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silis w a s  f o u n d  t o  a c c u m u l a t e  4 e l e m e n t s  - A1, V, Ti ,  a n d  
Sc. T h e  d a t a  is g i v e n  in  t h e  t ab l e .  T h e  r a n g e  of  v a l u e s  
f o u n d  for  16 o t h e r  p l a n t  spec i e s  g r o w i n g  in  t h a t  a r e a  for  
t h e s e  p a r t i c u l a r  e l e m e n t s  is a lso  i n c l u d e d .  

A l u m i n i u m  is a c c u m u l a t e d  b y  Alternanthera sessilis 
u p  to  a b o u t  10 t i m e s  m o r e  t h a n  o t h e r  p l a n t s  in  t h e  s a m e  
a rea .  R o o t s  a c c u m u l a t e  m o r e  A1 t h a n  s h o o t  p o r t i o n s .  
N o r m a l  A1 c o n c e n t r a t i o n  in  t h e  l a n d  p l a n t s  is g i v e n  b y  
BOWEN 1 as  500 p p m .  CHENERY 4 h a s  d o c u m e n t e d  c e r t a i n  

Trace Elements in Alternanthera sessilis 

Flement, ppm Roots Shoots 

A. sessilis Others A. sessilis Others 

Aluminium 7100 212-730 2910 200 750 
Vanadium 31 11 0.3 - 4.5 
Titanium 550 20-51 93 27 43 
Scandium 2.I 2.5 0.06- 1 

AI  a c c u m u l a t o r s  w h i c h  c o n t a i n  u p  t o  1 5 %  AI~O a in  
l eaves ,  t h o u g h  m o r e  c o m m o n  A1 a c c u m u l a t o r s  h a v e  
a b o u t  0 . 2 % .  HESS 5 f o u n d  5000 p p m  A1 in  t h e  l e a v e s  of  
t h e  m a n g r o v e  Rhizophora harrisonii. 

A lternanthera sessilis a lso  s e e m s  to  a c c u m u l a t e  V a n d  
Ti,  a g a i n  t h e  r o o t s  s t o r i n g  m o r e  t h a n  t h e  l eaves .  D e g r e e  
of  e n r i c h m e n t  in  t h e  l e a v e s  h e r e  is n o t  as  g r e a t  a s  in  t h e  
ca se  o f  A1. O t h e r  p l a n t  s p e c i e s  h a v e  b e e n  r e p o r t e d  t o  
c o n t a i n  less  t h a n  1 p p m  V a n d  1 -2  p p m  T i  b y  BOWEN ~ 
a n d  UNDER~vVOOD 2. 

S c a n d i u m  is a c c u m u l a t e d  b y  Alternanthera sessilis to 
a l e s se r  d e g r e e  c o m p a r e d  to  o t h e r  p l a n t s  in  t h a t  a r ea .  
R o o t s  a n d  s h o o t s  s e e m  to  s t o r e  t h e  s a m e  a m o u n t  o f  Sc. 
BOWnN 1 g i v e s  t h e  a v e r a g e  Sc c o n c e n t r a t i o n  in  t h e  l a n d  
p l a n t s  as  o n l y  a b o u t  0 .008 p p m ,  w h i c h  m a k e s  Alternan- 
thera sessilis a c c u m u l a t i n g  p r o p e r t y  a b o u t  2000 t i m e s  
m o r e  t h a n  a v e r a g e .  T o  t h e  b e s t  of  o u r  k n o w l e d g e ,  t h e r e  
a r e  n o t  T i  a n d  Sc a c c u m u l a t o r  p l a n t s  r e p o r t e d  so  far .  

