to e x h i b i t  a d i f f e ren t  

c h e m i c a l  c o m p o s i t i o n ,  d e t a i l e d  X - r a y  a n a l y s e s  of th in  cross  s ec t i o n s  of t h e s e  z o n e s  w e r e  

m a d e .  Tile s c a t t e r i n g  of X- r ays  w a s  s h o w n  to be  far less  w i t h i n  th in  foils  t h a n  w i t h i n  bu lk  

m a t e r i a l  a n d  the  l a t e r a l  r e s o l u t i o n  a c c o r d i n g l y  i n c r e a s e d .  Moreow:~r, the  r e d u c t i o n  of the  

tolal  X - r a y  in tens i t l /  is m o r e  t h a n  c o m p e n s a t e d  by  a s t r o n g ] I / i n c r e a s e d  s ignaL- to-no ise  

( l  

¢ d 
Fig, 4, Harmothoe areolata (Naples): (a) SEM-image of an e]ytron with large, spine-shaped papillae 
with small prickles and thin cylindrical papillae. The elytron surface is covered with a network of 
narrow joints between the papillae. (b) TEM-image of a cross-section at the border of a papilla 
(right) and beginning  of a joint. The surface cuticle (left) is mainly composed of collagen fibels, 
whereas the papilla cuticle contains more matrix substance than collagen fibers. This appears 
darker presumably because of the contrasting Br-content, as was frequently touncl in cross-sections 
of papil lae and elytra cuticles. (c) SEM-image of a c~oss-sectitm of a joint b e t ~een  two papillae. The 
joint contains mainly fibers, as is typical for the elytron surface cuticle. The adjacent papilla cuticle 
contains mainly matrix. (d) Corresponding X-ray elemental  mapping image oi the cross-section 

shown in c), using the Br-K,~-line 
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Table 3. X-ray analysis of the cuticle of the sp ineshaped  papilla of Harmothoe  areolata (Naples) 

Element Count rate Mass (%) 

Br 74.2 84.4 
C1 46.4 6,0 
I 4 .0  1.4 
K 1.8 0.3 
Ca 0.6 0.1 
P 8.8 1.1 
S 48.6 6.1 
Mn - - 
Fe 1.0 0.6 

Table 4. X-ray analysis of a thin cross section of two types of proximal cuticle of the elytra of 
Harrnothoe areolata (Naples} 

element  

Spineshaped papilla Surface of the elytron 

count rate mass (%} count rate mass (%) 

Ratio of the 
count rates 

papilla/elytron 

Br 0.338 39.9 0.027 1,0 
C1 (0A04)* (6.4) (1.515) (30.1) 

K . . . .  

Ca (0.003) (0.2) (1.07) (11.1) 
P/Os (0.298) (21.1) (1.035) (24.3) 
S 0.074 4.8 0.45 9.6 
Mn . . . .  
Fe (0,464) (27.6) (0.527) (0.2) 

12.5 : 1 
(0.069 : 1) 

(0.003 1) 
(0.25 1) 
0.16 1 

(0.88 1) 

• Values in brackets are possibly due to artefacts as discussed earlier. All mass (%) values may 
therefore be erroneous 

rat io d u e  to t he  l ow b a c k g r o u n d .  In T a b l e  4, t he  r e su l t s  for t he  jo in t s  a n d  the  p a p i l l a  

cu t i c l e  a re  l i s ted .  

D e s p i t e  t he  p o s s i b i l i t y  t ha t  t he  B r - c o n t e n t  m a y  b e  i n f l u e n c e d  by  t h e  p r e p a r a t i o n ,  the  

c o n c e n t r a t i o n  in  t h e  s p i n e s h a p e d  p a p i l l a  is obv i o u s .  T h e  m e a s u r e d  ra t io  of t h e  c o u n t  

r a tes  p a p i l l a / e l y t r o n  of 12.5 : 1 m a y  b e  e v e n  h i g h e r ,  b e c a u s e  t h e  Br - c o u n t  ra te  on  t h e  

