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ABSTRACT

I n tr a s p e c i f ic  v a r ia t io n  in  Polydora c i l i a t a  (Johnston) 

was a sse ssed  on th e  b a s is  o f  evidence from morphology and 

p o p u la tio n  g e n e tic s . M orphological c h a ra c te rs  were s tu d ie d  

by scanning e le c tro n  microscopy and d if fe re n c e s  were observed 

between p o p u la tio n s  o f  c i l i a t a  w ith  re sp e c t to  th e  s e ta e  

o f  th e  en larged  i?th segment and in  th e  le n g th  o f  c a ru n c le .

Gene freq u en c ies  were determ ined fo r  a l l  th e  n in e  

p o p u la tio n s  o f  £ .  c i l i a t a  by th e  use o f  polyacrylam ide s la b  

g e l e le c tro p h o re s is .  Seven enzyme system s com prising 13 lo c i  

were in v e s tig a te d  from in d iv id u a l worms. The enzyme system s 

were: 1 . ac id  phosphatase, 2. e s te ra s e ,  3* g lucose-6-phosphate  

dehydrogenase, 4. roalate dehydrogenase, 5- m alic enzyme,

6. phosphoglucose isom erase, and ? . xan th ine  dehydrogenase.

The mean g en e tic  id e n t i ty  and g en e tic  d is ta n c e  were c a lc u la te d  

using  Nei*s index . The g en e tic  id e n t i ty  c a lc u la t io n s  rev ea led  

a high degree o f s im i la r i ty  between p o p u la tio n s  o f  £ .  c i l i a t a  

which bore in  hard  s u b s tr a te s .  The 'boring* and 'n o n -b o rin g ' 

forms o f  P. c i l i a t a  were s ig n i f ic a n t ly  d i f f e r e n t  from each 

o th e r  w ith  re sp e c t to  phosphoglucose isom erase, e s te ra s e  and 

a c id  phosphatase.

Two o th e r  sp ec ie s  o f  P o lydora, 2» l ig u i  Webster and 

2» lim ic o la  (Annenkova) were a lso  s tu d ie d  m orpholog ically  and 

e le c tro p h o re t ic a l ly  in  o rd e r to  a s se s s  in te r s p e c i f ic  v a r ia t io n . 

2" l ig n i  was found very s im ila r  g e n e tic a l ly  to  th e  'n o n -b o rin g '



form o f P. c i l i a t a .

O ther p o ly ch ae tes  which were s tu d ie d  e le c tro p h o re t ic a l ly  

in c lu d e ; 1 . A renicola m arina, 2. N ereis  d iv e r s ic o lo r ,

3# N,* v iren a  and 2* fu c a ta . I n te r  and in t r a s p e c i f ic  v a r ia t io n  

was observed but due to  sm all sample s iz e s  gene freq u en c ie s  

were no t determ ined.
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SDH. s o rb i to l  dehydrogenase

TO. té tra z o liu m  ox idase  (=SOD)

TPD. t r i o s e -phosphate dehydrogenase (=GAPDH)

TPI. tr io se -p h o sp h a te  isom erase

XDH. xan th in e  dehydrogenase

Synonyms used in  th e  l i t e r a t u r e s  a re  noted  on th e  r ig h t .  

A bbrev ia tions used in  t h i s  th e s i s  a re  on th e  l e f t  hand s id e .
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INTRODUCTION

The m orphological v a r ia t io n  in  n a tu ra l  p o p u la tio n s  has 

a t t r a c te d  th e  a t te n t io n  o f  b io lo g is ts  fo r  c e n tu r ie s .  I t  has 

been th e  basis for classification  of organisms and i t  i s  

s t i l l  th e  most p r a c t ic a l  method o f  c la s s i fy in g  l iv in g  and 

p reserv ed  organism s. Taxonomy has a  long  h is to ry  and i t  goes 

back to  Euicient Greece but i t  was about th e  m iddle o f  th e  

e ig h te en th  cen tu ry , when taxonomy became a d i s t i n c t  d is c ip l in e .

In  th e  m iddle e ig h tee n th  cen tu ry  taxonomic s tu d ie s  were 

confined  to  s tu d ie s  o f  th e  lo c a l  faunas and i t  was thought 

th a t  th e  sp e c ie s  were f ix e d  and uniform . I t  was b e lie v e d  th a t  

every sp ec ie s  had am in v a r ia n t  g en e ra liz e d  o r  id e a l iz e d  p a t te rn  

shared  by a l l  members o f  th e  sp e c ie s . V a ria tio n  w ith in  sp ec ie s  

was regarded  as  a c c id e n ta l  and thought to  have no taxonomic 

s ig n if ic a n c e . I t  was during  t h i s  p e rio d  th a t  Linnaeus pub lished  

h is  work 'System s N atu rae ' (1738) and in tro d u ced  th e  binom inal 

system o f  nom enclature. He accep ted  th e  id ea  o f  th e  f i x i t y  o f  

sp e c ie s  and shared  th e  view th a t  a l l  in d iv id u a l members o f  a 

p a r t ic u la r  sp e c ie s  were descendants o f  th e  anim als c re a te d  in  

a form which had remained v i r tu a l ly  unchanged to  th e  p re se n t day. 

However, th e re  were some n a tu r a l i s t s  du ring  th e  e ig h te en th  

cen tu ry  who began to  doubt th a t  sp ec ie s  were unchanging. Buffon, 

fo r  in s ta n c e , advocated th e  id e a  o f  th e  f i x i t y  o f  sp e c ie s , 

n e v e r th e le s s  favoured th e  id ea  o f  tra n sfo rm a tio n .

Lamarck was th e  f i r s t  n a tu r a l i s t  to  d isc a rd  th e  concept 

o f  f ix e d  sp e c ie s . He was a lso  th e  f i r s t  to  s t a t e  th a t  complex
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organism s have evolved from s im ila r  ones. He regarded  the  

s im p les t organism s known to  him as th e  o r ig in a l  organism s 

c a l l in g  them 'in fu s o re s * . Although th e  ro o t o f  ev o lu tio n ary  

theory  goes back to  th e  e ig h teen th  cen tu ry  i t  was no t 

g en e ra lly  accep ted  u n t i l  th e  end o f  n in e te e n th  cen tu ry , 

mainly due to  th e  work o f  C harles Darwin (1809 -  I882).

Darwin conceived ev o lu tio n  as  a consequence o f  n a tu ra l  

s e le c t io n .  The im portance o f  D arw in 's c o n tr ib u tio n  i s  

r e f le c te d  in  th e  immediate accep tance o f  h is  theory  by many 

b io lo g is ts  and in  th e  v a s t amount o f  re sea rc h  on ev o lu tio n ary  

problems th a t  took p lac e  during  th e  second h a l f  o f  th e  n ine

te e n th  cen tu ry .

The ty p o lo g ic a l concept o f  th e  sp ec ie s  which was a lread y  

shaky in  th e  e a rly  n in e te e n th  cen tu ry  was rep laced  by a 

dynamic sp ec ie s  concep t. I n te r e s t  re v e r te d  tow ards th e  fauna 

o f  lo c a l  a re a s  and th e  study o f  v a r ia t io n  w ith in  p o p u la tio n s . 

S pecies were no lo n g er considered  as f ix e d  and uniform , bu t 

r a th e r  as  p o ly ty p ic , c o n s is tin g  o f many su b -sp ec ie s  and lo c a l  

p o p u la tio n s , each d i f f e r in g  from th e  o th e rs  and each showing 

co n s id e rab le  v a r i a b i l i t y  w ith in  i t s e l f .  The d i f f i c u l t i e s  o f  

th e  theo ry  o f  n a tu ra l  s e le c t io n  which Darwin c le a r ly  recognized  

and s e t  f o r th  in  th e  f in a l  e d it io n  o f  'o r ig in  o f  s p e c ie s ' ( I 872) 

were no t being  c le a re d  up u n t i l  b io lo g is t s  red isco v ered  M endel's 

laws o f  in h e r ita n c e  in  1900. As long as  no coheren t theory  o f  

h e re d ity  e x is te d , th e  b a s is  o f  n a tu ra l  s e le c t io n  could  no t be 

understood .
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The red isco v ery  o f  M endel's work le d  to  th e  r i s e  o f  th e  

study o f  g e n e tic s  and in  th e  f i r s t  two decades o f  tw e n tie th  

cen tu ry  M endelian g e n e tic s  was la rg e ly  re sp o n s ib le  fo r  a 

temporary d e c lin e  in  D arw in 's re p u ta tio n  among b io lo g is t s .

E arly  M endelians ( such as de V ries and Bateson ) thought 

th a t  th e  new sp e c ie s  were produced in  a s in g le  s te p  by a 

la rg e  m utation  and even d isreg ard ed  th e  environment as  a 

s e le c t iv e  ag en t. The r e s to r a t io n  o f  Darwinian n a tu ra l  s e le c t io n  

as  th e  p r in c ip a l  gu id ing  f a c to r  in  ev o lu tio n  began w ith  th e  

development o f  p o p u la tio n  g e n e tic s  in  th e  1920s, based upon 

th e  work o f  F ish e r  and o th e r s .  F ish e r  in  h is  book 'The 

g e n e tic a l  theory  o f  n a tu ra l  s e le c t io n ' (1930) d esc rib ed  th a t  

even a very sm all s e le c t iv e  advantage o f  a new gene o r  gene 

com bination could  cause in  tim e a g en e tic  tran sfo rm a tio n  o f  a 

p o p u la tio n .

The taxonomic work o f  th e  tw e n tie th  cen tu ry , e s p e c ia lly  

s in c e  about 1940, i s  r e fe r r e d  to  as  the  'new sy s tem a tic a ' 

(Huxley, 1940) o r  'b io s y s te m a tic s ' and ev ery th in g  which 

preceded i t  as  'c l a s s i c a l  taxonomy' (C ronqu ist, 1964). In  

b io sy s tem a tic s  th e  p u re ly  m orphological sp e c ie s  concept has 

been rep laced  by a concept which tak es  o th e r  b io lo g ic a l  

f a c to rs  in to  c o n s id e ra tio n . There i s  no doubt th a t  th e  

conclusion  deduced from p u re ly  m orphological d a ta  a re  o f  

extreme im portance bu t i t  i s  equally  c e r ta in  th a t  morphology 

a lone does no t cover th e  whole s to ry .  I t  does n o t re p re se n t 

adequately  th e  r e la t io n s h ip  between organism s. Many k in d s o f 

in d iv id u a ls  were found th a t  were c le a r ly  n o n sp ec ific , in s p i te
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o f  s t r ik in g  d if fe re n c e s  in  s tru c tu r e  due to  sexual dimorphism, 

a g e -d iffe re n c e s , polymorphism o r  o th e r  forms o f  in d iv id u a l 

v a r ia t io n .  On th e  o th e r  hand many in s ta n c e s  a re  known where 

m orpholog ically  id e n t ic a l  p o p u la tio n s  l iv e  sy m p a tr ic a lly  and 

do not in te rb re e d  ( s ib l in g  s p e c ie s ) .  S i tu a t io n s  l i k e  th e se  

have le d  to  re v is io n  o f  th e  sp ec ie s  concept. I t  i s  due to  

t h i s  reason  th a t  in  b io sy s tem a tic s  o th e r  b io lo g ic a l  a sp e c ts  

such as  the  ecology, geography, g e n e tic s  and physio logy o f  

th e  sp ec ie s  a re  in c lu d ed . The p o p u la tio n , re p re se n te d  by an 

adequate sample, has become th e  b a s ic  u n i t  r a th e r  than th e  

in d iv id u a l.

The im pact o f  t h i s  change has been enormous. P o p u la tio n s  

a re  v a r ia b le  and consequently  th e  d e s c r ip tio n , measurement 

and ev a lu a tio n  o f  v a r ia t io n  became one o f  th e  m ajor problems 

and ta sk s  o f  th e  taxonom ists . The methods o f  p o p u la tio n  

a n a ly s is  and s t a t i s t i c s  became a  s tan d a rd  p a r t  o f  th e  p ro cess  

o f  taxonomy. In  s p i te  o f  a l l  p r a c t ic a l  d i f f i c u l t i e s ,  re p ro d u c tiv e  

i s o la t io n  has proved to  be th e  soundest th e o r e t ic a l  c r i t e r io n  

o f  a sp e c ie s . Mayr ^  £ l. (1933) defin ed  sp e c ie s  as  "groups 

o f  a c tu a l ly  ( o r  p o te n t ia l ly  ) in te rb re e d in g  n a tu ra l  

p o p u la tio n s  which a re  re p ro d u c tiv e ly  i s o la te d  from o th e r  

such groups". The terra 'popu la tion*  can be used in  d i f f e r e n t  

ways and has d i f f e r e n t  meanings even in  s c i e n t i f i c  language.

For example, an e c o lo g is t  may speak o f  th e  ro d en t p o p u la tio n  

in  a meadow. T his might in c lu d e  mice, pocket gophers and 

in d iv id u a ls  o f  some o th e rs  sp e c ie s . A demographer, on th e  

o th e r  hand, may speak o f  th e  'E n g lish  population*  r e fe r r in g
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to  a l l  men, women and c h ild re n  in  England. When a taxonom ist 

speaks o f  p o p u la tio n  he r e f e r s  a 're p ro d u c tiv e  community* o r 

'M endelian p o p u la tio n '•  A Mendelian p o p u la tio n  can be defined  

as  a "community o f  in d iv id u a ls  o f  a sex u a lly  reproducing  

sp e c ie s  w ith in  which m ating tak es  p lace"  (Dobzhansky e t  a l . , 

1977). The in d iv id u a ls  in  a Mendelian p o p u la tio n  in te rb re e d  

among them selves, exchange genes f re e ly  and randomly, and 

a re  s a id  to  sh are  a common gene p o o l. A gene pool o f  a 

po p u la tio n  i s  " th e  sum t o t a l  o f  th e  genotypes o f  a l l  

in d iv id u a ls  in  a rep ro d u c tiv e  community o r  Mendelian 

p o p u la tio n " (Dobzhansky e t  a l . ,  1977). I t  i s  t h i s  Mendelian 

p o p u la tio n  th a t  has become th e  b as ic  u n i t  o f  sy s tem atic s  

and i t  i s  t h i s  p o p u la tio n  in  which ev o lu tio n ary  changes 

occur, no t in  in d iv id u a ls .  The g en e tic  c o n s t i tu t io n  o f  

in d iv id u a ls  rem ains th e  same throughout l i f e ,  bu t th e  g en e tic  

c o n s ti tu t io n  o f  a p o p u la tio n  may change from g en e ra tio n  to  

g en era tio n  due to  m ig ra tio n , g en e tic  m utation , d r i f t  and 

n a tu ra l  s e le c t io n .

Two models o r  th e o r ie s  o f  g en e tic  s tr u c tu r e  o f  p o p u la tio n s  

have been proposed, th e  'c la s s ic a l*  and th e  'balance* th eo ry . 

According to  th e  c l a s s i c a l  theo ry  o f  p o p u la tio n  g en e tic s ,m o st 

in d iv id u a ls  w ith in  a sp ec ie s  would be homozygous fo r  th e  

w ild  type a l l e l e  a t  most gene lo c i ;  a t  a very sm all p ro p o rtio n  

o f  i t s  lo c i  th e  in d iv id u a l would be Heterozygous fo r  a w ild  

and mutant e i l le le . Under t h i s  c la s s ic a l  model m utations a re  

thought to  be c o n s ta n tly  in tro d u ced  in to  th e  p o p u la tio n , but 

most o f  th e se  a re  assumed to  be d e le te r io u s  and su b je c t to
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removal by n a tu ra l  s e le c t io n .  R arely , a b e n e f ic ia l  mutant 

a l l e l e  might a r i s e ,  c o n fe rr in g  h ig h er f i tn e s s  upon i t s  

c a r r i e r s  than  th e  p re e x is tin g  w ild  type a l l e l e .  This 

b e n e f ic ia l  a l l e l e  would g rad u a lly  in c re a se  in  frequency by 

n a tu ra l  s e le c t io n  to  become the new w ild  type a l l e l e ,  w hile 

th e  former l e s s  b e n e f ic ia l  w ild  type a l l e l e  would be 

e lim in a ted .

On the  o th e r  hand according  to  th e  balance theo ry  o f  

p o p u la tio n  g e n e tic s , th e re  i s  g en e ra lly  no s in g le  w ild  type 

o r  'normal* a l l e l e .  Most in d iv id u a ls  would be heterozygous 

a t  a la rg e  p ro p o rtio n  o f  th e i r  gene lo c i .  The balance model 

d e riv e s  i t s  name from th e  f a c t  th a t  m u ltip le  a l l e l e s  a re  

thought to  be m ain tained  by ba lan cin g  s e le c t io n .

The balance  model o f  th e  g en e tic  s t r u c tu r e  o f  p o p u la tio n s  

has now become e s ta b lis h e d  and evidence has accum ulated over 

th e  y ea rs  showing th a t  g en e tic  polymorphism i s  w ide-spread .

The m aintenance o f a high degree o f polymorphism by v a rio u s  

forms o f  b a lan c in g  s e le c t io n  i s ,  however, no t c le a r .

The degree o f  g e n e tic  v a r ia t io n  in  a p o p u la tio n  can be 

estim ated  by d e te c tin g  a l l e l i c  v a r ia n ts  in  s in g le  genes 

re p re se n tin g  a random sample o f  th e  t o t a l  genome. In  Mendelian 

g e n e tic s  th e  p resence  o f  a gene i s  a s c e r ta in e d  by study ing  

seg reg a tio n  in  m ating between in d iv id u a ls .  Only genes w ith  

a l l e l i c  v a r ia t io n  can be shown to  e x i s t .  T herefo re , i t  i s  no t 

p o s s ib le  to  o b ta in  a sample o f  th e  genome random w ith  re sp e c t
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to  v a r ia t io n , s in c e  only  v a r ia b le  genes can be s tu d ie d .

Another problem i s  in  Mendelian s tu d ie s  o f  s in g le  genes, 

in d iv id u a ls  must be assigned  to  d is c r e te  c la s s e s  which a re  

re a d ily  d is t in g u is h a b le . Yet most o f  th e  g en e tic  v a r ia t io n  

re le v a n t to  ev o lu tio n  a f f e c t s  c h a ra c te rs  w ith in  continuous 

exp ression , such as  fecu n d ity , v i a b i l i t y ,  lo n g e v ity , r a te  o f  

development and s iz e .

Recent development in  m olecular g e n e tic s  have made i t  

p o s s ib le  to  o b ta in  a  random sample o f  th e  genome, and to  

d e te c t a l l e l i c  v a r ia t io n  in  in d iv id u a l lo c i*  The g en e tic  

in fo rm ation  encoded in  th e  n u c leo tid e  sequence o f  th e  DMA o f  

s t r u c tu r a l  genes i s  t r a n s la te d  in to  a sequence o f  amino a c id s  

making up a p o ly p e p tid e 'ch a in .' Most enzymes and p ro te in s  a re  

th e  p ro d u cts  o f  th e  in d iv id u a l genes, a lthough  some a re  made 

up o f  p o ly p ep tid es  coded by two o r  more genes (Lewontin, 1974; 

Dobzhansky e t  a l . , 1977)* I t  i s  p o s s ib le , to  a f i r s t  approx i

m ation, to  equate v a r ia t io n  in  enzymes o r  p ro te in s  w ith  

v a r ia t io n  in  genes. A sample o f p ro te in s ,  random w ith  re sp e c t 

to  t h e i r  g e n e tic a lly  determ ined v a r ia t io n ,  may be o b ta in ed .

The genes coding fo r  such p ro te in s  re p re se n t a  random sample 

o f  th e  genome. V arian t a s  w ell as  in v a r ia n t  lo c i  can be 

surveyed.

New methods in  sy s tem a tic s  :

There a re  a number o f  methods which have been re c e n tly  

in tro d u ced  in to  sy s te m a tic s . These methods have been used in
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th e  hope th a t  b a s ic  d if fe re n c e s  in  th e  p ro te in  com position o f  

d i f f e r e n t  sp e c ie s  o f  organism s might be revealed* I  s h a l l  b r ie f ly  

review  them so th a t  i t  can be ap p rec ia ted  why a p a r t ic u la r  technique 

was chosen fo r  th e  p re se n t s tudy . Ferguson ( I 980) has d iscu ssed  

many o f  th e  methods and some o f  d e s c r ip tio n s  which fo llow  a re  

derieved  from h is  book.

Serology ; The 'sy s te m a tic  serology* o r  'im m unological taxonomy* 

grew o u t o f  m edical immunology, from th e  p io n eerin g  work o f  N u tta l l  

(1901, 1904) ,  who f i r s t  recogn ised  th a t  an tig en -an tib o d y  re a c tio n s  

can be used in  sy s te m a tic s . L a tte r  i t  was g re a tly  expanded by 

Boyden and h is  co lleag u es  and th e  review s o f  Boyden (1942, 1933?