4 tL. M. CHENERY, J. Soil Sci. 2, 97 (1950). 
a p. R. HESSE, PI. Soil t9, 205 (1963). 
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C. I~. GOVIND, J .  SHE a n d  F.  gANG 

Scarborough College, University o/ Toronto, West Hill (Ontario, M1C 1A4, Canada), and Boston University Marine 
Program, Marine Biological Laboratory, Woods Hole (Massachusetts 02543, USA), 17 June 1976 

Summary. F i b r e s  of  t h e  l o b s t e r  a c c e s s o r y  f l exo r  m u s c l e  e l o n g a t e  b y  2 m e c h a n i s m s :  a n  i n c r e a s e  in  s a r c o m e r e  l e n g t h ,  
w h i c h  is r e s t r i c t e d  to  t h e i r  e a r l y  d e v e l o p m e n t  a n d  b y  t h e  a d d i t i o n  of se r i a l  s a r c o m e r e s  of  a r e l a t i v e l y  c o n s t a n t  size,  
w h i c h  p r e v a i l s  t h r o u g h o u t  t h e  life of  t h e  a n i m a l .  

V e r t e b r a t e  m u s c l e  f ibres ,  a f t e r  t h e i r  e a r l y  d e v e l o p -  
m e n t a l  s t a g e s ,  g r o w  in  l e n g t h  b y  a d d i n g  s a r c o m e r e s  of  a 
c o n s t a n t  size to  t h e  e n d s  of t h e  m u s c l e  f i b re s  2-~. I n  
f a c t  a d u l t  m u s c l e  f i b re s  c a n  c h a n g e  in  l e n g t h  n o t  o n l y  
b y  a d d i n g  s a r c o m e r e s  b u t  a lso  b y  r e m o v i n g  t h e m  f r o m  
t h e  e n d s  of m u s c l e  f ib res  6,7 

O n  t h e  o t h e r  h a n d  c r u s t a c e a n  m u s c l e  f i b re s  g r o w  
l o n g e r  b y  t h e  c o n t i n u o u s  l e n g t h e n i n g  of i n d i v i d u a l  
s a r c o m e r e s  d u r i n g  e a r l y  d e v e l o p m e n t a l  s t a g e s  8,9 a n d  
t h r o u g h o u t  a d u l t  life ~0. O n  t h i s  bas i s ,  c r u s t a c e a n s  s u c h  

lC 

8 
~4  

2j 
, <  

0 
01 

o 

o 

o o 

o o o o o 

o o o o 

2 . ~ ' "  �9 

I i i , , I  I i , ~ . . . .  i i 
0.5 1 5 10 20 mm 

Fiber length 

Fig. 1. Relationship between the inean A-band (closed circles) and 
sarcomere (open circles) lengths of a proximal fibre fronl the distal 
head of the accessory flexor muscle arid the log of its fibre length. 
The curve fitting the points for the A-band (dashed line) and the 
sarcomere (continuous line) lengths is drawn by eye. 

as  l o b s t e r s  w h i c h  c o n t i n u e  to  g r o w  in m a s s  m i g h t  t h e r e -  
fo re  be  e x p e c t e d  to  h a v e  u n u s u a l l y  l o n g  s a r c o m e r e s  to  
a c c o u n t  for  t h e  i n c r e a s e  in  f ib re  l e n g t h .  B u t  if t h e  s a r c o -  
m e r e s  m a i n t a i n  a f a i r l y  c o n s t a n t  l e n g t h  t h r o u g h o u t  a d u l t  
l ife t h e n  t h e  l e n g t h e n i n g  o f  f ib res  m u s t  be  a t t r i b u t e d  to  
t h e  a d d i t i o n  of  s a r c o m e r e s .  W e  f i nd  t h e  l a t t e r  t o  be  t h e  
ca se  for  f i b r e s  of  t h e  l i m b  a c c e s s o r y  f l exo r  m u s c l e  in  
l obs t e r s .  

Material and methods. L o b s t e r s  (Homarus americanus) 
were  h e l d  in  r u n n i n g  s ea  w a t e r  t a n k s  a t  a m b i e n t  t e m p e r -  
a t u r e  (ca. 23~ a t  W o o d s  Ho le .  T h e  a c c e s s o r y  f l e x o r  
m u s c l e  in  t h e  f i r s t  w a l k i n g  leg  w a s  e x p o s e d  a n d  f i x e d  a t  
r e s t  l e n g t h  in  a q u e o u s  B o u i n s  s o l u t i o n  in w h i c h  i t  w a s  
a lso  s t o r e d .  Al l  m e a s u r e m e n t s  we re  m a d e  w i t h  a n  o c u l a r  

i Acknowledgments. Supported by grants from NRC and Muscular 
Dystrophy Association of Canada to C. K. G. and by NIH-NINDS 
and Muscular Dystrophy Association of America to F. L. We thank 
Dr G. D. Bittner for supplying us with a prepublication copy of his 
paper, Dr I. M. Campbell for advising us in the statistical analysis 
of the data and Dr H. L. Atwood for criticizing the manuscript.  