e l y t r o n  su r f ace  m a y  on ly  b e  d u e  to s c a t t e r i n g  f rom t h e  a d j a c e n t  p a p i l l a  w i t h  its h i g h  Br- 

con ten t .  T h e  re su l t s  for C1, Ca, P /Os ,  a n d  Fe  a re  g i v e n  in  p a r e n t h e s e s ,  b e c a u s e  t h e y  a re  

a lso  c o n s t i t u e n t s  of t he  p r e p a r a t i o n  a g e n t s  a n d  t h e y  are  p r e s e n t  in  g r e a t e r  c o n c e n t r a t i o n  

in the  su r face  cut ic le .  T h e  T E M - i m a g e  s h o w  tha t  th is  r e g i o n  cons i s t s  of m o r e  f ibe r s  t h a n  

the  p a p i l l a  cu t i c l e  (Fig. 4b). As  be fo re ,  t he  X - r a y  e l e m e n t a l  m a p p i n g  i m a g e  (Fig. 4d) 

s h o w s  c l ea r ly  t he  B r - c o n c e n t r a t i o n  in  t h e  p a p i l l a  cut ic le .  
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D I S C U S S I O N  

As r e v e a l e d  by TEM-images ,  the cut icle  structures of the papi l lae  and of the elytron 

surface b e t w e e n  the pap i l l ae  are different.  The  cuticle of the pap i l l ae  inves t iga ted  here 
consists almost  ent i re ly  of a matr ix substance,  and only very  few col lagen  fibers are 
present .  The  surface cuticle,  however ,  is made  up main ly  of those fibers, and the matrix 

is p resent  only b e t w e e n  the fibers and forms a thin distal  layer. As demonst ra ted  by X- 
ray analysis  these  two sorts of cut icle  can be d i s t inguished  by their  chemica l  composi- 

tion. In Figure  5, the composi t ions  of the massive  total elytra of the three polychaete  
species  inves t iga ted  here  are shown graphical ly .  The ind iv idua l  count rates of the 

ana lyzed  e l emen t s  are r ep resen ted  by ha tched  columns for the papi l la  cuticle and by 

whi te  columns for the surface cuticle.  
Compar ing  the data  for Lagisca extenuata (Banyuls) and Lepidonotus clava 

(Naples), the ratios of the count  rates for each e lement ,  except  Mn and Fe, be tween  the 
papi l la  and the surface cuticle are of the same order of magni tude ,  respect ively.  While 

for Lagisca extenuata (Banyuls) the ratios of Mn and Fe are about  10 : 1 each, for 
Lepidonotus clava (Naples) Mn was  not de tec tab le  at all and Fe only with much lower 

intensity.  Moreover ,  the lateral  dis tr ibut ion s e e m e d  to be near ly  uniform. By invest igat-  
ing  severa l  addi t ional  species,  these  results  were  found to be  typical  for the sample  

p laces  Banyuls  and Naples  and re la ted  to a possible  env i ronmenta l  inf luence.  In Figure 

3f, the h ighly  non-uni form Mn-dis t r ibut ion  is demons t ra ted  by an X-ray e lementa l  

map p i ng  image.  
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Fig. 5. Comparison of the compositions of the massive, total elytra of three polychaeta species. For 
each element, the first column represents Lagisca extenuata (Banyuls), the second Lepidonotus 
clara (Naples), and the third Harmothoe areolata (Naples), respectively. The hatched colums stand 
for the papilla cuticle, and the white, overlapping colums for the elytra surface cuticle. Remarkable 
is the high content of halogens in the papillae of all specimens, and the occurrence of Mn in the 

specimen from Banyuls 
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The most in teres t ing result  is, that  in the case of Lagisca extenuata and Lepidonotus 
clava at least  the ha logens  Br, C1, and I are local ly concent ra ted  in the papi l la  cuticle,  

and only very small  amounts  are found in the surface cut icle  b e t w e e n  the pap i l l ae  (see 