1938) a re  v a lu ab le .

The b a s ic  p r in c ip le  i s  th a t  th e  p ro te in s  a re  a n tig e n ic  and 

they have d i s t i n c t  s i t e s  on th e i r  su rfa ce  c a l le d  'a n tig e n ic  

determ inant* a g a in s t which a n tib o d ie s  a re  produced. The exact 

n a tu re  o f  th e se  a n tig e n ic  determ inan ts and th e i r  r e la t io n  to  

amino a c id s  sequence o f  th e  p ro te in  i s  unknown. However, change 

in  th e  amino a c id  sequence o f  a p ro te in  a l t e r  th e  n a tu re  o f  th e  

a n tig e n ic  determ inam ts. I f  th e se  a n tib o d ie s  a re  mixed w ith  th e  

o r ig in a l  p ro te in  in  th e  p resence o f  a s u i ta b le  e le c t r o ly te ,  an 

an tig en -an tib o d y  re a c t io n  w il l  tak e  p la c e  in  which th e  combining 

s i t e s  o f  th e  an tibody  l in k  on to  th e  a n tig e n ic  determ inant s i t e s  

o f  th e  an tig en . I f  th e  an tig en  has se v e ra l a n tig e n ic  determ inan ts 

p e r  m olecule (m u ltiv a le n t)  then , s in c e  a n tib o d ie s  have a t  l e a s t  

two combining s i t e s ,  la rg e  agg regates  o f  an tig en -an tib o d y  w il l  

form and w il l  p r e c ip i ta te  from so lu tio n  when a n tig en  and a n t i 

serum a re  p re se n t in  approxim ately  equal amount.
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I f  a n tib o d ie s  to  a p ro te in  o f  one sp e c ie s  a re  mixed 

w ith  th e  same p ro te in  from ano ther sp e c ie s  -  heterologo.us 

re a c tio n  -  and i f  th e  two p ro te in s  have a n tig e n ic  d e te r 

m inants in  common, then  an tig en -an tib o d y  re a c t io n  w i l l  take  

place* The fewer the determinants in common and the poorer 

th e  m atching o f  th e  combining s i t e s ,  th e  weaker th e  an tig en -  

an tibody  re a c tio n  w i l l  be* Based on th e  magnitude o f  th i s ,  

an immunological d is ta n c e  (ID) can be c a lc u la te d  as  d esc rib ed  

by M ainardi (1959) :
rô 57"

where 0 and E s tan d  fo r  th e  homologous and h e te ro lo g o u s 

t i t r e s  re sp e c tiv e ly  w ith  th e  a n t is e r a  a and b . The t i t r e s  a re  

th e  d i lu t io n  o f  serum g iv in g  th e  end p o in t ,  and n o t th e  

c o n c e n tra tio n . This I .D . i s  p ro p o rtio n a l to  th e  d if fe re n c e  in  

s t r u c tu r e  between a t e s t  p ro te in  and th e  p ro te in  used to  

p rep are  th e  he te ro lo g o u s a n tib o d ie s .

There a re  some problems in  th e  use o f  se ro lo g y , which 

Boyden (1942, 195&) and Lewontin (1974) have p o in ted  o u t.

1) The r a b b i ts  which a re  o f te n  used in  th e  p re p a ra tio n  o f  

a n tib o d ie s  may respond d i f f e r e n t ly  to  th e  same a n tig e n . The 

amount o f  antibody produced to  de term in an ts  may vary from 

ra b b i t  to  r a b b i t  and o cc a s io n a lly  in d iv id u a l r a b b i ts  may f a i l  

to  form a n tib o d ie s  to  one o r  more d e te rm in an ts . 2) Sometimes 

i t  i s  no t th e  p ro te in s  bu t carbohydrates which a re  re sp o s ib le  

fo r  c ro ss  re a c t io n  in  d is ta n t  ta x a . I t  i s  no t s u rp r is in g  th a t  

two c re a tu re s  which bo th  produced la rg e  amounts o f ,  say, a
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polymer o f  g lucuron ic  a c id , could show a s tro n g  s e ro lo g ic a l  

c ro ss  re a c t io n  which dom inates th e  t ru e  c ro ss  r e a c t io n .

3) I t  i s  p o s s ib le  to  d e te c t  d if fe re n c e s  from th e  s tan d ard  

bu t i t  i s  very d i f f i c u l t  to  d e te c t d if fe re n c e s  among v a r ia n ts  

and i t  i s  im possib le  to  d i f f e r e n t i a t e  h e te ro zy g o te  from 

homozygote. 4) The an tig en -an tib o d y  re a c t io n  a g a in s t a s in g le  

amino ac id  s u b s t i tu t io n ,  d i f f e r s  q u a n t i ta t iv e ly  r a th e r  than  

q u a l i ta t iv e ly ,  so th e  c le a r  cu t and sim ple amino a c id  sequence 

d if fe re n c e  i s  converted  in to  a con tinuously  vary ing  c h a ra c te r .

S a lth e  (1969) t r i e d  to  use micro-complement f ix a t io n  to  

c h a ra c te r iz e  g en e tic  v a r ia t io n  fo r  l a c t a t e  dehydrogenase in  

fro g s , and a lthough  he dem onstrated h e te ro g en e ity  w ith in 'a n d  • 

between p o p u la tio n s , th e  r e s o lu tio n  o f  th e  techn ique was 

inadequate  fo r  c la s s i fy in g  genotypes (Lewontin, 1974).

Chromatography ; Chromatography was f i r s t  in tro d u ced  by 

th e  R ussian  b o ta n is t ,  Tswett in  I 9O6 ( c i te d  in  S tevens, I 969) , 

to  se p a ra te  p la n t  p igm ents. He used ad so rp tio n  chromatography 

in  g la s s  columns, bu t l a t e r  Consden ^ t  a l .  (1944) d esc rib ed  a 

new method o f  chromatography u sin g  sh e e ts  o f  f i l t e r  paper.

Wright ( 1959) has review ed th e se  methods, m entioning fo r  

example, work on in s e c ts ,  f is h ,  m ollusc and echinoderm and th e  

use  o f  t i s s u e  f lu id s ,  muscle squashes and mucus, which were 

examined fo r  amino a c id s , pigm ents and f lu o re sc e n t su b stan ces .

The chrom atographic s e p a ra tio n s  a re  ach ieved  by th e
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d is t r ib u t io n  o f  components in  a m ixture between a f ix e d  and 

a moving phase, r e fe r r e d  to  as th e  s ta t io n a ry  and th e  m obile 

phase r e s p e c t iv e ly .  S ep ara tio n  between two su bstances beg ins 

to  occur when one i s  h e ld  more s tro n g ly  by th e  s ta t io n a ry  

phase than  th e  o th e r , which tends to  move on f a s t e r  in  th e  

m obile phase . In  g e n e ra l, a drop o f  th e  so lu tio n  co n ta in in g  

th e  components to  be sep a ra ted  i s  p laced  n ea r th e  end o f  a 

paper s t r i p  and allow ed to  dry . The s t r i p  i s  then  p laced  so th a t  

i t  d ip s  a few m illim e te rs  in to  a  s o lv e n t. The so lv en t 

then  commences to  flow along th e  p aper. A fte r  some tim e th e  

s t r i p  i s  withdrawn and ra p id ly  d r ie d . Sometimes, a f t e r  d ry ing  

th e  paper com pletely , i t  i s  tu rned  a t  r ig h t  an g les  and run 

in  a second so lv en t which perform s a fu r th e r  s e p a ra tio n  and 

causes th e  components to  be d is t r ib u te d  on th e  paper in  two 

dim ensions in s te a d  o f  only  one dim ension. S ince th e  m a jo rity  

o f  compounds o f  b io lo g ic a l  im portance a re  c o lo u r le s s  and no t 

v is ib le  on paper, they a rc  developed e i th e r  by sp ray ing  o r  

d ipp ing  th e  chromatogram in  a b a th  o f  th e  reag en t follow ed by 

some a p p ro p ria te  trea tm en t such as a llow ing  th e  paper to  

dry in  a i r  o r  h ea tin g  u n t i l  th e  co lo u rs  appear.

U nlike sero lo g y , th e  r e s u l t  o b ta in ed  by chromatography 

i s  no t a s im i la r i ty  index bu t i t  i s  a s e t  o f  d a ta  on th e  

occurrence o f  in d iv id u a l chem ical su b stan ces , which a re  good 

c h a ra c te rs  fo r  taxonomic use . On th e  o th e r  hand l ik e  sero logy  

t h i s  method i s  a lso  inadequate  fo r  c la s s i fy in g  a  genotype and 

i t  i s  d i f f i c u l t  to  d is t ig u is h  h e te ro -  and homozygous in d iv id u a ls .
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Amino ac id  sequencing ; Perhaps th e  maximum amount o f  

sy stem atic  in fo rm atio n  i s  a v a ila b le  when th e  com plete amino 

a c id  sequence o f  a p ro te in  i s  known. U sually  th e  Edman 

deg radation  p ro cess  i s  used fo r  determ ining  eunino ac id  

sequence. In  t h i s  p ro cess , amino a c id s  a re  s e q u e n tia lly  

removed from th e  am ino-term inus o f  th e  p o ly p ep tid e . The 

te rm in a l amino group o f  th e  p o lypep tide  i s  coupled w ith  a 

reag en t c a l le d  p h cn y liso th io cy an a te  and a phenylth iocarbam yl 

d e r iv a tiv e  i s  formed. Under anhydrous a c id ic  co n d itio n , th e  

su lphur o f  th e  phenylth iocarbam yl group a t ta c k s  th e  carbamyl 

component o f  th e  f i r s t  p ep tid e  bond, r e s u l t in g  in  a change 

o f  th e  te rm in a l a lpha amino ac id  as a  th ia z o l in e .  T his c leaved  

amino ac id  i s  se p a ra te d  from th e  re s id u a l  p o ly p ep tid e  by 

e x tra c tio n  w ith  so lv e n t and id e n t i f i e d  a f t e r  co n v ertin g  i t  to  

a more s ta b le  pheny lth iohydan tion  form. The sh o rten ed  p e p tid e  

now has a  new am ino-term inal. By re p e a tin g  th e  cy c le  fu r th e r  

amino ac id s  from th e  am ino-term inal can be c leaved , removed 

and id e n t i f i e d .  T his can e s ta b l is h  th e  sequence o f  amino a c id s  

on a p o ly p ep tid e . There a re  v ario u s  methods by which a c leaved  

amino a c id  can be id e n t i f i e d  in c lu d in g  g a s - l iq u id  chromatography, 

th in  la y e r  chromatography o r  mass spectrom etry . A f re e  amino 

a c id  ( a f t e r  h y d ro ly s is  o f  th e  th ia z o lin o n e s  o r  th io h y d an to in s) 

can be id e n t i f i e d  by ion  exchange column chromatography in  

autom atic amino a c id  a n a ly se rs .

Edman d eg rad atio n  cannot be c a r r ie d  ou t fo r  more than  60 -  

70 cy c le s  (Ferguson, I 98O). T herefo re , la rg e  p ro te in s  a re  

broken in to  sm all fragm ents o f  p e p tid e s  w ith  enzymes. The
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endopeptidase try p s in  and chymotrypein a re  commonly used fo r  

t h i s  purpose. T rypsin  b reaks a po ly p ep tid e  chain  by h y d ro lis in g  

th e  bonds j u s t  a f t e r  th e  p o in t where th e  p o s i t iv e ly  charged 

ly s in e  and a rg in in e  o ccu rs, w hile chym otrypsin s im ila r ly  

sev ers  th e  chain  a f t e r  p h eny la lan ine , ty ro s in e  o r  tryp tophan .

The p e p tid e s  r e s u l t in g  from d ig e s tio n  o f  a p o ly p ep tid e  w ith  

th e se  two enzymes w i l l  be d i f f e r e n t  bu t o v erlap p in g . From th e  

sequence o f  th e se  o v erlapp ing  fragm ents, th e  o v e ra l l  sequence 

can be deduced.

In s u lin  which c o n s is ts  o f  51 amino a c id s  was th e  f i r s t  p ro te in  

to  be sequenced by Sanger and Thompson (1953). The procedures 

to  e s ta b l is h  th e  amino a c id  sequence o f  p ro te in s  a re  extrem ely 

la b o r io u s  and tim e consuming. C urrent technology i s  no t f a r  

enough advanced to  allow  such a procedure to  be c a r r ie d  o u t 

on hundreds o f  in d iv id u a ls  fo r  sco re s  o f  p ro te in s .

E le c tro p h o re s is  : The e le c tro p h o re tic  techn ique has been 

given much a t te n t io n  by taxonom ists and i s  being  used more 

w idely than  any o th e r  b iochem ical methods. In  o rd e r  to  

a p p re c ia te  th e  type o f  approach th a t  has been used, a b r ie f  

o u t l in e  o f  th e  physiochem ical p ro p e r t ie s  o f  p ro te in s  i s  

ap p ro p ia te . P ro te in s  a re  composed o f  one o r  more p o ly p ep tid es  

and th ese  p o ly p ep tid es  a re  chains o f  some 20 e s s e n t ia l  amino 

a c id s . Amino a c id s  a re  n itro g e n -c o n ta in in g  m olecules w ith  an 

amino group (NH^) and a carboxyl group (GOGH) and a  g en era l

form ula o f  :

—  CH —  GOGH
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where S i s  s p e c if ic  to  th e  amino a c id . The s im p les t amino 

a c id  i s  g ly c in e , in  which B i s  a hydrogen atom. The 

in d iv id u a l amino a c id s  a re  lin k e d  through an amide o r  a 

p e p tid e  bond (— CO.NH—) to  form a  p o ly p ep tid e  cha in . The 

sequence in  which amino a c id s  a re  lin k e d  to  form a po ly p ep tid e  

chain  i s  known as th e  'p rim ary  s tru c tu re * . Each p o ly p ep tid e  

has a f re e  amino group a t  one end and a f re e  carboxyl group 

a t  th e  o th e r  end. Most p o ly p ep tid es  a re  c o ile d  by form ation  

o f  hydrogen bonds between ad jacen t amino a c id s  and t h i s  

c o i l in g  o f  p e p tid e s  i s  r e fe r re d  to  as 'secondary  s t r u c t u r e '.  

B isu lph ide  bonds can b rid g e  two c y s te in e  re s id u e s  in  d i f f e r e n t  

p a r ts  o f  th e  c o ile d  chain  and t h i s ,  and o th e r  bonding, r e s u l t s  

in  fo ld in g  o f  th e  m olecule and i s  known as th e  ' t e r t i a r y  

s t r u c t u r e '.

The R group o f  some amino a c id s  a re  a c id ic  (n eg a tiv e  

charge) o r  b a s ic  (p o s i t iv e  charge) o r  n e u tr a l .  A p o ly p ep tid e  

made up o f  a m ixture o f  d i f f e r e n t ly  charged amino a c id s  w i l l  

have a n e t n eg a tiv e  o r  p o s i t iv e  charge depending on th e  

balance  o f  th e  charges and th e  fo ld in g  o f  th e  m olecule. I f  

th e  pH o f  th e  environment i s  lowered (H"*’ in c reased ) HH  ̂ w i l l  

be p o s it iv e ly  charged (NHp, w hile a c id ic  (COO*) io n s  w il l  be 

s a tu ra te d  and become n e u tra l  (COOH). The r e s u l t  i s  th a t  th e  

p o ly p ep tid e  w i l l  tak e  a p o s it iv e  charge. The re v e rse  w i l l  

happen i f  th e  pH i s  r a is e d  (H^ d ec reased ). The pH where 

n eg a tiv e  and p o s i t iv e  charges j u s t  b a lance  each o th e r , to  

g ive a  n e u tr a l  p o ly p ep tid e , i s  known as th e  i s o - e l e c t r i c  

p o in t ( p i ) .  The i s o - e l e c t r i c  p o in ts  o f  most p ro te in s  in
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anim ale a re  s l ig h t ly  a lk a l in e ,  around pH 8 (Lewontin, 1974).

If an a l l e l i c  change occurs a t  a lo cu s  o r  gene in  such 

a way th a t  an amino a c id  i s  rep laced  by an o th er amino a c id  

of different charge, the net charge of th e  protein w ill be 

a l te r e d ,  a t  a given pH. Such changes in  charge can be used 

to  se p a ra te  p ro te in s  and thus to  id e n t i fy  th e  p ro d u cts  of 

d if f e r e n t  a l l e l e s .

E le c tro p h o re tic  methods perm it d e te c tio n  o f  a l l e l i c  

v a r ia n ts  in  in d iv id u a l genes. Both v a r ia n t and in v a r ia n t  

gene lo c i  can be id e n t i f i e d .  A random sample o f  genes w ith  

re sp e c t to  v a r ia t io n  i s  p o s s ib le . P ro te in s  and enzymes fo r  

which th e  a p p ro p ria te  assay  technique e x is t  can be chosen 

fo r  study w ithout any p r io r  knowledge w hether they  a re  

v a r ia b le  o r  no t and i f  v a r ia b le  how v a r ia b le .  This techn ique 

allow s reasonab ly  ra p id  exam ination o f  la rg e  numbers o f  

in d iv id u a ls  and many enzymes and p ro te in s .

In  g en e ra l, e le c tro p h o re s is  i s  th e  movement o f  charged 

p a r t i c le s  under th e  in flu e n c e  o f  an e l e c t r i c  f i e ld  and th e  

ap p ara tu s  m ainly used c o n s is ts  o f  a g e l s la b  ( s ta rc h , agar, 

acrylam ide) whose two ends a re  in  co n tac t w ith  th e  o p p o s ite  

p o les  between which a  c u rre n t flow s (F ig u re  1 ) .  U sually  

e le c tro p h o re s is  i s  c a r r ie d  ou t in  pH 8 -  9 b u f fe r s ,  a t  which 

pH most p ro te in s  a re  n eg a tiv e ly  charged and m ig ra te  tow ards 

th e  anodal end o f  th e  g e l .  A p ro te in  sample fo r  e le c tro p h o re s is  

i s  in tro d u ced  in to  w e lls  a t  one end o f  th e  g e l and any charged
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m olecule w i l l  move down along th e  g e l tow ards th e  anodal end 

under th e  in f lu e n c e  o f  e l e c t r i c  c u rre n t applied* A fte r  a 

h igh  v o ltag e  has been a p p lie d  to  th e  g e l fo r  few hours, th e  

v a rio u s  p ro te in s  th a t  m igrated  a t  d i f f e r e n t  r a t e s  w i l l  be 

concentrated at different points along the gel and these 

can be v is u a l is e d  by s ta in in g  th e  g e l w ith  a g en era l p ro te in  

s ta in .  Enzymes g e n e ra lly  e x is t  in  low co n c en tra tio n  and a 

p a r t ic u la r  enzyme can only  be lo c a te d  by a dye-coupled enzyme 

s u b s tr a te  r e a c t io n . In  t h i s  re a c tio n  th e  enzyme i s  used to  

break-down th e  s p e c if ic  s u b s tr a te ,  and in  so doing to  b r in g  

about th e  o x id a tio n  o r  red u c tio n  o f  a so lu b le  substance to  

an in so lu b le , co loured  form. The r e s u l t  i s  a co loured  

p r e c ip i ta te  which forms a t  th e  s i t e  o f  th e  enzyme a c t iv i t y .

P ro te in s  fo r  e le c tro p h o re s is  must be in  s o lu t io n  and 

can be e x tra c te d  from v a rio u s  t i s s u e s  by hom ogenisation, 

B onication  o r  by f re e z in g  and thaw ing. The c o n c en tra tio n  and 

pH o f  th e  e x tra c tio n  m ix ture  i s  im p o rtan t. Any change in  

io n ic  s tre n g th  o r  pH can b r in g  about d i f f e r e n t i a l  e x tra c tio n  

o f  p ro te in .  P ro te in s  a lread y  in  so lu tio n  forms l i k e  m ilk o r  

b lood, can be a p p lied  d i r e c t ly .

Review o f  e le c tro p h o re tic  methods :

T is e l iu s  in  1937 ( c i te d  in  Brewer, 1970) developed th e  

moving boundary e le c tro p h o re s is  in  a f re e  s o lu tio n  and he may 

be considered  as  't h e  f a th e r  o f  e le c tro p h o re s is ' (Brewer, 1970) 

Subsequent development invo lved  z o n e -e le c tro p h o re s is  in  which
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F ig u re  1 . Diagram o f  a v e r t ic a l  s la b  ge l e le c tro p h o re s is  

ap p ara tu s .

A. e le c tro d e  v e sse l; B. bands o f  haemoglobin; 

C. power supply; D. ge l s la b .
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s o l id  media a re  used to  se p a ra te  v arious components o f  p ro te in s  

in  d i s t in c t  zones o r  bands. The moving boundary method i s  

te c h n ic a lly  d i f f i c u l t  and re q u ire s  r e la t iv e ly  la rg e  samples.