2 D. A. FISHMAN, J. Cell Biol. 32, 557 (1967). 
a G. GOLr)SPINK, J. Cell Sci..3, 539 (1968). 
4 G. ]~. GRIFFEN, P. e .  WILLIAMS and G. GOLDSPINK, Nature 232, 

28 (1971). 
5 p. E. WILLIAMS and G. GOLDSPINK, J. Cell Sei. 9, 751 (1971). 
6 G. GOLDSPINK, C. TABARY, J .  C. TABARY, C. TARDIF~U and G. 

TARDIEU, J. Physiol., Lond. 236, 733 (1974). 
7 Z. F. MUHL and A. F. GRIMM, Experientia 31, 1053 (1975). 
8 G. D. BITTNER, J .  exp. Zool. 167, 439 (1968). 
9 C. K. GOVIND, H. L. ATWOOD and  F. LANG, J. exp.  Zool.  189, 395 

(1974). 
10 G. D. BITTNER and D, L, TRAUT, Personal communication (1976), 



36 Specialia EXVERIEH*IA 33/1 

m i c r o m e t e r  a n d  t h e  fol lowing p rocedure  was fol lowed:  
a single muscle  f ibre  was ' f loa ted '  on  a glass microscope 
slide (in 70% alcohol) and  i ts  t eng th  measured .  N e x t  i t  
was  t eased  in to  myof ibr i l s  a n d  5 consecu t ive  sarcomeres  
were m e a s u r e d  in 3 s epa ra t e  regions  a long  t he  f ibre  usu-  
a l ly  a t t h e  cen te r  a n d  t o w a r d s  t he  ends  of t he  fibre. These  
15 m e a s u r e m e n t s  ga-~e ~he m e a n  sarc0mere  l eng th  of t he  
muscle  fibre.  S~,rcomere l eng ths  f rom t h e  3 d i f fe ren t  
regions  of a muscle  f ibre  va r i ed  b y  less t h a n  20% a n d  
such  v a r i a b i l i t y  ha s  been  s h o w n  to  occur  n a t u r M l y  in  
c rab  musc le  f ibres  11. 

Th i s  m e t h o d  of o b t a i n i n g  m e a n  sa rcomere  l e n g t h  can-  
n o t  ful ly  c o m p e n s a t e  for  t h e  degree of c o n t r a c t i o n  or 
s t r e t c h  o f  t he  muscle  f ibre d u r i n g  f ixa t ion :  a more  re- 
l iable ind ica to r  of g r o w t h  is t he  A - b a n d  l e n g t h  wh ich  
r ema ins  c o n s t a n t  d u r i n g  l e n g t h  changes  in the  sarcomere.  
Hence  t he  m e a n  A - b a n d  l e n g t h  of a f ibre  was o b t a i n e d  
fol lowing t he  a b o v e  p rocedure  b u t  w i t h  fewer (8=10) 
m e a s u r e m e n t s  pe r  fibre.  

The  n u m b e r  of sa rcomeres  in  a muscle  f ibre was cal- 
cu la t ed  b y  d iv id ing  t he  m e a n  sa rcomere  l eng th  in to  t he  
f ibre  length .  