Fig. 5). Especia l ly  where  Br is concerned,  the ratios of concentra t ion  in the papi l la  and 
the surface are in the range of 50 to 90, so that h igh contrast e l emen ta l  m a p p i n g  images  

were  obtained.  
Compar ing  the samples  from Banyuls  and Naples,  no s ignif icant  di f ference was 

found for the ha logen  distr ibutions on the elytra. The  e l emen t s  K, Ca, and P appea red  to 
be concentra ted in the papi l lae ,  too, but by more than one order  of m a g n i t u d e  lower  than  

Br. Only S s eemed  to be more or less uni formly distr ibuted.  
tn Harmothoe areolata (Naples) the quant i t ies  of Br and C1 show values  s imilar  to 

those in Lagisca extenuata (Banyuls) and Lepidonotus dava (Naples), respect ively,  

whereas  the other e lements  occur wi th  much  lower  intensit ies.  
For the thin cross sections, as a l ready poin ted  out, the results of the X-ray analysis  

are possibly defect ive  due to the f ixing and contrast ing agents.  It must be men t ioned  that 

in these cases the analyses  were  t aken  from areas in the proximal  cuticle zone exc lud ing  
the distal zone. Al though  the concent ra t ion  of Br may  be in f luenced  by some chemica l  

reactions, it is h ighe r  in the structure wi thout  fibers, as expected .  In the surface cut icle  

b e t w e e n  the papi l lae  of Lepidonotus dava (Naples) no Br was found. For It. areolata 
(Naples) the Br intensi ty in the narrow joints of the surface cut icle  is min imal  and 
probably or iginates  from scat ter ing by the closely adjacent  papi l la  cuticle. These  results 

admit  the possibility, that Br is not present  in the proximal  zone of the cuticle. On the 

other hand, the analyses  of the total, mass ive  objects for the surface cut icle  of 
Lepidonotus clara (Naples) and Lagisca extenuata (Banyuls) a lways show Br, even  
though in re la t ive ly  small  amounts.  In these  cases, the Br intensi ty  can not be  exp la ined  

by scat ter ing from adjacent  areas. Therefore  it follows, that Br is present  in the whole  
papi l la  cuticle as wel l  as in the most distal zone of the surface cuticle.  Both areas consist 

mainly of carbohydrate  components  (see also Fig. 6). 
The absence  of I in the proximal  cuticle zone of the cross section spec imens  is 

probably also caused by some distal concentrat ion.  Those e lements ,  of which  the 
distribution and quant i ty  is in f luenced  by the men t ioned  prepara t ion  methods,  name ly  
C1, Ca, P, and Fe, are wi thout  except ion  present  in h igher  concentra t ions  in the surface 

cuticle with its h igh  f iber  port ion than in the papi l la  cuticle.  This seems to be  due  to the 

• ' • . • • . 
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Fig. 6. Scheme of the cross-section of an elytron-surface with different fiber and Br-distributions 
(dotted) in the papilla and in the elytron-surface cuticle. Br is found in the whole cuticle of the 
papilla, also between the few collagen fibers, whereas in the elytron-surface cuticle, Br is present 

only in the distal cuticle zone 
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s t r u c t u r e  w h i c h  p o s s i b l y  e n a b l e s  t h e  a g e n t s  to p e n e t r a t e  a n d  a d h e r e  b e t t e r  b e t w e e n  t he  

f i b e r s  t h a n  in  t h e  m a t r i x  s u b s t a n c e .  

S w a n  (1950) a n d  G o r b m a n  e t  al .  (1954) h a v e  s h o w n  in t h e  c a s e  of s e v e r a l  

p o l y c h a e t e s  t h a t  i o d i n e  131 a d d e d  to s e a w a t e r  is c o n c e n t r a t e d  i n  t h e  s e t a e  or  ce l l s  of t h e  

b a s e s  of s e t a e  a n d  t h e  p h a r y n g e a l  t e e t h ,  b o t h  c o m p o s e d  of s c l e r o p r o t e i n s ,  in  t h e  fo rm of 

m o n o i o d o t y r o s i n e  a n d  d i i o d t y r o s i n e .  S i u d a  (1973) g i v e s  a s u r v e y  of k n o w n  o r g a n i c  