I t  i s  p o ss ib le  to  s ta b i l i z e  so lu tio n s  to  a c e r ta in  ex ten t 

by using  an e le c tro p h o re tic a lly  immobile so lu te  such as 

sucrose, bu t i t  i s  more f e a s ib le  to  use a s o lid  medium 

in s te a d . D etection  o f  th e  p ro te in  zones by r e f r a c t io n  in  

s o lid  media i s  not p o ss ib le  due to  l ig h t  s c a t te r in g .  Hunter 

and M arkert (1957) in troduced  h istochem ical techniques fo r 

d e te c tio n  o f  p ro te in s  and enzymes a f t e r  e le c tro p h o re s is  and 

th ese  a re  now used w idely. Because o f  th e  importauice o f 

developing ap p ro p ia te  media fo r  e le c tro p h o re s is , th e  im portan t 

h i s to r ic a l  f e a tu re s  in  t h i s  technique c o n s is t ,  in  la rg e  p a r t  

o f  a d e sc r ip tio n  o f  th e  in tro d u c tio n  o f d if f e r e n t  media.

Only a n a ly t ic a l  methods w il l  be d iscussed  and no t th e  

p re p a ra tiv e  methods which a re  u su a lly  used fo r  enzyme 

se p a ra tio n  fo r  fu r th e r  a n a ly s is .

1) Paper e le c tro p h o re s is  : F i l t e r  paper was f i r s t  used 

as  a supporting  medium fo r  zone e le c tro p h o re s is . Most work 

has been done on Whatman No. 1 f i l t e r  paper. The cap ac ity  o f  

th e  wet papers to  accomodate th e  sample i s  l im ite d , w ith 

Whatman No. 1 paper about 3 - 4  pl/cm  can be ap p lied , w hile 

th ic k e r  grades can tak e  up to  8 -  10 pl/cm  (W ilkinson, 1970). 

Whatman chromatography paper No. 100 i s  a lso  used as  i t  i s  

capable o f holding r e la t iv e ly  la rg e  samples. Paper e le c tro 

p h o resis  i s  o f  two ty p es, the  'v e r t ic a l*  where paper s t r i p s  

a re  held  v e r t ic a l ly  and 'h o rizo n ta l*  where i t  i s  held
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h o r iz o n ta lly . In  p r a c t ic e ,  bo th  types give alm ost id e n t ic a l  

sep a ra tio n  in  paper e le c tro p h o re s is  (Smith, 1968).

The re so lv in g  power o f  paper e le c tro p h o re s is  i s  not 

very high and th e  paper i s  not as homogenous as o th e r  media 

which a re  described  l a t e r .  S treak ing  o f  bands and ad so rp tio n  

make i t  im possib le to  o b ta in  a pure w hite background.

2) C e llu lo se  a c e ta te  e le c tro p h o re s is  : C e llu lo se  a c e ta te  

membrane (CAM) f i l t e r  e le c tro p h o re s is  was in tro d u ced  by Kohn 

(1957). There a re  many advantages o f c e llu lo se  a c e ta te  

membrane fiX ten.-paper as  a supporting  medium fo r  e le c tro 

p h o re s is . The m a te r ia l i s  more homogenous and microporous 

than  paper. A dsorption i s  minimal and i t  e lim in a te s  th e  

' t a i l i n g  e ffec t*  r e s u l t in g  in  sharp and w ell defined  bands. The 

background i s  w hite . Adequate sep a ra tio n  o f  p ro te in  bands fo r  

a n a ly t ic a l  purposes can u su a lly  be achieved in  1 -  2 hours.

The c e llu lo se  s t r i p  can be c lea red  by using  a s u ita b le  

sw elling  agent l ik e  g la c ia l  a c e t ic  ac id  o r by immersion in  

an approp ia te  c le a r in g  f lu id ,  such as  whitmore o i l  120, to  

g la ss  l ik e  tran sp aren cy . The l a t t e r  method has th e  advantage 

th a t  th e  c le a red  s t r i p s  can be re tu rn ed  to  th e i r  o r ig in a l  dry 

s ta t e  by washing them w ith  petroleum  e th e r . A c lea re d  s t r i p  

can be scanned and photographed.

C e llu lo se  a c e ta te  i s  a lso  a v a ila b le  in  g e l form in  

b locks and s t r i p s  c a lle d  'c e l l o g e l ' .  I t  i s  su pp lied  m oistened 

w ith 5056 methanol, which must be removed by b lo t t in g  .
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and soaking in  b u ffe r  befo re  use. The gel s t r i p  can be used 

in  th e  same e le c tro p h o re tic  apparatus as  fo r  c e llu lo se  

a c e ta te  paper.

3) Agar gel e le c tro p h o re s is  t Agar i s  a po lysaccharide  

p repared  from a lg ae  and agar gel was f i r s t  used by Gordon 

e t  a l . ( 1949) as  an e le c tro p h o re tic  medium. I t  g e ls  in  

co n cen tra tio n s  as  low as  0.7356. This method o f  e le c tro p h o re s is  

i s  very quick and u su a lly  tak es  only 2 3 - 3 0  m inutes. I t  was 

f i r s t  used fo r  isozyme s tu d ie s  by Wieme (1939) w ith  l a c ta t e  

and s o rb i to l  dehydrogenases.

Unlike paper and c e llu lo se  a c e ta te , agar i s  tra n sp a re n t 

and allow s d i r e c t  den sito m etric  measurements a f t e r  s ta in in g .

I t  has th e  p a r t ic u la r  advantage th a t  during isozyme sep a ra tio n  

p ass iv e  d iffu s io n  i s  l e s s  than  w ith  paper o r  c e llu lo s e  a c e ta te  

and i t s  re so lv in g  power i s  g re a te r  than  e i th e r  paper o r 

c e llu lo se  a c e ta te .  I t  has seen w idespread use fo r  immunoelectro

p h o res is , d iscussed  elsew here.

An e x c e lle n t account o f th e  technique and a p p lic a tio n  

o f  agar g e l e le c tro p h o re s is  has been compiled by Wieme (19&3).

4) S ta rch  ge l e le c tro p h o re s is  : In  1953 Sm ithies in troduced  

s ta rc h  g e l as th e  supporting  medium fo r  e le c tro p h o re s is . This 

technique has been used more w idely than  any o th e r  method. 

Powdered s ta rc h  i s  h y d ro lised  by h ea tin g  in  b u ffe r  o r  aqueous 

so lu tio n  and, upon coo ling , i t  forms a g e l. The e le c tro p h o re tic
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se p a ra tio n  on paper, c e llu lo se  a c e ta te  and agar g e l a re  based 

on a sim ple e le c tro p h o re tic  e f fe c t ,  th e  m igration  o f  charged 

p a r t ic le s  under th e  in flu en ce  o f  an e le c t r i c  c u rre n t. The 

s ta rc h  ge l c o n tr ib u te s  an a d d itio n a l f a c to r  to  th e  sep a ra tio n  

o f  p ro te in s . The pore s iz e  o f  the  ge l i s  o f  th e  same o rd er 

o f  magnitude as th e  diam eter o f  th e  g lo b u la r p ro te in s  

m igrating  through them. Hence sep a ra tio n  in  s ta rc h  gel i s  

not only e ffec ted  by the  e le c t r ic  charge bu t a lso  by th e  

m olecular s iz e .  Evidence to  support the  hypo thesis  th a t  

m olecular s iz e  in flu e n c e s  th e  m ob ility  in  s ta rc h  g e l i s  

provided by comparing th e  m igration  r a te s  o f  p ro te in s  o f 

known m olecular weight during f i l t e r  paper and s ta rc h  ge l 

e le c tro p h o re s is  a t  th e  same pH. For example on f i l t e r  paper 

haemoglobin, t r a n s f e r r in  and P -Iip o p ro tc in , whose m olecular 

w eights a re  67 , 000; 90,000 and 1 , 300,000 re sp e c tiv e ly , a l l  

m igrate to one p o s it io n , but on s ta rc h  ge l they a re  widely 

separa ted  (Flynn, 1968).

Hunter and M arkert (1957) f i r s t  used s ta rc h  ge l fo r  

enzyme s tu d ie s  and suggested th e  term "zymogram" fo r  th e  

s ta rc h  ge l s t r i p  s ta in e d  by h istochem ical methods.

Both h o r iz o n ta l and v e r t ic a l  methods can be used in  

s ta rc h  g e l e le c tro p h o re s is . The o r ig in a l  method was h o r iz o n ta l 

but Sm ithies l a t e r  in troduced  a v e r t ic a l  gel s la b  method in  

1959 to  overcome th e  d is to r t io n  in  th e  e le c tro p h o re tic  p a tte rn  

caused by e le c tro -d e c a n ta tio n  when p ro te in  samples a re  

p ip p e tted  in to  s lo t s  preformed in  h o riz o n ta l g e ls .  R esolu tion
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i s  u su a lly  su p e rio r  in  th e  v e r t ic a l  method and th e re  i s  more 

uniform m igration  from th e  sample s lo t s  (Shaw and Koen, I 96Ü). 

B esides improved re so lu tio n , s ta rc h  ge l has v arious o th e r 

advantages over p rev io u sly  described  methods. A la rg e  sample 

can be applied and, after electrophoretic run, th e  gel can 

be s l ic e d  in to  two o r  more s l ic e s ,  each o f which can be 

s ta in e d  fo r  d if f e r e n t  p ro te in s  o r  enzymes. However, th e  

technique re q u ire s  more tim e and s k i l l  than paper and c e l lu lo s e  

a c e ta te  e le c tro p h o re s is .

5) Acrylamide gel e le c tro p h o re s is  : Raymond and V eintraub 

( 1959) in troduced  acrylam ide ge l as  an e le c tro p h o re tic  medium 

and d isc  e le c tro p h o re s is  in  acrylam ide ge l was d escribed  by 

O rnste in  and Davis (19&2). In  s p i te  o f  i t s  re c en t in tro d u c tio n , 

th i s  medium has a lread y  seen co n sid e rab le  use because i t  has 

e x c e lle n t re so lv in g  power (Brewer, 1970).

Like s ta rc h  g e l, acrylam ide ge l a lso  possess  a s iev in g  

e f fe c t .  An a d d itio n a l advantage o f  acrylam ide ge l i s  th a t  i t  

can be ta i lo re d  so th a t  the  pore s iz e  o f  th e  g e l can be 

v aried  in  a known manner. Thus i t  i s  as  sim ple to  produce a 

ge l o f  3 p er cen t co n cen tra tio n  as  one o f  5, 7*5, 10, 15 o r 

more per cen t c o n cen tra tio n . This f a c i l i t y  enab les th e  gel 

to  be used no t only as  a ro u tin e  a n a ly t ic a l  to o l based on a 

f ix ed  co n cen tra tio n  bu t as  a v e r s a t i l e  m olecular s iev e . The 

acrylam ide g e ls  a re  l e s s  f r a g i le  amd can be handled very 

e a s i ly .  A very im portan t advantage i s  th a t  g e ls  a re  o p tic a l ly  

c le a r ,  making isozyme bands e a s ie r  to  lo c a te  and q u an tify  by



ko

densitom etry . I t  can be used over a wide pH range (W ilkinson, 

1970). Com plications due to  e lec tro -o sm o tic  flow do not 

normally occur w ith  t h i s  medium. The main disadvantage o f 

acrylam ide g e l i s  th a t  th e  acrylam ide monomer and th e  b is -  

acrylam ide a re  neu ro tox ic  as long as they a re  unpolym erised.

The polym erised g e l i s ,  however, not n eu ro to x ic . The ge l i s  

used e i th e r  as a h o r iz o n ta l o r  v e r tic sd  s la b  o r  in  th e  'd isc*  

e le c tro p h o re s is .

5 . a) Disc e le c tro p h o re s is  : Disc e le c tro p h o re s is  was 

developed by O rnste in  and Davis in  1962 fo r  th e  a n a ly t ic a l  

sep a ra tio n  o f  p ro te in  m ix tu res. By th i s  method p ro te in s  a re  

concen tra ted  in to  th in  s ta r t in g  zones and then sep ara ted  by 

th e  combined a c tio n  o f e le c tro p h o re s is  and m olecular s iev in g .

I t  i s  performed in  sm all columns o f  acrylam ide ge l c o n s is tin g  

o f  th re e  p a r ts  : (1) a la rg e  pore 'sam ple gel* in to  which the  

p ro te in  sample i s  in troduced , (2) a la rg e  pore 's p a c e r  gel* in  

which th e  sample i s  e le c tro p h o re tic a lly  concen tra ted  and ( 3) a 

'sm a ll pore gel* in  which th e  sample i s  sep ara ted  in to  v arious 

d is c re te  bands o r  zones.

The g e l tubes o r  columns a re  held  v e r t ic a l ly  in  the  

apparatus and a f t e r  th e  e le c tro p h o re tic  run g e ls  a re  withdrawn 

from the  tubes and s ta in e d .

Acrylamide s p l i t  ge l method fo r  comparing id e n t ic a l  

amounts o f  d if f e r e n t  samples in  th e  same tube has been described  

by Wright (1974). C larke (1964) showed th a t  both  spacer and
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sample g e l can be dispensed w ith  and many workers now use ^

only th e  running g e l. This i s  o f te n  advantageous as some 

p ro te in  samples in h ib i t  th e  g e ll in g  o f  sample ge l and thereby 

c re a te  fu r th e r  problems.

5 .b ) Slab gel e le c tro p h o re s is  : This technique i s  a 

m od ifica tio n  o f  th e  o r ig in a l  'd isc*  e le c tro p h o re s is  and in  

th i s  g e l s la b s  a re  used in  p lace  o f  tu b es. Sample and spacer 

g e ls  may be used bu t i t  has been d iscussed  in  d e ta i l  by 

Raymond (1964) th a t  'th e s e  a re  unnecessary c o m p lic a tio n s '.

The s lab  g e l i s  id e a l ,  e sp e c ia lly  fo r  system atic  s tu d ie s , 

as  i t  perm its com parision o f a number o f  samples s id e -b y -s id e  

p rocessed  under id e n t ic a l  c o n d itio n s . A la rg e  number o f  samples 

can be run in  a s in g le  g e l, making th e  technique e a s ie r  to  

ca rry  ou t in  th e  la b o ra to ry . Another im portant advantage i s  

th a t  th e  s lab  perm its  th e  a p p lic a tio n  o f  a two d ire c t io n a l  

technique which i s  im possib le in  the  tube g e l method. The 

s lab  g e l, l ik e  s ta rc h  g e l, can be s l ic e d  in to  two o r  more 

s l i c e s  and each s l i c e  can be used fo r  a  d if f e r e n t  enzyme assay .

The acrylam ide s lab  can be used in  e i th e r  v e r t ic a l  o r 

h o r iz o n ta l p o s it io n . The d is to r t io n  in  th e  e le c tro p h o re tic  

p a t te rn  caused by e le c tro  d écan ta tio n  can, however, be avoided 

by the  v e r t ic a l  method.

With th e  com bination o f  v arious supporting  media and 

b u ffe rs  o f  d i f f e r e n t  com position, pH and io n ic  s tre n g th , a wide
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range o f e le c tro p h o re tic  techniques can be ap p lied . Apart 

from th e  n a tu re  o f  th e  supporting  media, e le c tro p h o re tic  

technique can be d iv ided  in to  follow ing groups.

a) Contlnoua b u ffe r  e le c tro p h o re s is  i

In  continuous b u ffe r  e le c tro p h o re s is  th e  b u ffe r  p re sen t in  

the  supporting  medium i s  th e  same as  th e  b u ffe r  p re sen t in  th e  

e lec tro d e  tan k s. This system i s  norm ally used in  c e llu lo se  

a c e ta te  and in  agar e le c tro p h o re s is . I t  i s  a lso  used in  

acrylam ide g e l e le c tro p h o re s is  where th e  sep a ra tio n  i s  on 

m olecular s iz e  on ly . In  t h i s  case g e ls  a re  prepared  w ith  a 

con tinously  vary ing  pore s iz e  from one end o f  th e  g e l to  th e  

o th e r  a lso  c a lle d  'g ra d ie n t g e l ' .  In  t h i s  g rad ien t pore 

technique th e  e le c t r i c  charge i s  used only to  move th e  p ro te in s  

to  th e i r  pore l im i t ,  and th e re fo re , se p a ra tio n  i s  on th e  b a s is  

o f  m olecular s iz e .

b) D iscontinous b u ffe r  e le c tro p h o re s is  :

In  the  ea rly  work on e le c tro p h o re s is  in  s ta rc h  ge l i t  was 

discovered  th a t  i f  a d if f e r e n t  b u ffe r  was used in  th e  e lec tro d e  

tanks from th a t  in  th e  g e l, re so lu tio n  improved co n sid e rab ly . 

The v arious components o f  crude h o rse -ra d ish  perox idase a re  

reso lved  much more sharp ly  when t r i s - c i t r a t e  b u ffe r  i s  used 

fo r  g e l p re p a ra tio n  and th e  e le c tro d e  v e sse ls  a re  f i l l e d  w ith 

b o ra te  b u ffe r  than  when e i th e r  so lu tio n  i s  used in  a continous 

system (W ilkinson, 1970). D iscontinous b u ffe r  systems have been
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ex p lo ited  to  a la rg e  ex ten t in  acrylam ide g e ls  where they can 

be combined w ith  reg io n s  o f  d if f e re n t  pore s iz e s .

c) I s o e le c t r ic  focusing  ;

This i s  an e le c tro p h o re tic  technique using  la rg e -p o re  

acrylam ide g e l in  which i s  in co rp o ra ted  a m ixture o f  sy n th e tic  

polyamino po lycarboxy lic  a c id s  ( c a r r ie r  ampholytes) w ith  a 

range o f  i s o e le c t r ic  p o in ts . When an e le c t r ic  cu rren t i s  ap p lied  

to  th e  g e l, th e  ampholytes form a s ta b le  pH g rad ien t from one 

end o f  th e  g e l to  th e  o th e r . The ampholytes a re  confined to  

th e  ge l by using  a s tro n g  ac id  a t  th e  anode and a s tro n g  base 

a t  th e  cathode.

When a  m ixture o f  p ro te in  i s  in troduced  in to  t h i s  pH 

g rad ien t, th e  v arious p ro te in s  w il l  move e le c tro p h o re tic a lly  

u n t i l  they reach  th e  p o in t on the  ge l where th e  pH i s  equal 

to  th e i r  i s o e le c t r ic  p o in t .  At th i s  p o in t th e  p ro te in  i s  

e le c t r i c a l ly  n e u tra l  and w il l  not move any fu r th e r .  I f  i t  

d if fu s e s  from th i s  p o in t, i t  w i l l  develop charge and move 

back to  i t s  i s o e le c t r i c  p o in t. This technique has been used in  

th e  sep a ra tio n  o f  serum and o th e r  p ro te in s , bu t i t s  use in  th e  

study o f  isozyme i s  r a th e r  l im ite d  .

d) SDS and u rea  e le c tro p h o re s is  ;

Urea and sodium dodecyl su lp h a te  (SDS) a re  capable o f 

s o lu b il iz in g  c e r ta in  c la s se s  o f  p ro te in s  and a lso  o f  breaking
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polym eric m olecules in to  c o n s titu e n t p o ly p ep tid es. Sodium 

dodecyl su lp h a te  b inds to  po lypep tides and im parts  a la rg e  

n egative  charge which masks th e  in d iv id u a l v a r ia tio n  in  

e le c t r i c  charge. In  sodium dodecyl su lp h a te  co n ta in in g  g e ls , 

po lypeptide m igration  i s  dependent so le ly  on m olecular weight 

and w ith th e  use o f  s u ita b le  known markers i t  can be used to  

g ive an estim ate  o f th i s  param eter.

e) Im m unoelectrophoresis :

This i s  a com bination o f e le c tro p h o re s is  and immuno

d iffu s io n  and i s  norm ally c a r r ie d  out in  agar g e ls . Agar g e ls  

a re  th e  b e s t medium fo r  d iffu s io n  and an tigen -an tibody  

p re c ip i ta t io n .  The t e s t  an tig en s a re  sep ara ted  by agar g e l 

e le c tro p h o re s is . When th e  run i s  completed g e ls  a re  kep t wet 

and no f ix a t iv e  i s  ap p lied . The antiserum  i s  now p laced  in  

trenches cu t between th e  l in e s  o f sep ara ted  an tig e n s . A fte r 

a p p ro p ria te  incubation  p r e c ip i t in  a rc s  form between th e  

sep ara ted  an tig en s  and antiserum  tre n ch es .