Results and discussion. T he  l imb  accessory flexor muscle  
in  c rus t aceans  cons is t s  of two  widely  s epa ra t ed  muscle  
bundles ,  t he  p r o x i m a l  a n d  d i s ta l  heads,  a t t a c h e d  to  t he  
t e r m i n a l  regions  of t h e  t e n d o n  t h a t  r uns  t he  l e n g t h  of 
t h e  m e r o p o d i t e  ~. The  d i s ta l  head  ha s  f ibres  a t t a c h e d  on  
one  side of t he  t e n d o n  only, t h u s  t he  m o s t  p rox ima l  a n d  
t he  m o s t  d i s ta l  fibre, m a y  be  pos i t ive ly  ident i f ied  f rom 
a n i m a l  to  a n i m a l  a n d  we h a v e  followed t he  g r o w t h  of 
these  two sets  of fibres.  S imi lar  resu l t s  were o b t a i n e d  f rom 
a n  iden t i f i ed  f ibre in t h e  p r o x i m a l  head .  G r o w t h  of t h e s e  
lobs te r  muscle  f ibres  was  m o n i t o r e d  f rom t he  f i rs t  pos t -  
l a rva l  (4th) s tage  w h i c h  m e a s u r e d  11.5 m m  ( ros t rum to 
telson) and  weighed  less t h a n  0.1 g, to  a n  a d u l t  wh ich  
was  390 m m  in t o t a l  l e n g t h  a n d  weighed a p p r o x i m a t e l y  
4.4 kg. 

F r o m  the  pos t - l a r va l  s tage  to  t he  adul t ,  f ibres  of t he  
acessory  f lexor muscle  show a n e a r l y  50fold increase  in 
length ,  w i t h  t he  d i s t a l  h e a d  f ibres  growing  f rom 0.4 m m  
to 17-19 m m  a n d  t h e  p r o x i m a l  head  f ibre  f rom 0.4 m m  
to  20 ram.  The  f ibres  e longa te  in  two  phases  as seen w h e n  
f ibre l eng th  is p l o t t e d  aga ins t  m e a n  A - b a n d  a n d  sarco-  
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Fig. 2. Relationship between the length of a proximal fibre from the 
distal head of the accessory flexor muscle and its sarcomere number. 
Regression line is y = 0.0083 x--0.1171, N=20, r = 0.99, p < 0.01. 

mere  l eng ths  for t he  p r o x i m a l  f ibre of t he  d i s ta l  h e a d  
(Figure 1). The  f ibre l e n g t h  was p lo t t ed  on  a log scale to  
emphas ize  t he  ea r ly  d e v e l o p m e n t a l  s tages  wh ich  o the r -  
wise wou ld  h a v e  been  g rea t ly  compressed  in the  r ange  of 
f ibre l eng ths  sampled .  The re  is a n  in i t ia l  pe r iod  w h e n  t he  
f ibre grows b y  increas ing  A - b a n d  and  sa rcomere  l eng ths  
un t i l  i t  is a b o u t  3 m m  long. T h u s  d u r i n g  ear ly  deve lop-  
m e n t  t he  m e a n  sa rcomere  l e n g t h  increases  f rom a r o u n d  
4 a m  in a 0.2 m m  fibre to  r e a c h  a d u l t  size of 8-10 t~m in 
a 3 m m  fibre. G r o w t h  of t h e  f ibre  b e y o n d  3 m m  does n o t  
a p p e a r  to  d e p e n d  on  increases  in A - b a n d  and  sa rcomere  
l eng ths  as seen in  F igure  1. Th i s  p a t t e r n  of g rowth  was 
also seen in t h e  o t h e r  2 sets  of f ibres  examined .  

F igure  1 also suggests  t h a t  increase  in sa rcomere  l e n g t h  
c a n n o t  ful ly a c c o u n t  for  t h e  co r re spond ing  increase  in 
f ibre l e n g t h  in t h e  ea r ly  d e v e l o p m e n t a l  stages,  e.g.,  for 
a 10fold increase  in f ibre l e n g t h  (0.3-3 mm)  there  is on ly  
a doub l ing  in sa rcomere  l e n g t h  (4-8 vtm). Thus  d u r i n g  
ear ly  d e v e l o p m e n t  t he  f ibre  e longates  n o t  on ly  b y  in-  
c reas ing  sa rcomere  l e n g t h  b u t  also b y  a d d i n g  sarcomeres .  
However ,  t he  m e c h a n i s m  of a d d i n g  sa rcomeres  becomes  
s t r ik ing  on ly  a f t e r  sa rcomere  l eng th  ha s  r eached  i ts  
m a x i m u m  size a n d  th i s  is seen when  f ibre l eng th  is p lo t -  
t ed  aga in s t  the" n u m b e r  of sa rcomere  as in  the  p rox ima l  
f ibre of t he  d i s ta l  h e a d  (Figure 2). Add i t i on  of sarcomeres  
of a n e a r l y  c o n s t a n t  size l e n g t h e n s  the  f ibre  f rom 3 m m  
to i t s  m a x i m u m  size of 19 ram.  Simi lar  resu l t s  were ob-  
t a i n e d  for  t h e  o t h e r  2 sets  of f ibres  s amp led  in th i s  s tudy .  