s t r u c t u r e s  c o n t a i n i n g  h a l o g e n  a t o m s ,  w h i c h  a r e  d e e m e d  " n a t u r a l l y  o c c u r r i n g " .  T h e  3- 

c h l o r o t y r o s i n e  w a s  f o u n d  b y  h y d r o l y s i s  of t h e  s c l e r o p r o t e i n e  of Bucc inum undatum a n d  

a l so  of t h e  c u t i c l e  of Limulus  po lyphemus .  T h e  l a t t e r  s p e c i e s  a l so  e x h i b i t e d  3.5- 

d i c h l o r o t y r o s i n e ,  3 - c h l o r o - 5 - b r o m o - t y r o s i n e ,  a n d  o t h e r  d i b r o m o t y r o s i n e s .  M o n o i o d t y -  

r o s i n e  or d i i o d t y r o s i n e  a r e  a l so  w e l l  k n o w n  c o n s t i t u e n t s .  In Nereis, in  t he  d i s t a l  cu t i c l e  

z o n e ,  a r o m a t i c  t y r o s i n e  c o n t a i n i n g  p r o t e i n  w a s  f o u n d  ( M a n v a l a r a m a n u j a m  & S u n d a r a  

Ra ju lu ,  1974). It c a n  b e  p r e s u m e d  f rom t h e s e  fac t s  t h a t  t h e  h a l o g e n  f o u n d  in t he  d i s t a l  

s u r f a c e  c u t i c l e  a n d  in  t h e  p a p i l l a e  c u t i c l e  is a l so  b o u n d  to t y r o s i n e .  

C O N C L U S I O N  

In t h i s  w o r k  t h e  e n e r g y  d i s p e r s i v e  X - r a y  a n a l y s i s  w i t h  h i g h  loca l  r e s o l u t i o n  was  

u s e d  to a n a l y s e  t h e  c u t i c l e  c o m p o s i t i o n s  of p o i y c h a e t e s .  T h e  p r e s e n t  i n v e s t i g a t i o n  h a s  

s h o w n  t h a t  t h e  h a l o g e n s  Br, C1, a n d  I a r e  m a i n l y  c o n c e n t r a t e d  in  t he  c a r b o h y d r a t e  

c o m p o n e n t  of t h e  cu t ic le ,  i n  t h i s  c a s e  in  t h e  p a p i l l a  c u t i c l e  a n d  in t h e  d i s t a l  z o n e  of t he  

s u r f a c e  c u t i c l e  of t h e  e ly t r a .  T h e  l oca l  a c c u m u l a t i o n  of h a l o g e n s  w a s  a t t r i b u t e d  to t he  

p r e s e n c e  of a r o m a t i c ,  t y r o s i n e  c o n t a i n i n g  p r o t e i n s  in  t h e  d i s t a l  c u t i c l e  zone ,  as  d e t e r -  

m i n e d  b y  o t h e r  a u t h o r s  w i t h  t h e  a id  of s p e c i f i c  c h e m i c a l  m e t h o d s .  T h e  a d d i t i o n a l  

k n o w l e d g e  a b o u t  t h e  o c c u r r e n c e  of a f e w  Br-, B1-, a n d  I - c o n t a i n i n g  t y r o s i n e s  w i t h i n  s o m e  

s c l e r o p r o t e i n s  i n d i c a t e s  t h a t  t h e  h a l o g e n  a c c u m u l a t i o n  is a n a t u r a l  effect .  Th i s  a s s u m p -  

t i on  is c o n f i r m e d  b y  t h e  fac t  t h a t  n o  d i f f e r e n c e  w a s  f o u n d  in  t h e  s a m p l e s  f rom d i f f e r en t  

p l a c e s .  In c o n t r a s t  to tha t ,  t h e  c o n c e n t r a t i o n  of M n  a n d  p r o b a b l y  of Fe in  t h e  p a p i l l a  

c u t i c l e  m i g h t  b e  d e p e n d e n t  o n  e n v i r o n m e n t a l  c o n d i t i o n s .  
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