The e le c tro p h o re tic  s tep  can a lso  be c a r r ie d  ou t in  s ta rc h  

o r  acrylam ide follow ed by embedding o f  a s t r i p  o f  t h i s  g e l in  

agar fo r  th e  d if fu s io n  s tag e  to  tak e  p lace .

L im ita tio n s  o f  e le c tro p h o re tic  techniques :

E lec tro p h o res is  i s  based on th re e  p r in c ip le  p ro p e r tie s  o f 

p ro te in ; n e t charge, i s o - e le c t r ic  p o in t and s iz e  and conform ation.
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S ix teen  o f th e  twenty e s s e n tia l  amino ac id s  a re  e le c t r i c a l ly  

n e u tra l, glutam ic and a s p a r tic  ac id s  a re  n eg a tiv e ly  charged 

w hile ly s in e  and a rg in in e  a re  p o s it iv e ly  charged. S u b s titu tio n  

o f  an amino ac id  by a lik e -c h arg ed  one, w il l  have no e f fe c t  

on the  n e t charge o f  th e  p ro te in  and an in s ig n if ic a n t  change 

on th e  m olecular w eight. The question  a r i s e s  i s  what i s  th e  

p ro b ab lity  th a t  an amino ac id  s u b s t i tu t io n  w il l  a l t e r  th e  

o v e ra ll  charge ? Examination, o f  th e  g en e tic  code shows th a t  

o f th e  399 p o ss ib le  non-redundant s in g le  base changes, 128 o r 

3256 w i l l  r e s u l t  in  th e  s u b s t i tu t io n  o f an amino a c id  o f 

d if f e r e n t  charge (Lewontin, 1974). Another problem may a r i s e  

when p ro te in s  d i f f e r  by two o r more s u b s t i tu t io n s  invo lv ing  

charged amino a c id s , where th e re  i s  a p o s s ib i l i ty  o f  s u b s t i tu t io n  

o f  two o p p o site ly  charged amino ac id s  which cancel each o th e r .

I t  i s ,  th e re fo re , c le a r  th a t  e le c tro p h o re tic  s tu d ie s  

understim ate the amount o f  g enetic  v a r ia tio n , s in ce  not a l l  

amino ac id  replacem ents r e s u l t  in  p ro te in s  w ith  d if f e re n t  

e le c tro p h o re tic  m o b ili t ie s .  Moreover, most o f  th e  p ro te in s  

and enzymes assayed a re  so lu b le  in, e x tra c tio n  m ix tu res.

Genes coding fo r  nonsoluble p ro te in s  and enzymes a re  g en era lly  

not included  in  th e  surveys. I t  i s  very d i f f i c u l t  to  a s c e r ta in  

a t  p re se n t, whether th e  k inds o f  gene lo c i  s tu d ied  a re  a f a i r  

randon sample o f th e  t o t a l  genome.

In te rp re ta t io n  o f  e le c tro p h o re tic  da ta  :

There a re  two main types o f e le c tro p h o re tic  approach in
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eystem atics , d escribed  below.

1) Band counting method : In  th i s  case th e  e le c tro -

phorogram i s  t r e a te d  as an o v e ra ll  phenotype and no attem pt 

i s  made to  in te rp r e t  th e  genetic  b a s is  o f  v a r i a b i l i ty .  The 

d iffe re n c e s  in  e le c tro p h o re tic  m ob ility  o f  bands a re  used as  ^ 

taxonomic c h a ra c te r . This type o f  approach i s  u se fu l w ith  

complex p ro te in  p a t te rn s  and where sep a ra tio n  i s  norm ally 

c a r r ie d  out by i s o e le c t r ic  focusing  and th e  g e ls  s ta in e d  fo r  

general p ro te in s . The s im ila r i ty  between p a ir s  o f  p a tte rn s  

can be estim ated  in  d if f e re n t  ways. The most commonly used 

i s  a sim ple matching c o e f f ic ie n t  o f  s im ila r i ty  which i s  

c a lc u la te d  as:

. number o f  bands o f  common m o b ility
S  — (  ' ■ ■ 1 -  —  —■ ■ —  ■ ■■ ■■ I— I ■ ■ ■  ■ I. ■  .1 ■  ■ ■' I . '  ■ ■ ■

IQ maximum number o f bands in  an in d iv id u a l

F igu re  2, fo r  in s ta n c e , shows general p ro te in  p a t te rn s  

in  two sp ec ie s . The c o e f f ic ie n t  o f  s im ila r i ty  between th ese  

two sp ec ies  i s  eq u a l-to  4/10 = 0 .4 . I t  i s  p o ss ib le  th a t  the  

genera l p ro te in  bands in  two sp ec ies  which a re  id e n t ic a l  in  

e le c tro p h o re tic  m o b ility  may rep re sen t d if f e r e n t  p ro te in s  

(Ferguson, I 980) .  Two o r more 'superimposed* polymorphic 

p ro te in s  can g ive c o in c id e n ta l s im ila r i ty  in  g eneral p ro te in  

p a t te rn s .  The only way to  avoid th i s  confusion i s  to  s ta in  

fo r  s p e c if ic  p ro te in s  and to  examine each one in d iv id u a lly  

w ith regard  to  v a r ia t io n .
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F ig u re  2. H ypo thetica l diagram o f  g en era l p ro te in  p a t te rn s  o f 

two sp ec ie s  *a* and 'b* .



4 8

O r i g i n
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2) G enetic a n a ly s is  : According to  c u rre n t th e o r ie s  o f  

gene a c tio n , th e  p ro te in s  a re  e s s e n tia l ly  d ir e c t  gene 

p ro d u cts. I f  s ta in in g  i s  c a r r ie d  out fo r  s p e c if ic  enzymes 

then  th e  zymogram i s  a graphic re p re se n ta tio n  o f  th e  p roducts  

o f  one o r more sp e c if ic  genes. There a re  many s t a t i s t i c s  

a v a ila b le  to  qu an tify  the genetic  d iffe re n c e s  between 

p o p u la tio n s. In  th e  case o f  monomorphic lo c i ,  a sim ple 

c o e f f ic ie n t  re p re sen tin g  th e  p ro p o rtio n  o f lo c i  w ith  id e n t ic a l  

a l l e l e s  i s  ap p ro p ria te . Various s t a t i s t i c s  have been proposed 

to  estim ate  d iffe re n c e s  based on polymorphic lo c i ,  and i t  

seems ap p ro p ria te  to  d iscu ss  polymorphism f i r s t  befo re  

d escrib in g  them.

In  d ip lo id  organism s, sex u a lly  reproducing forms re ce iv e  

one complete s e t  o f  chromosomes fo r  each p a re n t. The sy n th e s is  

o f  a po lypep tide  i s  d ire c te d  by gene o r  locus which i s  composed 

o f  two a l l e l e s .  An 'a l l e l e '  i s  th e  corresponding base sequence 

on each member o f  the  homologous chromosome p a i r ,  and hence 

one a l l e l e  comes from each p a ren t. The two a l l e l e s  code 

independently  fo r  th e  same po lypeptide i f  they a re  id e n t ic a l .

On the  o th e r  hand i f  one o f  the  a l l e l e s  co n ta in s  a d if f e r e n t  

codon, then th a t  locus w ill  produce two p o lypep tides d if f e r in g  

from each o th e r  by an amino ac id  s u b s t i tu t io n . When w ith in  a 

sp e c ie s , th e  most common a l l e l e  a t  a locus i s  o f  a frequency 

o f  l e s s  than 0.99 o r 0*95 (Dobzhansky e t a l . , 1977) then th a t  

lo cu s  i s  sa id  to  be 'po lym orph ic '. Rare a l l e l e s  a t  a locus 

lower than  th i s  frequency do not come w ith in  th e  d e f in i t io n  

o f  polymorphism. In  each in d iv id u a l o f  a sp ec ies  th e re  a re  two
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p o ss ib le  co n d itio n s  : e i th e r  th e  a l l e l e s  a t  a p a r t ic u la r  ^

locus a re  s im ila r  (homozygous) o r d if f e r e n t  (heterozygous).

For example, i f  in  a popu la tion  two a l l e l e s ,  A and B e x is t  

fo r  a p a r t ic u la r  lo cu s, then th e re  a re  th re e  p o ss ib le  

genotypes: AA, AB and BB« In  case o f AA end BB homozygotes 

one type o f  po lypep tide  w il l  be produced but in  th e  case o f  

heterozygote two types w il l  r e s u l t  as , a t  th e  le v e l  o f  

s t r u c tu r a l  gene expression  almost a l l  a l l e l e s  a re  co-dominant 

(Ferguson, I 980) , and both  a l l e l e s  a re  equally  expressed. The 

lack  o f dominance a t  th e  p ro te in  phenotype le v e l  makes th e  

g en e tic s  o f p ro te in  polymorphism very s t r a ig h t  forw ard. I f  

th e  p ro te in  coded fo r  by a l l e l e  A and B d i f f e r  by a s in g le  

amino ac id , and th e  amino ac id  s u b s t i tu t io n  r e s u l t s  in  e i th e r  

a change in  e le c t r i c  charge o r in  conform ation o f  the  m olecule, 

then they w il l  have d if f e r e n t  e le c tro p h o re tic  m o b il i t ie s .  So 

w ith in  th e  l im ita tio n s  o f  e le c tro p h o re tic  technique, i t  

p rov ides a convenient method o f determ ining g en e tic  v a r ia t io n  

a t  s t r u c tu r a l  lo c i .  To estim ate  such v a r ia t io n  i t  i s  obvious 

th a t  a s t a t i s t i c a l l y  la rg e  number o f  in d iv id u a ls  should be 

examined, and th i s  e lim in a tes  th e  use o f o th e r  techniques, 

l ik e  amino ac id  sequencing.

In  th e  example above, i f ,  from a number o f in d iv id u a ls , 

th e  t is s u e s  where t h i s  p ro te in  i s  expressed a re  sampled, 

ex tra c te d  and su b jec ted  to  e le c tro p h o re s is , then a f t e r  

a p p ro p ria te  s ta in in g  o f  the  g e l, th re e  e le c tro p h o re tic  p a tte rn s  

w il l  be shown (F igure 3 a ) .  In  th e  absence o f  dominance and 

w ith in  th e  l im ita t io n s  o f  th e  e le c tro p h o re tic  method, phenotype
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i s  equ iva len t to  genotype, and th e  numbers o f  each genotype 

a re  ob ta ined  simply by counting th e  number o f  in d iv id u a ls  

w ith  each o f th e  th re e  p a t te rn s .

I f  th re e  a l l e l e s  A, B and C e x is t  w ith in  a sp ec ie s , and 

each r e s u l t s  in  a p ro te in  w ith e le c tro p h o re tic a lly  d i s t in c t  

m o b ili t ie s ,  then s ix  e le c tro p h o re tic  p a tte rn s  w il l  be found 

(F igure 3 b ) .  In  th e  hétérozygote, two bands a re  found on 

th e  ge l i f  the  p ro te in  c o n s is ts  o f  a s in g le  po lypep tide  sub

u n it  ( monomeric ) .  For a dim eric p ro te in , due to  th e  

p roduction  o f two d if f e r e n t  po lypep tides in  th e  heterozygo te , 

th re e  d if f e re n t  dimers a re  found Caa, ab, bb), th a t  i s ,  th e re  

i s  a hybrid  dimer produced (F igure 3 c ) .  For te tra m e ric  

p ro te in s  f iv e  d if f e re n t  te tram ers  c o n s is tin g  o f two po lypep tides 

a re  p o ss ib le  (a^^, b̂ ,̂ a^b^, S2^2’ ®̂ 1̂ 3̂  and th i s  r e s u l t s  in  a 

five-banded heterozygote  p a tte rn  (F igure 3 d ) . In  some p ro te in s  

th e re  i s  r e s t r i c t io n  on su b -u n it assembly, and hybrid  m olecules 

a re  no t found (Ferguson, I 980) .  A fu r th e r  co n d itio n  i s  found 

where a p a r t ic u la r  a l l e l e  r e s u l t s  in  th e  p roduction  o f  a non

fu n c tio n a l p ro te in  th a t  i s  a n u ll  a l l e l e .  Homozygotes fo r  a 

n u ll  a l l e l e  w il l  no t produce a band on th e  e le c tro p h o re tic  ge l 

i f  th e  s ta in in g  procedure r e l i e s  on th e  enzyme a c t iv i ty .  

H eterozygotes w il l  show a s in g le  band o f reduced in te n s i ty  

(F igure 3 ©)• N ull a l l e l e s  normally a re  probably only found in  

p o ly p lo id  organisms o r  a t  lo c i  which have been d u p lica ted  th a t  

i s ,  in  those cases which have a 's p a r e ' lo cu s .

D iffe re n t forms o f  enzyme which share  a common s u b s tra te
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F igure  3* Diagram showing p a t te rn s  o f p ro te in  polymorphism;

a* two a l l e l e s ,  monomeric, b. th re e  a l l e l e s ,  

monomeric, c . two a l le le s ,d im e r ic  , d. two 

a l l e l e s ,  te tra m e ric , e . one normal and one n u ll  

a l l e l e  (from Ferguson, I 98O),
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bu t d i f f e r  in  e le c tro p h o re tic  m obility  a re  c a lle d  'isozymes* 

(M arkert and H o ller, 1959) and th i s  should no t be confused 

w ith  'allozymeà* (Prakash e t a l . , 1969) which a re  p ro te in  

p roducts o f  a s in g le  g enetic  locus which d i f f e r  in  e le c tro 

p h o re tic  m o b ility  and whose seg reg a tio n s! behaviour in  a 

p o p u la tio n  fo llow s a Mendelian p a t te rn .

v a r ie ty  o f measures can be used to  express in  a s in g le  

s t a t i s t i c  th e  amount o f g enetic  v a r ia t io n  in  a p o p u la tio n . In  

a random m ating popu la tion , the  most in fo rm ative  measure i s  

the  o v e ra ll  incidence o f  h e te ro zy g o sity . The p ro p o rtio n  o f  

polymorphic lo c i  in  a population  i s  another commonly used 

measure. In  random mating popu la tions th e  expected frequency 

o f  heterozygo tes  IE) a t  a locus can be d ire c t ly  c a lc u la te d  

from the  a l l e l i c  freq u en c ies . I f  th e re  a re  *n' a l l e l e s  w ith

freq u en c ies  x^, x^, x^, ........... x^ the  expected frequency o f

2 2 2 2 homozygotes i s  simply x^ + x^ + x^ + x^ . The expected
2 2 2 2 frequency o f  hé térozygo tes i s  H = I - (  x^ + x^ + x ^ . . . .  + x^)

The o v e ra ll  amount o f  v a r ia tio n  in  a popu la tion  i s  estim ated

by th e  average frequency o f  heterozygotes p e r locus (H). This

i s  simply ob ta in ed  by averaging H over a l l  lo c i  sampled. U

may be expressed w ith i t s  standard  e r ro r , which r e f l e c t s  th e

amount o f h e te ro g en e ity  among th e  lo c i  sampled.

The p ro p o rtio n  o f  polymorphic lo c i  (P) in  a popu la tion  

i s  a lso  used to  a sse ss  g enetic  v a r ia tio n . This s t a t i s t i c  i s  

a r b i tr a r y  and im precise (Dobzhansky e t  a l . , 1977)* I t  i s  

a r b i tr a r y  in  the  sense th a t  one has to  decide f i r s t  when a
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lo cu s  w ill  be considered  polymorphic* As mentioned e a r l i e r ,  v

th e re  a re  two c r i t e r i a  (a) the  frequency o f the  most common 

a l l e l e  in  th e  popu la tion  i s  le s s  than 0*95 sJid (b) i t  i s  le s s  

than 0 . 99* Every locus which i s  polymorphic by the  f i r s t  

c r i te r io n  i s  a lso  polymorphic by the  second, bu t not the 

o th e r  way round. The p ro p o rtio n  o f polymorphic lo c i  (P) i s  

im precise because i t  e s ta b lish e s  only whether a lo cu s  i s  

polymorphic o r n o t. I t  does not t e l l  you how polymorphic i t  

i s .  For in s tan ce , a locus w ith two a l l e l e s  w ith frequencies  

Ü.95  and 0 . 05» and a second locus w ith 10 a l l e l e s  each w ith 

a frequency 0 .1  co n tr ib u te  equally  to  P, a lthough i t  i s  c le a r  

th a t  the  second locus has more genetic  v a r ia t io n . The average 

p ro p o rtio n  o f polymorphic lo c i  (P^) can be estim ated  as th e  

average o f over se v e ra l popu la tions.

N e i ' s  c o e f f ic ie n t  o f  'g e n e tic  id e n t i ty ' ( I )  i s  ano ther 

widely used s t a t i s t i c  to quan tify  th e  gen e tic  d iffe re n c e s  

(Nei, 1972) .  This s t a t i s t i c  in c lu d es both monomorphic and 

polymorphic lo c i .  The 'g e n e tic  id e n t i ty ' ranges from zero 

(no a l l e l e s  in  common a t  a locus) to  one ( the  same a l l e l e s  a t  

id e n t ic a l  freq u en c ie s ) . The 'g e n e tic  d is ta n c e ' (D) between two 

popu la tions i s  given by;

D = - lo g ^ I

The mean g enetic  id e n t i ty  ( I )  and g enetic  d is ta n ce  (D) a re  the  

mean values over a l l  lo c i  s tu d ied , in c lu d in g  monomorphic ones. 

Ne i ' s  c o e f f ic ie n t  o f  genetic  id e n t i ty  ( I )  between two taxa i s
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given by ;

I  =
)

where and y^ a re  the  frequencies o f the  i t h  a l l e l e  in  

p o pu la tions x and y respective ly*  ' I '  i s  equal to  one when x 

and y a re  monomorphic fo r  the same a l l e l e  and *1* i s  equal to  

zero when x and y are  monomorphic fo r  d if f e re n t  a l le le s*  The 

mean g enetic  id e n t i ty  ( I )  i s  th e  mean over a l l  lo c i  s tu d ied  

(in c lu d in g  monomorphic ones)*

The time o f divergence (T) o f two taxa can be estim ated  

by T = 5 X 10^ D (Nei, 1972). I f  D i s  equal to  one th e  

popu la tions have been is o la te d  fo r approxim ately 5 m illio n s  

y e a rs . S arich  (1977) has suggested th a t  th e re  a re  two main 

groups o f e le c tro p h o re tic a lly  s tu d ied  p ro te in s  w ith  re sp e c t 

to  evo lu tionary  r a te .  He po in ted  ou t th a t  plasma p ro te in s  and 

some enzymes not involved in  complex m etabolic pathways appear 

to accumulate amino ac id  s u b s ti tu tio n s  some ten  tim es more 

ra p id ly  than do those enzymes normally sampled in  e lec tropho

r e t i c  surveys. This b im odality  in  the  e le c tro p h o re tic a lly  

observed r a te s  o f p ro te in  evo lu tion  makes i t  in c o r re c t  to  

c a lc u la te  a s in g le  genetic  d is tan ce  (D) and r e l a t e  t h i s  to  a 

tim e scale* S arich  has c a lcu la te d  th a t  th e  c o rre c t r e la t io n s h ip s  

a re  approxim ately:

1. T (years) = 30 x lO^D fo r  slow ly evolving lo c i  

2* T (years) = 2 .4  x lO^D fo r  ra p id ly  evolving loci*
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E lec tro p h o ree is  and the  spec ies  problem ;

The technique o f  e le c tro p h o re s is  has been ap p lied  to  

various taxonomic problems o f v e r te b ra te  and in v e r te b ra te  

organisas* G enerally  v e r te b ra te s  have rece ived  more a t te n t io n  

than  in v e r te b ra te s .  R esu lts  o f  most e le c tro p h o re tic  s tu d ie s  

have confirmed the  p revious c la s s i f ic a t io n  based on conventional 

methods. In  some cases d ivergen t c la s s i f ic a t io n s  a re  produced. 