W e  conc lude  t h a t  e longa t ion  of f ibres in t he  lobs te r  
accessory  f lexor muscle  occurs  v ia  two sepa ra te  m e c h a -  
nisms.  The  m e c h a n i s m  of inc reas ing  sa rcomere  l e n g t h  
occurs  on ly  in t he  ea r ly  s tages  while  t h a t  of a d d i n g  
sa rcomeres  occurs  t h r o u g h o u t  t h e  life of t h e  animal .  

O t h e r  lobs te r  l imb  muscles  m a y  also grow b y  a d d i n g  
sa rcomeres  as i nd ica t ed  b y  p r e l i m i n a r y  d a t a  on t he  c law 
closer muscle.  Here  f ibre  l e n g t h  also var ies  w i th  t he  size 
of t h e  a n i m a l  whi le  sa rcomere  l e n g t h  is r e la t ive ly  c o n s t a n t  
(LANG and  GOVlND, u n p u b l i s h e d  observa t ions) .  

However ,  for  some c rayf i sh  and  c rab  muscle  fibres, 
BITTNER a n d  TRAUT 10 h a v e  s h o w n  t h a t  g r o w t h  in l e n g t h  
is solely b y  e longa t ing  i n d i v i d u a l  sa rcomeres  while  keep ing  
t h e i r  n u m b e r s  c o n s t a n t .  I n  th i s  s t u d y  t h e  a u t h o r s  s a m ;  
p ied  f ibres  f rom a specific region of the  c rayf i sh  p r o p o d i t e  
opener  muscle  wh ich  h a d  f ibres  of u n i f o r m  leng th  a n d  
no t  f rom a m o n g s t  t he  en t i re  muscle  in  wh ich  fibre l eng ths  
va r i ed  b y  as m u c h  as 2 0 - 2 5 % ,  as was done  in an  ear l ier  
s t u d y  8. 

Th i s  s ampl ing  t e c h n i q u e  wh ich  more  accu ra t e ly  re- 
f lects t h e  r e l a t ionsh ip  b e t w e e n  f ibre  l e n g t h  and  sa rcomere  
l eng th ,  has  been  ref ined in t h e  p r e sen t  s t u d y  b y  examin -  
ing single ident i f iab le  muscle  f ibres f rom the  va r ious  
g r o w t h  stages.  I t  is the re fo re  un l ike ly  t h a t  differences in 
s amp l ing  t echn iques  a lone can  accoun t  for  the  d iss imi lar  
g r o w t h  m e c h a n i s m s  in c ray f i sh  a n d  lobs te r  fibres, 

As to w h y  lobs te r  l imb  muscles  grow b y  add ing  sarco-  
meres  whi le  c rayf i sh  muscles  do not, i t  is w o r t h  n o t i n g  
t h a t  lobs te r s  are  larger  a n i m a l s  t h a n  c rayf i sh  and  hence  
h a v e  longer  muscle  fibres. I nc rea s ing  t h e  l eng th  of t h e  
sa rcomere  to i t s  m a x i m u m  size, wh ich  m a y  be gene t ica l ly  
specified, a ccoun t s  for t he  l inear  g r o w t h  of m u s c l e  f ibres 
in  c ray f i sh  b u t  no t  for t he  c o m p a r a t i v e l y  long f ibres in 
lobsters .  H e n c e  the  m e c h a n i s m  of a d d i n g  sarcomeres  
which  m u s t  p reva i l  d u r i n g  ea r ly  d e v e l o p m e n t  in lobs te rs  
and  crayf ish ,  r ema ins  ac t ive  t h r o u g h o u t  t he  en t i re  life 
span  of a lobster .  
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