S ib ley  and h is  a s so c ia te s  (I960, 1970, 1972a, 1972b, 1976) have 

c a r r ie d  ou t ex tensive  com parision o f th e  egg-w hite o f some 

1500 sp ec ies  o f b ird s  and th e i r  s tu d ie s  o f over 5»000 e le c tro 

p h o re tic  p r o f i le s  o f avian egg-white p ro te in s  have y ie ld ed  

some very s ig n if ic a n t  in form ation  a t  th e  le v e l o f  h igher 

taxonomic c a te g o rie s  fo r  example, a monophyletic as opposed 

to  a p o ly p h y le tic  o r ig in  fo r  th e  r a t i t e  b ird s ; th e  c lo se  

re la t io n s h ip  o f th e  h o a tz in  Ophisthocomus hoazin to  cuckoos o f  th e  

subfam ily Crotophaginae and th e  g re a te r  s im ila r i ty  o f th e  

flam ingos to  th e  C iconiiform es (herons and s to rk s )  than  to  th e  

A nseriform es (ducks and gees). Their study was based on th e  

assum ption th a t  *' 1. p ro te in  s tru c tu re  i s  g e n e tic a lly  determ ined,

2 . th e  number o f amino ac id s  in  a p ro te in  chain  i s  probably 

approxim ately equal to  th e  number o f  Mendelian genes which 

determ ine i t s  s tru c tu re ,  3* p ro te in  tends to  be 'conservative*  

in  th e  evo lu tionary  sense, 4. s im ila r i ty  in  p ro te in  s tru c tu re  

r e f l e c t s  s im ila r i ty  in  g enetic  s tru c tu re , th a t  i s  DNA sequence 

and hence phylogenetic  re la tio n s h ip , and 3* e le c tro p h o re tic  

'p r o f i l e s '  a re  in d ic e s  to  some asp ec ts  o f  p ro te in  s tru c tu re "  

(S ib ley , I 96O).
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Dessauer and Fox (1956) made an ex tensive  taxonomic 

study o f  plasma p ro te in s , using  e le c tro p h o re tic  techniques, 

o f  more than  100 sp ec ies  and sub-species o f  amphibians and 

r e p t i l e s .  On th e  b a s is  o f  e le c tro p h o re tic  p a t te rn s  they 

co n stru c ted  a 't e n ta t iv e  key ' to  the  o rd e rs  o f th ese  two 

c la s s e s .  A more re f in e d  biochem ical key was p resen ted  by 

Avise (1975) to  n ine  sp ec ies  o f  genus Lepomis (su n fish ) 

u sing  Lepomis m acrochirus m acrochirus as  a s tandard , and 

tak in g  e le c tro p h o re tic  m o b ilit ie s  o f  enzymes in  o th e r  sp ec ies  

r e la t iv e  to  th i s  sp ec ie s .

Other s tu d ie s  on v e r te b ra te  anim als in c lu d e  ro den ts  

(Baur and P a t t ie ,  1968; Johnson and Selander, 1971, Avise 

jet ^ . , 1974; K ilp a tr ic k  and Zimmerman, 1975; Chan e t a l , ,  

1979), f is h e s  (Sharp, 1969; Jones and Mackie, 1970; Dando,

1970, 1974; Ferguson, 1974; Menzel, 1977; G arlick  and 

T e rw illig e r , 1978; Mackie and Jones, 1978),s q u ir r e ls  (N adler 

and Hughes, 1966; N adler, I 968; Seaman and Nash, 1977), 

l i z a r d s  (Gorman and Dessauer, 1966; Guttman, 1970) and snakes 

(Dessauer and Pough, 1975; Foote and McMahon, 1977; McDermid 

e t j ^ . ,  1977) .

Among in v e r te b ra te s  ex tensive  work has been c a r r ie d  ou t 

on th e  f r u i t  f ly  D rosophila (see  Dobzhansky e t a l . ,  1977)*

Table 1 p re sen ts  a summary o f e le c tro p h o re tic  s tu d ie s  o f 

in v e r te b ra te s  excluding in s e c ts .  The m alaria  mosquito Anopheles 

and th e  f r u i t  f ly  D rosophila a re  th e  c la s s ic a l  cases o f  s ib l in g  

sp ec ies  and a number o f  o th e r  ch a ra c te rs  b es id es  conventional
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morphology and in te rb ree d in g  success were found to  be u se fu l 

in  d isc rim in a tin g  between the  s ib lin g  sp ec ies  o f  th ese  genera 

(Mayr, 1963; Dobzhansky e t a l . ,  1977)» Among th e  most im portant 

c h a ra c te rs  were breeding behaviour, karyotype, h a b ita t  and 

e le c tro p h o re tic a lly  determined genetic  s im ila r i ty  o f genotypes. 

The l a t e r  ch a rac te r  i s  e sp ec ia lly  im portant as d iffe re n c e s  in  

a l l  o th e r  t r a i t s  such as morphology, physiology and rep roduction  

should be re f le c te d  in  genetic  d iffe ren ces  i f  an adequate 

sample o f  the  genome i s  ob tained . A survey o f l i t e r a t u r e  shows 

th a t  th e  assumption th a t  e le c tro p h o re tic a lly  d e te c ta b le  i s o 

zyme v a r ia tio n  i s  a tru e  r e f le c t io n  o f g enetic  d i f f e r e n t ia t io n  

between popu la tions and sp ec ies , has been made by numerous 

in v e s tig a to rs , who have s tu d ied  lo c a l o r reg io n a l g enetic  

v a r ia t io n .

There a re  many in s tan c e s  where gene frequency data  o b ta ined  

by e le c tro p h o re tic  a n a ly s is  provides th e  main source o f evidence 

fo r  v a r ia t io n  w ith l i t t l e  o r no co n tr ib u tio n  a t  a l l  from 

m orphological, p h y s io lo g ica l o r  o th e r param eters (Manwell and 

Baker, 1963a; Manwell e t a l . ,  1967; Milkman and Beaty, 1970; 

Gooch and Schopf, 1971; Je ln e s  , 1971; Gooch e t  a l . ,  1972;

Synder and Gooch, 1973; Berger, 1975; B a tta g lia  and B iso l, 1975; 

Tracy e t a l . ,  1975; Ayala ^  , 1975; G rassle  and G rassle ,

1976; Marcus, 1977; R utherford . 1977; Theisen, 1978; Cole and 

Morgan, 1978; Chambers, 1978).

The f i r s t  example o f  th e  discovery o f s ib l in g  sp ec ies  by 

e le c tro p h o re s is  was th a t  o f  the  h o lo th u rian  Thyonella gemmata
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(Manwell and Baker, 1963a)* This spec ies  o f  sea-cucumber i s  

common in  the muddy sand f l a t s  a t  A lig a to r harbour, F lo rid a . 

While surveying the  haemoglobin o f T. gemmata, they found 

two very d if f e re n t  e le c tro p h o re tic  p a tte rn s  o f  haemoglobin.

C lose examination o f T. gemmata revealed  two ty p es. One 

v a r ie ty  i s  q u ite  scarce , has s l ig h t ly  le s s  tap e rin g  o r a l  

and abo ra l ends and possess th ic k e r  tube fe e t  w hile th e  

o th e r  v a r ie ty  which i s  common, i s  s l ig h t ly  th inner* These 

were id e n t i f ie d  as 's to u t*  and 'th in *  forms re sp e c tiv e ly .

The sp ic u le s , which a re  u su a lly  used fo r  sp ec ies  id e n t i f ic a t io n  

in  d if f e re n t  sp ec ies  o f sea-cucumber, were found to  be id e n t ic a l  

in  th ese  two forms. When the  two d if f e r e n t  p a t te rn s  o f 

e le c tro p h o re tic a lly  d e tec tab le  haemoglobin were c o r re la te d  

w ith  's to u t*  and ' th in ' forms, i t  was discovered th a t  both 

have d i s t in c t  and c o n s is te n t p a t te rn s .  The e le c tro p h o re tic  

d a ta  suggested th a t  th ese  two forms do not in te rb re e d  in  

n a tu re  although they l iv e  sy m patrica lly .

One p a r t ic u la r ly  w ell known case o f  s ib l in g  sp ec ies  i s  

th a t  o f  marine polychaete C a p ite lla  c a p ita ta  (F a b ric iu s ) , 

rep o rted  by G rassle  and G rassle  (1976). £ . c a p ita ta  i s  a 

sm all ben th ic  polychaete  and i s  regarded as a p o llu tio n  

in d ic a to r  sp ec ie s . I t  i s  a cosmopolitan sp ec ie s , and has 

been rep o rted  throughout most o f  th e  world from c o a s ta l w aters, 

o f te n  in  a reas  o f  high organic con ten t (Wass, 1967)* In  an 

ex tensive  study o f  £ . c a p ita ta  from New England, G rassle  and 

G rassle  (19?4, 1976, 1977) found th a t  they were r e a l ly  dea ling  

w ith  not one, but a t  l e a s t  s ix  d if f e re n t  spec ies  which were
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id e n t ic a l  m orphologically  but q u ite  d if f e re n t  in  isozyme 

p a tte rn  as  shown by s ta rc h  gel e le c tro p h o re s is . They found 

no more than  two a l l e l e s ,  out o f e ig h t lo c i  examined, were 

shared  in  any p a irw ise  com parision between th e  s ix  sp e c ie s . 

Differenct' in reproductive biology between the sibling 

sp ec ies  were discovered and d iffe re n c e s  were found in  th e  

number and s iz e  o f  th e  eggs produced and in  th e  v a r ia t io n  

in  th e  len g th  o f p lank ton ic  la rv a l  s tag es  in lab o ra to ry  

c u ltu re s .  Some o f th ese  forms appeared to  be more o p p o rtu n is tic  

than o th e rs , which questions th e  use o f  th i s  'spec ies*  

c o lle c t iv e ly  re fe r re d  to  as £♦ c a p ita ta  fo r  lab o ra to ry  

p o llu tio n  b ioassay  experim ents and as a f i e ld  in d ic a to r  

o f  p o llu tio n  (B ellan  e t a l . ,  1972; Beish, 1973).

The organism chosen fo r  the  p resen t study was Polydora 

c i l i a t a  (Johnston), a member o f th e  fam ily Spionidae and 

sub-fam ily  Spioninae. The genus Polydora, B occardia, T ripolydora 

and Pseudopolydora o f  sub-fam ily Spioninae comprise the  

po lydorid  complex (Fauchald, 1977)* in  which th e  f i f t h  segment 

i s  m odified and in c lu d es  sp e c ia liz ed  s e ta e . The genus Polydora 

i s  th e  la rg e s t  o f  th e  complex and th e  fam ily, con ta in ing  over 

70 sp ec ies  which a re  g en era lly  d is tin g u ish a b le  from each o th e r  

on th e  b a s is  o f  s e ta l  s tru c tu re , lo c a tio n  o f b ranchiae and 

h a b i ta t .

The s p e c if ic  id e n t i f ic a t io n  o f  P. c i l i a t a  has been under 

con sid e rab le  confusion ever s ince  i t  was described  by Johnston 

(1838) from c rev ices  o f  s la ty  rocks in  Berwick Bay, England.
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Easmussen (1973) has d iscussed  th e  sep a ra tio n  o f  c i l i a t a  

from c lo se ly  r e la te d  polydorids* He showed th a t  th e  c h a ra c te rs  

used fo r  sep a ra tio n  o f  the  species, l ik e  the  number o f 

m odified se ta e  on th e  f i f t h  segment, i s  not s ta b le ,  even in  

]P. c i l i a t a  from the  same reg ion . He, th e re fo re , suggested 

th a t  some o th e r  sp ec ies  o f  Polydora, such as £• l i g n i ,

P. w eb s te ri, P. c ir ro s a  and P. n u ch a lis  may prove to  be only 

v a r ie t ie s  o f P. c i l i a t a . More re c e n tly  Kendall (1980) rep o rted  

m orphological v a r ia t io n s  in  jP. c i l i a t a  and showed th a t  the  

m odified se ta e  o f  the  f i f t h  segment, a d iag n o stic  c h a ra c te r  

o f  th e  sp ec ie s , a re  no t co n s is te n t e i th e r  in  number o r  in  

shape, even in  a s in g le  in d iv id u a l. He id e n t i f ie d  h is  

po lydorid  as  P. c i l i a t a  by using F a u v e l 's  key (1927) but 

when he sought confirm ation  in  th e  key o f  Hartman-Schrbder 

(1971) a second id e n t i f ic a t io n ,  th a t  o f  lim ico la  (Annenkova) 

was ob ta ined , although he used th e  same specimen. When he 

t r i e d  to  reso lv e  th i s  d iscrepancy by sending th ese  anim als 

to  s p e c ia l i s t  taxonom ists fo r  id e n t i f ic a t io n ,  they were equally  

d iv ided  between those favouring P. c i l i a t a  and those  favouring 

P . l im ic o la . Kendall ( I 98O), however suggested th a t  £ .  c i l i a t a  

may be more c lo se ly  r e la te d  to  £ . lim ico la  than  £ .  l i g n i .

Polydora sp ec ies  such as *£. l i g n i ' (= P. c i l i a t a  

Pasmussen, 1973) have an o p p o rtu n is tic  l i f e  h isto ry*  (G rassle  

and G rassle , 1974). They a re  ab le  to  e x p lo it an open h a b ita t ,  

because o f  th e i r  high r a te  o f  production  and high d isp e rsa l 

a b i l i t y .  In  a d d itio n  to  i t s  o p p o rtu n is tic  n a tu re  and i t s  

proposed ro le  as  a p o llu tio n  in d ic a to r ,  Polydora sp ec ie s  a re
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im portant to  th e  commercial o y s te r  in d u s try . Unlike jP. w e b s te r i  ̂

and £ . c i l i a t a  which seek out o y s te rs  and burrow in to  th e i r  

s h e l ls ,  2# l ig n i  may s e t t l e  in  masses on top o f  an o y s te r  bed 

in  such numbers th a t  as the  worms grow and b u ild  la rg e r  tubes 

th e  e n t i re  o y s te r  bed may become buried  and the  o y s te rs  

smothered (Nelson and S tauber, 1941; Mortensen and G a ltso ff , 

1944).

In  s p i te  o f  i t s  commercial im portance and th e  confused 

s ta t e  o f  i t s  taxonomy, l i t t l e  has been done to  re so lv e  the  

problem by employing modern techniques. On th e  b a s is  o f 

morphology and popu lation  g en e tic s  (using  e le c tro p h o re tic  

technique) o f P. c i l i a t a  i t  i s  in tended to  a sse ss  the  degree 

o f  i n t r a  and in te r - s p e c i f ic  v a r ia tio n  th a t  i s  found o r th a t  

has occurred  in  t h i s  sp ec ies  complex. Relevant m orphological 

c h a ra c te rs  have been considered in  d e ta i l  u sing  a scanning 

e le c tro n  microscope s in c e ,in  p ra c tic e , i t  i s  th ese  ch a ra c te rs  

th a t  must be used to sep a ra te  spec ies  i f  se p a ra tio n  i s  

necessary . Gene frequencies  in fe rre d  from isozyme systems 

u sing  acrylam ide s lab  g e l e le c tro p h o re s is  have been compiled 

fo r  each eekah popu la tion  and used to  c a lc u la te  g en e tic  d is tan ce  

and g en e tic  id e n t i ty  between pop u la tio n s.

Evidence from th e  above observ a tio n s  combined w ith  o th e r  

in fo rm ation  a v a ila b le  in  published  re p o rts  i s  in co rp o ra ted  to  

produce an overview o f in t r a  and in te r - s p e c i f ic  v a r ia t io n .

In  ad d itio n  to  Polydora sp ec ies , o th e r  po lychaetes, l ik e
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N ereis d iv e re ic o lo r , £ . fu c a ta , N,. v iren s  euid A renicola marina 

were a lso  in v e s tig a te d  e le c tro p h o re tic a lly . I t  i s  su rp r is in g  

in  the  l ig h t  o f  the  abundance in  the  marine environment and 

th e i r  v a r ie ty  o f  ad ap ta tio n s, th a t  more po lychaetes have 

no t been used in  population  g en e tics  s tu d ie s . From 27 non

in s e c t  in v e r te b ra te  spec ies  l i s t e d  by Nevo (1978) which have 

been analyzed by population  g e n e tic is ts ,  none were polychaetes,
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SECTION I
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Polydora c i l i a t a  complex ^

(A l i t e r a tu r e  review)

System atica :

The type sp ec ie s  o f  the  genus Polydora was described  

by Bose in  l802 as P. com uta  from Charleston» South Carolina* 

B ose 's  d e sc rip tio n  was s u p e r f ic ia l  and i t  i s  alm ost im possible 

today to  determ ine the  species» hence th e  type sp ec ies  o f 

Polydora ig  indeterm inable (Blake, 1971). The genus Polydora 

Bose has been under considerab le  confusion and o th e r  genera 

such as B occardia» C arazzia and Pseudopolydora have on more than 

one occasion  been brought out o f synonymy and used as genera 

o r  subgenera* The major system atic trea tm en ts  o f  the  po lydorids 

in c lu d e  those o f  C arazzi (1895)» Mensil ( I 896)» S'dderstrtim 

( I 92O)* Fauvel (1927), Okuda (1937), Hartman (19^1), Berkeley

and Berkeley (1952), K irkegaard (1959)» Day ( I 967) ,  Blake
/ /

(1969a» 1971)* F o s te r  (1971a), Hartman-Schrbder (1971) and 

R ainer (1973)•

S p ec if ic  d iagonosis in  some cases i s  more confusing . New 

sp ec ie s  have been described  on th e  b a s is  o f  a few specimens, 

sometimes in  poor condition* For in s tan c e , L ight ( I 969) 

d escribed  n a r ic a  as  a  new spec ies  on th e  b a s is  o f  a s in g le  

specimen. S im ila rly  th e  s in g le  specimen on which W ebster’s  (1879) 

d e sc rip tio n  was based about jP* caeca i s  not known to  e x is t  

and th e  d e sc rip tio n  i t s e l f  i s  fa u lty  and m isleading  ( Loosanoff 

and Engle, 19^3). V e r r i l l  ( I 880) e rec ted  four sp ec ies  o f
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Polydora but f a i le d  to  provide adequate d e sc rip tio n s  and 

fig u re s  except fo r  P. concharum* P. g r a c i l i s  V e r r i l l  and 

jP. tu b ife x  V e r r i l l  were described  but never figured* L a te r 

on, in  1944, Hartman published  a number o f  V e r r i l l* s  p la te s  

co n ta in in g  f ig u re s  o f  P* concharum and P. l l t t o r e a , a nomen 

nudum* £* g r a c i l i s  V e r r i l l  was however described  as a 

synonym o f P* c i l i a t a , l a t e r  by C arazzi (1895)*

Polydora hamata and P. caeca were described  by Webster 

(1879) fo r  th e  f i r s t  tim e. P. hamata was re fe r re d  to  

Boccardia by Blake (1966) and P̂ . caeca was renamed by Hartman 

(194)) as  2" v e b s te r i* R ecently, Rasmussen (1973) suggested 

th a t  th i s  2* v e b s te r i  (Webster) may be a synonym o f  2* c i l i a t a  

(Johnston)* Rasmussen (1973) a lso  suspected  th a t  2* c i l i a t a  

(Johnston) and 2« l ig n i  Webster a re  not two d i s t in c t  sp e c ie s . 

More re c e n tly  Kendall ( I 98O), w hile surveying th e  fauna o f  Seal 

Sands, a m ud-flat in  th e  estuary  o f th e  r iv e r  Tees, n o rth  e a s t 

England, found 2* lim ico la  Annenkova, bu t due to  considerab le  

v a r ia t io n  he lumped i t  w ith 2* c i l i a t a  (Jo h n sto n )* He 

in v e s tig a te d  various popu la tions o f 2* c i l i a t a  in c lu d in g  

lim ico la  and l ig n i  forms, and on the  b a s is  o f  morphology he 

sp ecu la ted  th a t  lim ic o la  and c i l i a t a  a re  forms o f  th e  same 

h igh ly  v a r ia b le  sp ec ie s . P. lim ico la  was o r ig in a l ly  described  

as  a sub -species  o f 2* c i l i a t a  by Annenkova (1934) bu t Hartman 

(1961) e lev a ted  i t  to  spec ies  rank. This sp ec ies  i s  a lso  

c lo se ly  r e la te d  to  2* aggregata Blake. Blake now b e lie v e s  th a t  

P. aggregata i s  probably the  same as 2« lim ico la  o r a t  the  

most only a su b -sp ec ies  (personal communication).
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Morphology ;

F igure 4 i s  a g en era lized  diagram o f  a Polydora» The 

m orphological c h a ra c te rs  which have been and a re  s t i l l  being 

used fo r  taxonomic purposes can be d iv ided  in to  's e ta l*  and 

!non-setal*  c h a ra c te rs .

Among th e  s e ta l  ch a ra c te rs , the  m odified s e ta e  o f  the  

f i f t h ,  en larged , segment i s  considered as th e  most im portant 

m orphological c h a ra c te r . In  P. c i l i a t a  and c lo se ly  r e la te d  

sp ec ies  th i s  ch a rac te r  has been found most c o n tro v e rs ia l. 

T yp ica lly , a s e r ie s  o f heavy o r m odified sp ines i s  p resen t 

on th e  l a t e r a l  s id e  o f the  f i f t h  segment and i s  accompanied 

by 'companion s e ta e '.  The heavy sp ines u su a lly  have a sub- 

d i s t a l  to o th  o r p ro je c tio n  o f varying s iz e  and shape. In  

a d d itio n  to  th ese  th e re  a re  o th e r bundles o f se ta e  on the  

f i f t h  segment. These a d d itio n a l se ta e  a re  lo ca te d  a n te r io r  and 

d o rsa l (no to se tae) o r p o s te r io r  and v e n tra l (neurosetae) o r  

both  r e la t iv e  to  heavy sp ines (F igure 19).

The o th e r  im portant s e ta l  c h a rac te r  i s  th e  presence o r 

absence o f  n o to se tae  in  th e  f i r s t  segment. The f i r s t  segment 

has w ell formed p arapod ia l lobes, but only neurosetae  a re  

p re sen t in  P. c i l i a t a  and c lo se ly  r e la te d  sp ec ie s , a lthough 

they have a w ell developed notopodial lobe . O ther sp ec ies , 

l ik e  P. s o c ia l i s , P. f la v a  and P. concharum have both  neuro- 

and n o to se tae  on th e i r  f i r s t  segments. The occurrence o f 

b id e n ta te  hooded hooks i s  a lso  considered an im portant c h a ra c te r
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F ig u re  4 .Diagram showing the m orphological fe a tu re s  o f a

g en e ra liz ed  P olydora. 1 . a n te r io r  and p o s te r io r  end 

in  d o rsa l view, 2. heavy sp in es  o f  f i f t h  segment,

3 . neuropod ia l hooded hook, 4 . companion s e ta e  o f  

f i f t h  segment and ) .  p o s te r io r  no topod ia l s e ta e .

(a) p a lp , (b) eye, (c) 1 s t n o to p o d ia l lobe ,

(d) n eu ro se tae , (e) nuchal an tenna, ( f )  c a ru n c le ,, 

(g) f i f t h  segment, (h) heavy sp in e , ( i )  n o to se ta e ,

( j )  b ran ch ia , (k) n o to se tae , (m) pygidium.
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fo r  th e  d isc rim in a tio n  o f sp ec ies . These u su a lly  s t a r t  from 

th e  ? th  segment in  P. c i l i a t a  complex w hile in  commensalis 

th ese  s t a r t  from th e  10 -  17 segments (Blake, 1971). The 

number o f  hooded hooks v a r ie s  from segment to  segment w ith in  

an in d iv id u a l. The sh a f t o f the  hooded hook has a c o n s tr ic t io n  

in  P. c i l i a t a  complex but i t  i s  lack ing  in  o th e r  sp ec ies  l ik e  

s o c ia l i s t te tra b ra n c h ia  and commensalis • The n o to se tae  on

the posterior most segments are sometimes modified and therefore,

constitute an important taxonomic character. In P. c ilia ta

complex these  se ta e  a re  sim ple c a p i l la r ie s  and not m odified, 
in

w h ile /q u ad rilo b a ta  and hoplura these  a re  m odified as awl- 

shaped and f a lc a te  sp ines re sp e c tiv e ly  (Blake, 1971» Bead, 1975).

The n o n -se ta l ch a ra c te rs  which are  g en era lly  h e ld  to  be 

o f  taxonomic im portance in  Polydora a re : 1) the  presence o r 

absence o f a nuchal antenna on the  caruncle , 2) the  p o s te r io r  

ex ten t o r  len g th  o f  the  caruncle , 3) th e  number o f  eyes on 

th e  prostomium, 4) the  presence o f  pigm ents, e sp e c ia lly  in  the  

a n te r io r  reg ion , 3) the  f i r s t  segment to  bear b ranchiae and 

6) the shape o f the  pygidium. These n o n -se ta l ch a rac te rs  

along w ith  s e ta l  c h a ra c te rs  a re  summarized in  ta b le  2 fo r 

P .c i l i a t a  and th e  o th e r  c lo se ly  r e la te d  sp ec ies  o f  th e  complex.

L ife  h is to ry  :

D e ta iled  d e sc rip tio n s  o f the  development o f  the  gametes
/ •  f  '

in  po lydorid  worms a re  given by SCJderstrOm (1920) and D orsett 

( 1961) .  The gametes in  £ .  c i l i a t a  f i r s t  become v is ib le  in  worms



79



Table 2. Some taxonomie c h a ra c te rs  o f  P. c i l i a t a  (Johnston) 

and c lo se ly  r e la te d  sp e c ie s . The c h a ra c te rs  a re :

1. f i r s t  segment n o to se tae

2. number o f  heavy sp in es  ( f i f t h  segment)

3* s u b -d is ta l  p ro je c tio n  on the  heavy sp ine

4. companion s e ta e  ( f i f t h  segment)

3» n o to se tae  on th e  f i f t h  segment 

6 . n eu ro se tae  on th e  f i f t h  segment 

7* number o f  segment b earin g  1 s t  hooded hook 

8. c o n s tr ic t io n  on s h a f t  (hooded hook)

9* m odified p o s te r io r  n o to se tae

10. pigm ents on th e  a n te r io r  reg ion

11. number o f  eyes

12. nuchal antenna

13* number o f  segments covered by caru n c le  

l 4 .  shape o f  pygidium
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Ch. sp ec ies  o f Polydora

No. c i l i a t a v e b s te r i n u ch alis lim ico la aggregata

1. absent absent absent absent absent absent

2. 7 o r 
l e s s

6 8 - 1 2 7 8 - 1 5 8 - 1 5

3- d i s t in c t  flange 
to o th

sm all
to o th

no
to o th

sm all
to o th

sm all
e le v a tio n

4. sp a tu -
l a t e

sp a tu -
l a t e

p e n ic i-
l l a t e

sp atu -
l a t e

sp a tu -
l a t e

sp a tu -
l a t e

5. p resen t p re sen t absent p resen t p resen t p resen t

6. p resen t p re se n t absent p resen t p re sen t p resen t

7. seven seven seven seven seven seven

8. p resen t p re sen t p resen t p resen t p resen t p resen t

9. absent absen t absent absent absent absent

10. absent absent absent absent p re sen t p resen t

11. 0 - 4 0 - 4 4 2 0 - 4 4

12. absent absen t p resen t p resen t absen t absent

13. 1 o r 2 3 3 o r 4 2 2 o r 4 2

14. d isc d isc d isc d isc d isc d isc
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o f 40 -  45 segments and a re  found in  segments 7 -  10 in c lu s iv e * \ 

Gametes a r i s e  from th e  peritoneium , ju s t  in s id e  th e  v e n tra l epithelium  

and m igrate to  th e  gonads where they remain u n t i l  they reach  a s iz e  o f 

20 -  50 pm in  d iam eter. They a re  then re le a se d  in to  the  

coelom by th e  ru p tu re  o f  the  epithelium  covering the gonads and 

a re  tra n sp o rte d  p o s te r io r ly  to  the reg ion  o f  m atura tion .

A fte r  m atu ra tion , th e  gametes a re  re le a se d  through m odified 

n ep h rid ia  which serve  as sperm and oviduct in  male and 

female re sp e c tiv e ly .

According to  D orse tt ( I 96I)  and Blake (1969b) in c re a se  

in  tem perature i n i t i a t e s  spawning o f Polydora sp ec ie s .

However, th e  spawning p eriods a re  v a r ia b le , and depend on 

th e  sp ec ies  o f  Polydora and geographical reg io n . For in s ta n c e ,

£• c i l i a t a  from K iel (Germany) spawn from October to  A pril 

w ith  a maximum spawning in  Ju ly , w hile P̂ . c i l i a t a  from 

Plymouth (England) spawn from January to  October w ith  

maximum spawning in  March (Thorson, 1946). G enerally  those 

sp ec ies  th a t  have a long p lank ton ic  phase l ik e  P. c i l i a t a  

(Daro and Polk, 1973» Dorsett» 1961; Wilson, 1928), P. l ig n i  

(W atling, 1975) and JP. v e b s te r i  (Blake, 1969b) have a spawning 

p e rio d  in  sp rin g  o r  ea rly  summer, though they may have a 

secondary spawning in  autumn. On th e  o th e r  hand those  sp ec ies  

th a t  have a sh o rt p lank ton ic  phase l ik e  P̂ . hoplura (Wilson,

1928) ,  P. n u ch a lis  (Woodwick, I 96O) and £ .  q u ad rilo b a ta  

(B lake, 1969b) o f te n  spawn in  l a t e  autumn o r ea rly  w in te r.

In  P. c i l i a t a  i t  i s  thought th a t  fem ales only lay  eggs
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in  the  presence o f  a r ip e  m£ile* The spermatozoa a re  re le a se d  

in to  the  w ater where they fin d  th e i r  way to  the  burrow o f 

th e  female and a re  c a r r ie d  in  w ith the  r e s p ira to ry  c u rre n t. 

S ince th e  eggs a re  surrounded by an egg capsu le , f e r t i l i z a t i o n  

tak es  p lace  by the  sperm p en e te ra tin g  the  capsule (D o rse tt, 

1961) .  Protandry and neoteny have been rep o rted  fo r  

JP. herm aphroditica (Bannerz, 1956) and JP. n u ch a lis  (Woodwick, 

i 960) .  A re c ip ro c a l t r a n s f e r  o f sperms occu rs  between two 

p ro ta n d ric  males 2* n u ch a lis  and sperms a re  s to re d . These 

sperms f e r t i l i z e  the  eggs which develop in  th e  l a t e r  female 

s tag e  (Woodwick, I960).

The f e r t i l i z e d  eggs develop in s id e  the  capsu le . There 

a re  two main types o f  egg development. The f i r s t  i s  

exam plified  by P. c i l i a t a  in  which alm ost a l l  o f  i t s  eggs 

in  th e  capsu le  develop in to  la rv a e . These la rv a e  hatch  a t  

about th e  th re e  s e t ig e r  s tag e  and have a long p lank ton ic  

phase (Wilson, 1928; D o rse tt, I 96I ) .  The second type o f  

egg development i s  exam plified by P. hoplura in  which only 

a sm all p ro p o rtio n  o f  i t s  eggs, u su a lly  le s s  than one in  

ten , develops in to  a larva* The o th e r eggs, nurse eggs, a re  

used as  food by the developing la rv a e . This type o f  feeding 

i s  known as ’adelophagia ' (Wilson, 1928) and i t  allow s la rv a e  

o f  P. hoplura to  remain w ith in  the  p ro te c tiv e  brood longer 

than 2* c i l i a t a  la rv a e . 2* hoplura , th e re fo re , pass through 

a sh o rt p lank ton ic  phase, i f  any, befo re  s e t t l i n g  and meta

morphosing. 2" q u ad rilo b a ta  has both types o f development, 

depending on i t s  geographical reg ion , a fe a tu re  known as
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•poecilogony' (Blake, 1969b).

2" c i l i a t a  and 2» commensalis may have a p e lag ic  phase 

as  long as s ix  weeks (D o rse tt, I 96I  and H a tf ie ld , I 965, 

re sp e c tiv e ly )I  and th e i r  la rv ae  can be c a r r ie d  over g re a t 

d is tan ce s ,b y  w ater c u rre n ts . Hannerz (1956) estim ated  th a t  

la rv a e , such as 2* c i l i a t a  and 2* commensalis, th a t  spend a 

month o r  more in  th e  plankton could be c a r r ie d  away more 

than  670 k ilo m eters  from th e i r  brood tubes by c u rre n ts  w ith 

a speed as  low as 1 kno t. In  2* hoplura th e  p e lag ic  phase 

may may be as sh o rt as a few hours and may even be gmmitted 

(W ilson, 1928) and i t  i s  obvious th a t  the  la rv a e  a re  not 

c a r r ie d  f a r  from th e i r  brood tubes.

The development o f  Polydora la rv ae  have been d e a lt  w ith  

in  d e ta i l  by Wilson (1928), Hannerz (1956, I 96I )  and Blake 

(1969b ) . Larvae o f  many Polydora sp ec ies  e x h ib it h a b ita t  

s e le c t io n  and they search  fo r  a s u ita b le  substratum  on which 

to  s e t t l e  (W ilson, 1928; D o rse tt, I 96I ,  Blake, 1969b). Some 

sp ec ie s  l ik e  2* f la v a  which s e t t l e s  only in  the  presence o f  

Lithothamnium c ru s ts ,  a re  sp e c if ic  in  th e i r  search  fo r  a 

permanent home. O thers, such as 2* c i l i a t a  which s e t t l e s  on 

a wide v a r ie ty  o f  s u b s tra ta , a re  le s s  s p e c if ic  in  th e i r  

requirem ents (Hannerz, 1956). Many fa c to rs  d ire c t  Polydora 

la rv a e  to  a s u ita b le  h a b ita t ,  o r  induce metamorphosis once 

a s iu ta b le  h a b ita t  i s  reached. The c le a r e s t  in d ic a tio n  to  the 

la rv a e  o f  th e  s u i t a b i l i t y  o f a substratum  fo r  se ttlem en t i s  

th e  p resence o f a d u lts  o f  the  same sp e c ie s . I t  i s  th e re fo re .
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not su rp r is in g  th a t  some po lydorid  la rv a e  such as 2* c i l i a t a  

p re fe r  s e t t l i n g  near 2* c i l i a t a  a d u lts  (Blake, 1969b; K iselva , 

1967) .  Many Polydora sp ec ies  a re  ab le  to  delay metamorphosis 

u n t i l  they f in d  a s u ita b le  substratum , and th ese  inc lude  

2" c i l i a t a  (D o rse tt, I 96I ;  Wilson, 1928), 2* commensalis 

(H a tf ie ld , 1965), 2* f la v a , 2* caeca, 2* liK&i and 2* herma

p h ro d itic a  (Hannerz, 1956). A fter metamorphosis, the  Polydora 

grow mainly by in c re a s in g  th e i r  segment number. 2* c i l i a t a , 

which s e t t l e s  a f t e r  about th re e  weeks in  th e  plankton  when 

i t  has reached I 6 segments, may grow a t  th e  r a te  o f  one 

segment p e r day. I t  may lay  eggs about th re e  weeks a f t e r  

se ttle m en t, when i t  has reached fo rty  segments. Thus 2* c i l i a t a  

may complete i t s  l i f e  cycle  w ith in  s ix  weeks. 2* c i l i a t a  may 

j, la y  a second batch  o f  eggs two weeks a f t e r  th e  f i r s t  batch , 

bu t then  i t  u su a lly  d ie s  (Daro and Polk, 1975)*
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MATERIALS AND METHODS

C o llec tio n  and maintenance o f worms :

Samples o f  th re e  d if f e re n t  spec ies  o f  Polydora were 

c o lle c te d  from th e  i n t e r t i d a l  zone o f  v arious l o c a l i t i e s  o f  

England and Wales (F igure 5)« Nine popu la tions o f  2* c i l i a t a  

and one popu la tion  each o f  2* liK%i and 2* lim ico la  were 

sampled. 2» c i l i a t a  was c o lle c te d  from a v a r ie ty  o f  h a b i ta ts  

such as  rock, s h e ll ,  lim estone and mud f l a t .  The id e n t i f ic a t io n s  

were confirmed by use o f  th e  key devised by Hartman-SchrtJder 

(1971) .  Data on lo c a l i ty  and type o f  substratum  a re  summarized 

in  Table 3*

Live worms were tran sp o rted  to  th e  lab o ra to ry  where they were 

kep t in  tanks in  th e  aquarium a t  10 -  15°C. These tanks were 

provided w ith c irc u la te d  a r t i f i c i a l  sea w ater o f  52° / o o  s a l in i ty  

and w ith  a e ra tio n . Polydora se rv iv e  sev e ra l weeks in  th e  tanks i f  

l e f t  in  th e i r  burrows. Worms were hand so rte d  from th e  mud as 

needed. S h e ll and lim estone were cracked w hile sm all p ieces  o f 

rock were put in  0.059^ (w/v) so lu tio n  o f  phenol in  sea w ater to 

remove th e  worms from th e i r  burrows.

Polyacrylam ide gel e le c tro p h o re s is  :

Sample p re p a ra tio n  : Each worm, w ith  th e  gut c lea red , was 

homogenised in s id e  a m icrocen trifuge tube by in s e r t in g  a 

g la ss  rod a ttach ed  to  an e le c t r ic  motor and moving th e  g la ss  

rod up and down in  th e  tube. A homogenisation m ixture was made
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F igu re  5* Map showing lo c a tio n s  o f  Polydora pop u la tio n s  sampled.

1 . Tees e s tu a ry , 2. Robin Hood's Bay, 3* V h its ta b le  

4. Dumpton, 5* Torbay, 6. Plymouth, 7* P e te rs to n e  

Wentlooge, 8. S u lly  (Swanbridge Bay), 9* Barry (F r ia r s  

p o in t) ,  10. New B righton, 11. Hale, Mersey r iv e r .
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100 Miles 

160 Km.

•  P-ci l iata  
0 E: ligni 
■ P. limicola
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up o f  40^ sucrose  in  e lec tro d e  b u ffe r , t r i s -g ly c in e ,  pH 8 .3  

(Appendix I )  and 20 -  100 p,l so lu tio n  were used depending 

on th e  s iz e  o f  the  worm. Homogenisation was c a r r ie d  out in  

an ic e  b a th  and stopped a f t e r  every two o r th re e  m inutes to  

avoid lo c a l  h ea tin g  due to f r i c t io n .  Homogenates were s to re d  

in  a deep freeze  a t  -20°C u n t i l  req u ired  fo r  enzyme assay .

Pooled samples e f  d if f e re n t  popu la tions were a lso  prepared . 

Twenty worms from the same popu la tions were pooled and weighed. 

An equal amount o f  hom ogenisation m ixture was added and 

hom ogenisation was then c a r r ie d  ou t in  a 15 ml c e n tr ifu g e  

tube, as described  above. A liquots were kep t a t  -20°C u n t i l  

needed fo r  enzyme assay .

S lab -g e l p re p a ra tio n  : Stock so lu tio n s  which were used 

in  p rep arin g  7*55  ̂ and 15^ acrylam ide g e ls  a re  described  in  

Appendix I .  A g e l- s la b  c a s tin g  apparatus and a ge l c a s s e t te  

k i t  su pp lied  by Pharmacia F ine Chemicals were used fo r  s e t t in g  

th e  g e ls .

The req u ired  number o f gel c a s s e t te s  (82 x 82 mm) were 

p repared  and p laced  in  the  ap p ro p ria te  compartment o f th e  

g e l c a s tin g  ap p ara tu s. Exact amounts o f  stock  s o lu tio n s  were 

mixed in  a 250 ml vacuum f la sk  and 10 to  20 anti-bum ping 

g ranu les  o r g la ss  p ieces  were added. The so lu tio n  was deaerated  

w ith  th e  help  o f  a ro ta ry  vacuum pump fo r  5 to  10 m inutes o r 

u n t i l  bubbles cease to  come o u t. The deaerated  m ixture was 

g en tly  poured down the  gap between th e  c a s s e t te s  and th e  s id e
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w all o f  th e  c a s tin g  appara tus, tak in g  care  to  avoid bubble 

form ation. I f ,  however, bubbles formed, they were d islodged 

by g en tly  tapping  the  appara tus.

A ll g e ls  were poured the  day befo re  th e i r  in tended use 

and were precooled  in  a r e f r ig e ra to r  p r io r  to th e  e lectropho

r e s i s .

E le c tro p h o re tic  run : The Pharmacia ge l e le c tro p h o re s is  

appara tus GE-4 was used in  th e  p resen t study . E lec tro p h o res is  

was perform ed a t  low tem perature (8 -  10®C) fo r  3 Î and 4J 

hours fo r  7*5^ and 15^ acrylam ide g e ls  re sp e c tiv e ly . E lec trode  

b u ffe r  and ge l were p recooled  in  a r e f r ig e r a to r .  During 

e le c tro p h o re s is  cooled w ater was c irc u la te d  through the  

coo lan t c i r c u la t io n  p la te  o f  th e  apparatus by means o f a 

Grant flow c o o le r . A Shandon power pack was employed to  supply 

a constan t c u rre n t o f  8mA per s lab  fo r  the  f i r s t  f i f te e n  

m inutes and then l6mÂ p er s la b  fo r  the  r e s t  o f  th e  run .

The e le c tro d e  b u ffe r  used was t r i s -g ly c in e ,  pH 8 .3  

(Appendix I )  and th i s  was d ilu te d  ten  tim es befo re  use and 

was used once o n ly . As many as 4 s la b s  were run a t  a tim e.

Each s la b  had s ix  w e lls  and was loaded w ith  s tandard  p ro te in  

amd f iv e  sam ples. U sually 20 -  50 p i  samples were ap p lied  by 

means o f  a Terumo micro sy rin g e . A fte r the  run was completed 

g e ls  were s l ic e d  in to  th re e  s l ic e s  by using  a g e l s l i c e r  and 

a s l ic in g  frame. The p o r tio n  o f  the ge l con ta in ing  standard  

p ro te in  was cu t and developed sep a ra te ly  fo r  p ro te in , w hile
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th e  s l i c e s  were used to r  th re e  d if f e re n t  enzyme assays. The ^

worm homogenate was sometimes ap p lied  on two d if f e re n t  ge l 

s la b s . Thus as  many as  s ix  d if f e re n t  enzyme assays could be 

ob ta in ed  from an in d iv id u a l worm.

Two in te rn a l  s tan d a rd s , h o rse -h ea rt myoglobin (Type I I I )  

and h o rse -sp lecn  f e r r i t i n  (Type I )  supp lied  by Sigma Chemical 

Co, were used (Johnson, 1971)* The f e r r i t i n  and myoglobin 

r a t io  on 7 * ^  g e l was 5.25 + 0 . l8  (S.D. )• No measurements 

were made on g e ls  fo r  which th i s  r a t io  was o u ts id e  o f  th e  

range 5*1 -  5*4. Enzyme m o b ilit ie s  were measured w ith  

re fe ren c e  to  myoglobin which was given a nominal m ob ility  

o f  100. In  159̂  acrylam ide g e l, which was used fo r  sep a ra tin g  

ac id  phosphatase bands, only myoglobin was run as the  

s tan d ard  p ro te in .

Gels were developed fo r  th e  enzymes l i s t e d  in  Table 4. 

S ta in in g  procedures were adapted from Shaw and Koen ( I 968) 

and Shaw and P rasad  (1970). These methods a re  o u tlin e d  in  

Appendix I I .  A fte r  th e  appearance o f the  enzyme bands, the  

re a c tio n  was stopped by washing the  ge l w ith  d i s t i l l e d  w ater 

and adding a f ix in g  s o lu tio n  (7^ a c e tic  a c id ) .  Most g e ls  

keep th e i r  o r ig in a l  appearance fo r  many months follow ing 

t h i s  f ix a t io n .  However, w ith  s ta in s  using  NET o r MTT (p 272) 

th e  bands s t a r t  to fade a f t e r  a few weeks.

A Pharmacia s la b  ge l d r ie r  was used to  dry some o f the  

g e ls  in  th e i r  o r ig in a l  shapes fo r  a permanent reco rd .
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Lipiht microscopy :

Polydora were n a rc o tiz e d  in  7-55'o magnesium ch lo rid e  

so lu tio n  and f ix e d  in  4^ form alin  in  sea w ater, befo re  

t ra n s fe r r in g  them to  a lcoho l fo r  s to rag e . They were 

then mounted in  lac to p h en o l in  which they were allowed to 

c le a r  fo r  2 - 1 0  days. Worms were examined under a Z eiss 

photom icroscope, fo r  the  v a r ia b i l i ty  o f th e i r  morphological 

c h a ra c te rs .

Scanning e le c tro n  microscopy :

Worms from each popu la tion  were prepared fo r  examination 

w ith  a scanning e le c tro n  m icroscope. Worms were re lax ed  and 

fix e d  as  above. Specimens were dehydrated to  ab so lu te  a lcoho l 

and then  ace tone . A ll worms were then c r i t i c a l - p o in t  d rie d  

in  a Polaron dry ing  apparatus* In d iv id u a ls  were mounted on 

aluminium s tu b s  covered w ith  double s ided  s tic k y  tape and 

coated w ith  gold in  a Polaron cool s p u tte r  c o a te r . Samples 

were examined on a Cambridge S4-10 scanning e le c tro n  micro

scope and photographed.
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Table 4 . L is t  o f  enzymes assayed fo r  11 p o pu la tions o f  Polydora 

( 2 '  c i l i a t a , JP. l i g n i , lim ico la  ) .

Enzymes Locus M/P

Acid phosphatase ACP-2 M/P

ACP-3 M

ACP-4 M

E ste ra se EST-2 P

EST-3 M/P

G lucose-6-phosphate dehydrogenase G6PD M

M alate dehydrogenase MDH-1 M

MDH-2 M

Malic enzyme ME-1 M

ME—2 M

ME-3 M

Phosphoglucosc isom erase PGI M/P

Xanthine dehydrogenase XDH M

L ac ta te  dehydrogenase LDH* *

I s o c i t r a t e  dehydrogenase IDH* *

Peroxidase POX* $

Tétrazolium  oxidase TO* *

♦pooled sample had to  be used because o f  th e i r  low a c t iv i ty .
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RESULTS

Morphology t

The m orphological c h a rac te rs  which a re  g en era lly  

considered  to  be o f  taxonomic im portance in  JP. c i l i a t a  were 

compared between th e  n ine  p o p u la tio n s. The m orphological 

c h a ra c te rs  o f  P. l ig n i  and P. lim ico la  were a lso  s tu d ied  

and th ese  two sp ec ie s  were compared w ith  P. c i l i a t a .

H artm an-S chrader's  (1971) key was used fo r  th e  

id e n t i f i c a t io n  o f  sp e c ie s . The c h a ra c te rs  s tu d ied  inc lude:

(1) th e  p resence o r  absence o f  se ta e  in  the  notopodium o f 

th e  f i r s t  segment, (2) th e  n a tu re  o f th e  s e ta e  o f  th e  f i f t h  

en larged  segment, (3) the  number and shape o f  neuropodial 

hooded hooks, (4) the  shape o f th e  se ta e  in  p o s te r io r  

notopodia, (5) th e  number o f  eyes on th e  prostomium, (6) the  

p resence o r  absence o f  a nuchal antenna on th e  caruncle ,

(7) the  p resence o r  absence o f  pigments in  the  f i r s t  four 

segments, ( 8 ) th e  le n g th  o r  p o s te r io r  ex ten t o f  th e  caruncle , 

(9) th e  f i r s t  segment to  bear b ranch ia , (10) the  f i r s t  

segment having neuropodial hooded hooks and (11) the  shape 

o f  th e  pygidium.

Each o f  th e  above c h a ra c te rs  i s  defined  below and compared 

between a l l  p o p u la tio n s . Some o f  th ese  ch a ra c te rs  were found 

to  be c o n s is te n t  bo th  w ith in  and between p o pu la tions and are  

d escribed  below as 'monomorphic c h a ra c te r s ' w hile o th e r 

c h a ra c te rs  which were found to  be v a r ia b le  a re  described
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under th e  heading o f  'polymorphic c h a rac te rs* . Although i t  

was p o ss ib le  to  sco re  each o f  the  above ch a rac te rs  by the 

use o f a compound microscope, the  scanning e lec tro n  m ic ro - . 

scopy was u se fu l in  d efin in g  sev e ra l o f  th e  above mentioned 

s tru c tu re s ,  p a r t ic u la r ly  th e  se ta e  o f  the  f i f t h  enlarged 

segment.

Monomorphic c h a rac te rs  :

S evera l o f  the  fe a tu re s  analyzed showed no v a r ia t io n  

w ith in  o r  between p o p u la tio n s. These include the  absence o f 

n o to se tae  in  th e  f i r s t  segment. The f i r s t  segment had 

parapodia w ith  w ell developed notopodial lobes in  a l l  the  

eleven p o p u la tio n s  s tu d ied  but no one in d iv id u a l was observed 

w ith  n o to se tae . Only neurosetae  were p resen t (F igure 6 ) . No 

v a r ia t io n  was observed in  the  p o s it io n  o f neuropodial hooded 

hooks, which began in  th e  seventh segment (F igure ?)• The 

shape and s tru c tu r e  o f  the  hooded hook was s im ila r  in  a l l  the 

popu la tions in v e s tig a te d  and no in t r a  o r in te r s p e c i f ic  

v a r ia t io n  was observed. F igure 8 shows a ty p ic a l  neuropodial 

hooded hook, as seen by scanning e lec tro n  m icroscope, w hile 

F igu r 9 shows a neuropodial hooded hook, as seen by a 

compound microscope a f t e r  c le a r in g  w ith  lac to p h en o l. Each 

neuropodial hooded hook had a b i f id  t i p  w ith  th e  main fang 

s l ig h t ly  acu te  to  th e  s h a f t .  A c o n s tr ic t io n  and curve were 

prominent on th e  s h a f t .  The number o f the  neuropodial hooded 

hooks p er segment v a ried  from sp ec ies  to  sp ec ies  and from 

po p u la tio n  to  po p u la tio n  and th i s  w il l  be described  l a t e r  on.



96

The presence o f  only c a p il la ry  se ta e  in  th e  notopodium 

o f  th e  parapodia o f  th e  p o s te r io r  segments and th e  p o s itio n , 

o f  th e  b ran ch iae , which f i r s t  appear on th e  seventh  segment, 

were a lso  found c o n s is te n t w ith in  and between a l l  the  

p o p u la tio n s  studied* The shape o f  th e  pygidium was always 

d is c - l ik e  in  a l l  p o p u la tio n s  although s l ig h t  d iffe re n c e s  

were observed in  th e  shape o f  th e  d isc  (F igure 10)• With the  

exception  o f  th e  lim ic o la  popu la tion , a l l  o th e r  popu la tions 

lacked  p igm entation  in  th e  a n te r io r  reg ion , e sp e c ia lly  in  

th e  f i r s t  four segments* Not a s in g le  in d iv id u a l o f  th e  

JP* lim ic o la  p o p u la tio n  ( n = 50 ) was found w ithout b lack 

pigm ents (F igu re  11).

Polymorphic c h a ra c te rs  :

The number o f  eyes p resen t on the  prostomium a re  

p resen ted  fo r  each popu la tion  in  F igure  12. Each o f th e  n ine 

p op u la tio n s  o f  c i l i a t a  d isp layed  considerab le  v a r ia tio n  

in  number o f  eye s p o ts . The Plymouth, Barry and Bully 

p o p u la tio n s  had th e  h ig h est incidence o f  in d iv id u a ls  w ith  

no eye sp o ts  a t  a l l .  The m ajo rity  o f  in d iv id u a ls  in  each 

p o p u la tio n  had two eye sp o ts , except th e  V h its tab le  and 

Hale p o p u la tio n s  in  which case th e  m ajo rity  had fou r eye 

sp o ts . P. l ig n i  and £ .  lim ic o la  a lso  showed v a r ia t io n  but 

th e  in d iv id u a ls  w ith  four eyes were found to  be more common. 

Very few in d iv id u a ls  w ith  one eye spo t were observed. The 

th re e  p o p u la tio n s  o f  2" c i l i a t a  showed le s s  than ten  percen t 

o f  worms w ith  one eye sp o t. No in d iv id u a l was found w ith  one
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F ig u re  6 . JP- c i l i a t a ; f i r s t  parapodium as seen w ith  th e  scanning 

e le c tro n  m icroscope.(400 x)

NS. n eu ro se tae , NP. no topod ia l lobe , P. palp

F igure ?• £• l i g n i ; scanning e le c tro n  m icrograph showing ? th  segment 

b earin g  neuropodial hooded hooks (HH). (100 x)
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F ig u re  8. P. c i l i a t a  (from Dumpton); neuropodial hooded hook as 

seen w ith  th e  scanning e le c tro n  microscope* (3,500 x)

F igu re  9# c i l i a t a  (from Dumpton); neuropodial hooded hook as 

seen w ith  th e  compound microscope a f t e r  c le a r in g  in  

lac to p h en o l .(8 0 0  x)
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F igu re  10. V aria tio n  in  th e  shape o f d is c - l ik e  pygidium in  Polydora. 

A. P̂ . lim ic o la

‘ Z* c i l i a t a  ( from Dumpton)

C. P. c i l i a t a  (from Dumpton)

(200 x)
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F ig u re  11. The a n te r io r  reg io n  o f 2* lim ic o la  (A) and P. c i l i a t a  

(B) from B arry, showing presence and absence o f  b lack 

pigm ents. Photom icrographs were taken a f t e r  c le a r in g  

in  lac to p h en o l. ( n o  x)
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F ig u re  12. Histograms showing the  p e rcen t occurrence o f  eye sp o ts  

in  d i f f e r e n t  p o p u la tio n s  o f  Polydora
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eye epot in  e i th e r  l ig n i  ( n = 5^ ) o r  £♦ lim ico la  

( n = 46 ) .

The caru n c le  i s  a m id-dorsal ex tension  o f  th e  prostomium 

which p asses  between th e  pa lp s  in  Polydora (F igures 14,15 

and 16) and con tinues p o s te r io r ly  fo r  a  number o f  segments.

The len g th  o f  th e  ca runcle  i s  g en e ra lly  sp ec ie s  s p e c if ic .  

However, co n s id e rab le  v a r ia t io n  was observed w ith in  and between 

p o p u la tio n s  o f  P. c i l i a t a . In  £ . l ig n i  and P. l im ic o la , the  

le n g th  o f  th e  ca ru n c le  was a lso  v a r ia b le . The le n g th  o f  the  

caruncle  was determ ined by i t s  p o s te r io r  ex ten t r e la t iv e  to 

the  segments. The d is t r ib u t io n  o f  caruncle  len g th s  fo r  a l l  

th e  p o p u la tio n s  s tu d ie d  i s  p resen ted  in  F igure  13* A ll 

measurements were made w ith  th e  scainning e le c tro n  m icroscope. 

C aruncle le n g th  v a ried  in  a l l  po p u la tio n s examined. Among 

n ine p o p u la tio n s  o f  £ . c i l i a t a  th e  h ig h est p ro p o rtio n  o f 

worms w ith  long  caru n c les  was observed in  worms from th e  

V h its ta b le  and Hale p o p u la tio n s . Among th e  th re e  sp ec ies ,

P. l ig n i  had th e  h ig h es t p ro p o rtio n  o f  worms w ith  long 

cain incles. The New B righton worms had th e  h ig h est p ro p o rtio n  

o f  sh o rt ca ru n c le . In  most cases th e  caruncle  was p a r t i a l ly  

surrounded by c i l i a  (F igure 14 A) which were o f te n  observed 

to  have m odified t i p s .  The ex ten t o f  th e  d i l a t i o n  seemed 

to  vary w ith  th e  le n g th  o f  caruncle  and d id  not show any 

uniform  p a t te rn  between p o p u la tio n s. Very few specimens 

were observed w ithout th ese  c i l i a  (F igure 14 B).

The nuchal antenna i s  a con ica l p ro je c tio n  lo c a ted  on the
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th e  ca ru n c le  ju s t  p o s te r io r  to  th e  palp  o r  a t  the  p o in t ^

where th e  f i r s t  and second segment meet. The in d iv id u a ls  

examined d id  not possess  a nuchal antenna in  P. c i l i a t a , 

except in  th e  W hitstab le  pop u la tio n , where th re e  worms out 

o f  th i r ty - n in e  ( 7*7# ) had t h i s  s tru c tu re .  In  P. l ig n i  

fo r ty s ix  worms ou t o f  f i f ty - f o u r  ( 85^  ) possessed  a 

nuchal an tenna. No in d iv id u a l was observed w ith  a nuchal 

antenna in  l im ic o la . The s iz e  and shape o f  th e  nuchal 

antenna v a ried  between in d iv id u a ls , from a sm all bump.to 

a long th in  p ro je c tio n  upto 30pm in  le n g th  (F igure  15, 16 ,17 ).

The s e ta e  o f  th e  f i f t h  enlarged segment a re  one o f  th e  

most im portan t m orphological c h a ra c te rs  in  th e  genus Polydora. 

T y p ica lly  a s e r ie s  o f  heavy sp ines i s  p re sen t accompanied 

by companion s e ta e . Sometimes a d d itio n a l bundles o f  se ta e  a re  

p re se n t and a re  c a l le d  * a n te r io -d o rsa l ' ( n o to se tae  ) and 

• p o s te r io -v e n tr a l* ( neu rosetae  ) according to  th e i r  p o s itio n  

w ith  re sp e c t to  heavy sp in es . C onsiderable v a r ia t io n  was 

observed in  th e  number o f  heavy sp ines in  P. c i l i a t a  

p o p u la tio n s . F ig u re  I 8 shows the  average number,with 

s tan d ard  d e v ia tio n  and observed sample range, o f  heavy 

sp in es  in  th e  f i f t h  en larged  segment. The number o f heavy 

sp in es  was counted, a f t e r  c le a r in g  the  worm w ith  la c to 

phenol, by th e  use o f  th e  compound m icroscope. Seven popu la tions 

o f  2 * c i l i a t a , o u t o f  n in e , had 4 - 7  heavy sp ines w hile 

o th e r  two p o p u la tio n s , namely V h its ta b le  and Hale had a 

range o f  6 -  10 and 5 - 1 0  re sp e c tiv e ly . P. l ig n i  had the 

maximum number o f  heavy sp ines w ith  a range o f  9 -  13 sp in es .
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F igu re  13» Histograms showing p ercen t d is t r ib u t io n  o f  caruncle  

le n g th  w ith  re sp e c t to  segment number in  d i f f e r e n t  

p o p u la tio n s  o f  P olydora.
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F ig u re  14. Scanning e le c tro n  m icrographs o f  th e  a n te r io r  

reg io n  ( d o rsa l view ) o f  P. c i l i a t a  from 

Dumpton, showing ca ru n c le . (l80  x)

A. w ith  sensory  c i l i a  and B. w ithout sensory 

c i l i a  surrounding  the  ca ru n c le .

C. ca ru n c le , 58. sensory  c i l i a  P. palp
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F igure  15» P. l lR n i ; scanning e le c tro n  m icrograph o f  a caruncle  

bearin g  nuchal an tenna . (150 x)

C. ca ru n c le , NA. nuchal antenna, P. p a lp .

F igu re  16. P. c i l i a t a  ( from W hitstab le  ) ; scanning e le c tro n

m icrograph o f  a caruncle  b earin g  nuchal an tenna . (150 x)

C. ca ru n c le , NA. nuchal antenna, P. p a lp .
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F igure  17* P. l i g n i ; scanning e le c tro n  m icrographs o f  en larged  

nuchal an tenna. (i,i+00 x)
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In  2" lim ic o la  7 -  10 heavy sp in es  were observed*

The heavy sp in es  a re  accompanied w ith  ‘companion se tae* .
i

The exam ination o f  th e se  s e ta e  by scanning e le c tro n  micro

scope showed no v a r ia t io n  in  s tru c tu re  among c i l i a t a  

p o p u la tio n s . A ll in d iv id u a ls  had pennoned companion se ta e  

in  a l l  the  n ine  p o p u la tio n s  o f  P. c i l i a t a  in v e s tig a te d  

(F ig u res 19, 22). In  2* l ig n l  frin g ed  o r  b ru sh - lik e  

companion s e ta e  were observed (F igure 23) and no pennoned 

s e ta e  was found. In  2» lim ico la  th e  companion s e ta e  were 

id e n t ic a l  w ith  2* c i l i a t a  and no in tra p o p u la tio n  v a r ia t io n  

was observed (F igu re  19).

The t i p  o r  d i s t a l  end o f  th e  heavy sp in es  ca rry  some 

forms o f  accessory  s tru c tu re .  This could be a weakly 

developed s h e lf  o r  flan g e  to  a  prominent to o th . These 

s tru c tu r e s  were examined by scanning e le c tro n  m icroscope. 

V a ria tio n  in  th e  shape i s  shown in  F ig u res 19» 22 and 23# 

G enerally  th e se  accessory  s tru c tu re s  were s l ig h t ly  i l l -  

developed in  2* l l ^ n i  and 2* lim ico la  in  com parision to  

2* c i l i a t a . Some heavy sp in es  could not be seen by scanning 

e le c tro n  m icroscope as  they  were t o t a l ly  in te rn a l  and they 

were examined w ith  a compound microscope a f t e r  c le a r in g  the  

worms in  lac to p h en o l. The a d d itio n a l bundles o f  s e ta e  namely 

* a n te r io -d o r s a l* and * p o ste rio -v en tra l*  were examined by 

scanning e le c tro n  m icroscope (F igures 19 and 21). These 

bundles c o n s is te d  o f  one to  f iv e  se ta e  and were.found in  

most cases in  2* c i l i a t a  except th e  Hale popu la tion , where
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m ajo rity  d id  no t have th ese  s e ta e . In  th e  case o f P. l i g n j , 

no in d iv id u a l worm was found w ith  t h i s  a d d itio n a l bundle 

o f  s e ta e  w hile in  P. lim ic o la  th e  s i tu a t io n  was more o r 

le s s  id e n t ic a l  w ith  th a t  o f  P. c i l i a t a . Table 3  shows the  

p ercen t occurrence o f  th ese  a d d itio n a l s e ta e  in  d if f e r e n t  

p o p u la tio n s  o f  Polydora.

The number o f  neuropodial hooded hooks may vary from 

segment to  segment in  a s in g le  in d iv id u a l, bu t co n sid e rab le  

v a r ia t io n  was observed between some pop u la tio n s  o f  2* c i l i a t a . 

G enerally , those  p o p u la tio n s  o f  2* c i l i a t a  which l iv e  in  

hard  s u b s tra ta  , had fewer hooded hooks in  com parision to  

those  2* c i l i a t a  p o p u la tio n s  which l iv e  in  mud and to  

2* liR n i and 2* l im ic o la . There was upto a maximum o f  6,

10, l8  and 11 neuropodial hooded hooks p er segment in  

2* c i l i a t a  (hard  s u b s tr a te ) ,  2* c i l i a t a  (mud), 2* l i g ^ i  

and 2" lim ico la  re sp e c tiv e ly . The average number o f  neuro

p o d ia l hooded hooks p e r segment in  a l l  th e  pop u la tio n s  

s tu d ie d  i s  p resen ted  in  F igure  24. I t  was d i f f i c u l t  and time 

consuming to  count hooded books in  a l l  th e  segments and i t  

was th e re fo re , decided to  take  a few sample segments, say 

15 segments from each in d iv id u a l d is t r ib u te d  equally  (5 

segments each from a n te r io r ,  middle and p o s te r io r  reg ion) 

and to  es tim a te  th e  average number o f  hooks p e r segment. 

U sually  in  2» liR n i hooded hooks were arranged in  two rows 

(F igu re  7) w hile  in  2* c i l i a t a  only a s in g le  row was observed.
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F igu re  l8 .  P opu la tion  range diagram showing v a r ia t io n  in  the

number o f  heavy sp in es  in  th e  f i f t h  enlarged  segment 

o f  Polydora.

I .  2* c i l i a t a * Plymouth; 2. Dumpton; 3* Torbay;

4 . W hitstab le; 5* Barry; 6 . S u lly ; 7» Robin Hood's 

Bay; 8. Hale; 9* New B righton .

10. 2« li^ni

I I .  2* lim ic o la

In  each sample th e  v e r t ic a l  l i n e  in d ic a te s  the  t o t a l  

v a r ia t io n  o f th e  sample, th e  broad p o r tio n  o f  th e  l in e  

in d ic a te s  the  s tandard  d ev ia tio n  and th e  c ro ssb a r, 

th e  mean.
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F ig u re  19# Scanning e le c tro n  m icrographs o f  Polydora sp ec ies
t

showing arrangem ent o f v a rio u s  types o f  s e ta e  on 

th e  f i f t h  en larged  segment#

a . c i l i a t a  from Barry (1,000 x)

b. 2" c i l i a t a  from Durapton (700 x)

c . P# lim ic o la  (700 x)

A D # 'an terio -dorsal*  s e ta e ; CS# companion se ta e ; 

HS# heavy sp ine; PV# 'p o s te r io -v e n tra l*  setae#
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F igure  20. P. l i g n i ; Scanning e le c tro n  m icrograph o f  th e  f i f t h  

en larged  segment; arrow in d ic a te s  an e x tra  o rd in a ry  

long heavy sp in e , (igg  %)

F igu re  21. 2* l im ic o la ; Scanning e le c tro n  m icrograph o f  the  

'p o s te r io -v e n tra l*  bundle o f  s e ta e  on th e  f i f t h  

en larged  segment (1,700  x)
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F igure  22. 2# c i l i a t a  ( from Barry ) ;  scanning e le c tro n  micro

graph o f  a heavy sp ine  o f  th e  f i f t h  en larged  segment.

HS. heavy sp ine; CS. companion s e ta e  

(2,500 x)
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Figure 23* P. l ig n i ; scanning electron  micrograph of a heavy 

spine of the f i f th  enlarged segment. ( 3, OCX) x)

HS. heavy spine, CS. companion setae.
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F igu re  24. Average number o f hooded hooka p e r segment in  

d i f f e r e n t  p o p u la tio n s  o f  Polydora sp ec ie s  w ith  

s tan d ard  e r ro r  o f  th e  mean.

I .  P. c i l i a t a , Plymouth; 2. Dumpton, 3* Torbay

4. W hitstab le , 5* B arry, 6 . S u lly , 7* Robin Hood's 

Bay, 8. Hale, 9* New B righton,

10. P. l ig n i

I I .  P. lim ic o la
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Table 5» P ercen t occurrence o f ' a n te r io -d o r s a l ' and 'p o s te r io -  

Ve n tra i.' bundles o f se ta e  w ith  re sp e c t to  heavy sp ines 

on th e  f i f t h  en larged  segment in  Polydora.

a n te r io - do rsa l p o s te r io -v e n tra l

P opu la tions n p resen t
%

absent
%

p resen t
%

absent
%

P. c i l i a t a

Plymouth 20 90.0 10.0 100.0 0 .0

Dumpton 24 91.7 8.3 100.0 . 0 .0

Torbay 15 100.0 0 .0 100.0 0 .0

W hitstab le 28 89.3 10.7 92.9 7 .1

Barry 15 100.0 0 .0 100.0 0 .0

S u lly 20 100.0 0 .0 100.0 0 .0

Robin Hood's B. 18 100.0 0 .0 100.0 0 .0

Hale 18 0 .0 100.0 11.0 88.9

New B righton 15 100.0 0 .0 100.0 0 .0

P- l i c n i

P e te rs to n e  V. 25 0 .0 100.0 0 .0 100.0

P. lim ico la  

Tees 23 87.0 13.0 78.0 22.0
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E le c tro p h o re s is  :

The c r i t e r i a  which were u t i l i z e d  in  th i s  study in  

e s tim a tin g  th e  numbers o f  g enetic  lo c i  a re  as fo llow s:

1. A codominant d i a l l e l i c  o r  t r i a l l e l i c  locus in  which 

each a l l e l e  forms o r  produces a s in g le  enzyme band o f  a 

p a r t ic u la r  m o b ility  i s  e a s ily  recognised  (F igure  25 a ) .

In  heterozygo tes th e  band i s  u su a lly  l ig h te r  than  the 

corresponding band in  a homozygote, s in ce  i t  i s  produced by 

a s in g le  p o ly p ep tid e . This type o f  band p a t te rn  has been 

noted rep ea ted ly  in  D rosophila and o th e r  organism s (W right, 

1963; S candalio s, 1969)* Such a p a t te rn  in  t h i s  study was 

regarded  as a  r e l i a b le  c r i te r io n  fo r  th e  ex is ten ce  o f  a 

polymorphic g en e tic  lo cu s . In  m ultim eric enzymes, po lypep tide  

su b -u n its  may form one o r  more in te rm ed ia te  bands approxim ately 

equally  spaced between th e  bands o f  homozygote m o b il i t ie s .  

Commonly a s in g le  in te rm ed ia te  band i s  found in  heterozygo tes 

(F igure 25 b) which p re sen ts  no problem in  in te rp r e ta t io n .  

However, the  g en e tic  re la tio n s h ip s  o f  m ultim eric enzymes 

produced by se v e ra l a l l e l e s  o f d if f e r e n t  e le c tro p h o re tic  

m o b ility  can be com plicated. Complex lo c i  o f  th i s  m ultim eric 

type was no t found in  th e  p resen t s tudy .

2 . Bands a re  u su a lly  lo c a liz e d  in to  d is c re te  zones and 

a re  n o t randomly s c a t te re d  over th e  g e ls .  A zone i s  considered  

re p re s e n ta t iv e  o f  a s in g le  locus i f  v a r ia t io n  w ith in  i t  appears 

independent o f  o th e r  zones o f  the ge l (F igure  25 c ) .  T herefore,
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F igure  25* Diagram showing v ario u s  c r i t e r i a  used to  d is t in g u is h  

d i f f e r e n t  lo cu s  on zymogram.

a . s in g le  lo cu s , monomeric

b. s in g le  lo cu s , dim eric

c . th re e  lo c i ,  two polymorphic and one monomorphic

d. th re e  lo c i ,  two polymorphic and one monomorphic
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a zone o f a c t iv i ty  appearing as a band o f  uniform m ob ility  

i s  regarded  as  monomorphic i f  i t  i s  ad jacen t to  zones 

d e f in i te ly  id e n t i f ie d  as polymorphic (Hubby and Lewontin,

1966) .  S im ila rly  zones con ta in ing  bands o f v a r ia b le  m obility  

bu t d i f f i c u l t  to in te rp r e t  g e n e tic a lly  a re  considered  

polymorphic i f  they a re  ad jacen t to  zones id e n t i f ie d  as 

e i th e r  monomorphic o r polymorphic by o th e r  c r i t e r i a  (F igure 25 d ).

3* The use o f  a l te r n a te  su b s tra te s  and s p e c if ic  in h ib i to r s  

a lso  perm its  the  reco g n itio n  o f  lo c i .  The r a t io n a le  i s  th a t  a 

band o r a band complex d i f f e r e n t ia l ly  a f fe c te d  by th ese  agen ts 

in  com parisions to  ad jacen t zones probably in c lu d es  poly

p ep tid es  th a t  o r ig in a te  from a s in g le  lo cu s . This conclusion  

does no t extend to  groups o f bands w ith widely d if f e r e n t  

m o b ili t ie s  th a t  happen to  respond to the  same in h ib i to r s  o r 

a l te r n a te  s u b s tra te s .

Gels s ta in e d  fo r  n o n -sp ec ific  e s te ra se s  w ith  a -n ap h ty l 

a c e ta te  ( as i s  th e  case in  the p resen t study ) u su a lly  show 

numerous zones o f a c t iv i ty  th a t  may re p re se n t s e v e ra l enzymes. 

A lte rn a te  s u b s tra te s  and various in h ib i to r s  w ith  p a r t i a l  

s p e c i f ic i ty  have been used by A llen ( I 96I )  O gita and Kasai 

( 1965) and Manwell a t a l .  (196?) to  d is tin g u is h  c la s se s  o f 

e s te ra s e s .

I t  i s  common p ra c tic e  to ass ig n  a number to  each s p e c if ic  

band o f  isozyme fo r  easy re fe ren ce . U sually the  f a s te s t  moving 

anodal band i s  numbered 1 and th e  numbering con tinues in  ca thodal
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d ire c t io n .  I t  i s  g en era lly  accepted th a t  in  a f ig u re  th e  anode

o f th e  ge l should be e i th e r  a t  th e  top or- a t  th e  r ig h t  hand

s id e  o f  the  f ig u re  ( Brewer, 1970 )• In  the  p re sen t study g e ls

a re  fig u red  w ith  anode a t  th e  top . The numbering o f  bands

s t a r t s  from anode towards cathode. For exeunple, in  jP. c i l i a t a

th e re  a re  four zones o f  a c id  phosphatase a c t iv i ty  under

th e  c o n tro l o f  se p a ra te  g enetic  lo c i  ( F igure  50 and 52 )•

These enzymes a re  designated  ac id  phosphatase -  1 to  ac id

phosphatase -  4 in  o rd er o f  decreasing  m ob ility  and d is ta n ce

from th e  o r ig in .  The corresponding lo c i  a re  termed ACP-1

to  ACP-4. Thus th e  second zone o f ac id  phosphatase a c t iv i ty

from th e  anodal end i s  the  isozyme ac id  phosphatase -  2 and

i t  i s  c o n tro lle d  by the  locus ACP-2. The ACP-2 lo cu s  has

two m ob ility  v a r ia n ts  th a t  m igrate d is tan ce s  o f  98 and 94

r e la t iv e  to  th a t  o f  myoglobin standard , which was given an

a r b i t r a r y  m o b ility  o f  100. The m obility  v a r ia n ts  belong to
98two a l l e l e s  o f  ACP-2 locus and a re  designated  ACP-2 and 

ACP-2^^. The heterozygote i s  designated  as  ACP-2^^^^^

Out o f  seven enzyme systems assayed ( Table 4 ) four 

enzyme systems were monomorphic in  a l l  th e  eleven pop u la tio n s  

o f  Pclydora sp e c ie s . The o th e r th re e  enzyme systems com prising 

s ix  lo c i ,  were e i th e r  monomorphic o r polymorphic. These 

enzyme system s a re  described  below se p a ra te ly . No bands were 

observed when incubated  w ithout s u b s tra te s .
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Monomorphic enzyme system ;

1. G lucoee-6-pho8phate  dehydrogenase (G6PD)î

The glucose-G -phosphate dehydrogenase s ta in s  as  a s in g le  

band system ( F igure  26 ) in  a l l  th e  p o p u la tio n s  o f  Polydora 

s tu d ie d . In  some cases a second band was found which was very 

l i g h t  and took a very long time to develop. This l ig h t  

band i s  n o t regarded  as  g lucose-6-pho6phate  dehydrogenase 

because o f  i t s  doub tfu l n a tu re . The g lucose-6-phosphate 

dehydrogenase re a c tio n  produces 6-phosphogluconate which 

may serve  as  a s u b s tra te  fo r  a 6-phosphogluconate dehydro

genase upon prolonged s ta in in g  ( Brewer, 1970 ) .  When the  

ge l was incubated  in  s ta in in g  so lu tio n  having no s u b s tra te  

no band was found which suggests th a t  th e  second l i g h t  band 

which appeared a f t e r  prolonged s ta in in g  i s  not "nothing 

dehydrogenase* band.

2. M alate dehydrogenase (MDH):

The NAD-dependent m alate dehydrogenase s ta in s  as  a two 

band system ( F ig u res  26 and 28 ) .  The f a s t  moving band 

( MDH-1 lo cu s  ) had an average m obility  99-9 + 0 .5  ( S.D. ) .  

T h is lo cu s  does no t show polymorphism and was found mono

morphic in  a l l  pop u la tio n s  o f  Polydora s tu d ied . The second 

slow moving band ( MDH-2 locus ) had an average m ob ility  

90 .4  + 0.76  ( S.D. ) and was monomorphic as w e ll. The MDH-1 

lo cu s  s ta in e d  darker than MDH-2 locus and both lo c i  were
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rev ea led  on a l l  g e ls  s ta in e d  fo r  MDH.

3. Malic enzyme (ME);

The m alic enzyme ( NADP-dependent m alate dehydrogenase ) 

shows th re e  zones o f  a c t iv i ty ,  a l l  rep re sen ted  by a s in g le  

band system ( F ig u re  2? ) .  The two f a s t  moving bands ( ME-1 

and KE-2 lo c i  ) were s ta in e d  darker than  th e  slow moving 

band ( ME-3 lo cu s  ) which was s ta in e d  as  a very l ig h t  and 

th in  band. The two f a s t  moving bands were screened in  a l l  

in d iv id u a ls  assayed w hile the  slow moving band was e i th e r  too 

f a in t  o r  absen t in  some in d iv d u a ls . A ll po p u la tio n s were 

id e n t ic a l  w ith  re sp e c t to  th ese  th re e  l o c i .  The average 

m o b il i t ie s  o f  th e se  bands were 101.1 + 0 .2  ( S.D. ) ,  90.3 + 

0 .3  ( S.D. ) and 8I .7  + 0 .2  ( S.D. ) fo r  ME-1, ME-2 and ME-3 

lo cu s  re s p e c t iv e ly .

4. Xanthine dehydrogenase (XDH);

X anthine dehydrogenase s ta in s  as a s in g le  band system 

in  a l l  th e  e leven  p o p u la tio n s  o f  Polydora s tu d ied  ( F igures 

27 and 29 )• No i n t e r -  o r  in tra -p o p u la tio n  v a r ia t io n  was 

found and a l l  p o p u la tio n s  were g e n e tic a lly  id e n t ic a l  w ith  

re sp e c t to  XDH lo c u s .
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F igure  26. Diagram showing p o s it io n  o f banda o f g Iucose-6- 

phosphate dehydrogenase ( G6PD ) and m alate 

dehydrogenase ( MDH ) found in  eleven p o pu la tions 

o f  P olydora.

F ig u re  2?. Diagram showing p o s it io n  o f  bands o f  m alic enzyme 

( ME ) and xan th ine  dehydrogenase ( XDH ) found 

in  eleven p o p u la tio n s  o f  Po lydora.
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F igu re  28. Photograph o f  m alate dehydrogenase zymogram o f.

P . c i l i a t a , 1 -  3; P* l i g n i , 4 and P. l im ic o la , 5*

F igu re  29. Photograph o f  xan th ine  dehydrogenase zymogram o f  

P . c i l i a t a , 1 -  3» £• l i g n i , 4 and l im ic o la ,
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Polymorphic enzyme system :

3« Acid phosphatase (AGP) ;

F igure  30 diagrams th e  p o s itio n s  o f d i f f e r e n t  zones o f 

a c id  phosphatase a c t iv i ty .  The ACP-1 locus was d i f f i c u l t  to  

in te r p r e t  g e n e tic a lly . I t  was s ta in e d  l ig h t ly  and i t  was 

no t rev ea led  c o n s is te n tly  and th e re fo re  not included  in  th e  

e s tim a tio n  o f  g en e tic  id e n t i ty  o r  d is ta n c e . The AGP zymogram 

can be c la s s i f ie d  in to  two types (A) and (B) according to  the  

p a t te rn  o f  bands. The type (A) was observed in  P. l ig n l ,

£ .  lim ic o la  and two popu la tions o f P. c i l i a t a  namely Hale 

and W hitstab le . The type (B) was observed in  seven po p u la tio n s 

o f  JP. c i l i a t a  namely Plymouth, Dumpton, Torbay, Barry, S u lly , 

Robin Hood's Bay and New B righton.

The ACP-2 locus was found polymorphic in  type (A). I t
98 94involved  two a l l e l e s  ACP-2 and ACP-2 , which were monomeric

and th e re fo re  th e  , heterozygote  had two bands. The gene

frequency and genotype a re  summarized in  Table 6 . The expected

and observed h e te ro z y g o s itie s  were found in  accordance to
2

Hardy-Weinberg equ ilib rium  and X t e s t  shows no s ig n if ic a n t  

d i f f e r e n c e .( P < 0 .0 3  ) .  In  type (B) ACP-2 locus was monomorphic.
98The m o b ility  o f  th e  s in g le  band was id e n t ic a l  w ith  ACP-2 

o f  type (A).

Table 7 p re se n ts  estim ates  o f  g en e tic  id e n t i ty  and g en e tic  

d is ta n c e  o f  ACP-2 lo cu s  between p a ir s  o f  eleven p o p u la tio n s.
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F igu re  30* Diagram o f  ac id  phosphatase zymogram showing two 

types o f  p a t te rn s  found in  Polydora sp e c ie s .

A. P. c i l i a t a  ( non-boring form ) ,  P. l ig n i  and

£• l im ic o la *

B. 2" c i l i a t a  ( bo ring  form )

F igu re  31* Diagram o f  phosphoglucose isom erase zymogram showing 

th re e  d i f f e r e n t  types o f  p a t te rn s  found in  Polydora 

sp e c ie s ,

A. P. c i l i a t a  ( non-boring form ) and l i g n i .

B. 2" lim ic o la

C. 2" c i l i a t a  ( bo ring  form )



145

140

130

ACP 1120

110

100

ACP 2

90
]  ACP 3 
]  ACP 4

140

130

120

110

100

90

80



146



F ig u re  32* Photograph o f ac id  phosphatase zymogram showing two 

types o f  p a t te rn s  found in  Polydora sp e c ie s .

1 and 2. P. l ig n i

3 and 4. P. c i l i a t a  ( bo ring  form )

F ig u re  33* Photograph o f  phosphoglucose isom erase zymogram o f 

P . l i g n i , 1; P. l im ic o la , 2; P. c i l i a t a  ( boring  

form ) ,  3 to  3.
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The ACP-3 ( band s ta in e d  brown ) and ACP-4 ( band s ta in e d  

red d ish  brown ) lo c i  were monoraorphic fo r  type (A) and type 

(B) re sp e c tiv e ly .

6 . Phoephoglucose isoraerase (PGI) ;

F igure 31 p re se n ts  th ree  types o f  p a tte rn s  ob ta ined .

The type (A) was found in  JP. l ig n i  and two popu la tion  o f 

2" c i l i a t a  ( V h its ta b le  and Hale )• In  type (a) the  locus 

had two a l l e l e s  PGI^*  ̂ and P G I^ . The homozygote PGI^^ and

heterozygote PGI^'^^^ were observed w hile homozygote fo r
&0slow moving a l l e l e  PGI was not found. The type (B) p a t te rn  

was found in  2» lim ico la  where both homozygotes and h e te ro 

zygote were observed. The two a l l e l e s  PGI^^ and PGI^^ were
87id e n t i f ie d .  This type shared PGI a l l e l e  w ith type (A). The

type (C) p a tte rn  was observed in  seven popu la tions o f

JP. c i l i a t a , namely Plymouth, Dumpton, Torbay, Barry, S u lly ,

Robin Hood's Bay and New B righton. This type was monomorphic

and had s in g le  band which was s im ila r  in  m ob ility  w ith  
o ?

a l l e l e  PGI o f type (B). The r e s u l t  o f  gene frequency and 

genotype a re  summarised in  Table 8, and the  es tim ates  o f 

g en e tic  id e n t i ty  and genetic  d is tan ce  a re  p resen ted  in  Table 9 

fo r  PGI lo cu s .

7. E s te rase  (EST) :

F igure 34 diagrams the  various zones o f e s te ra se  a c t iv i ty  

on th e  g e l .  There were many slow moving bands which u su a lly
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occupy h a l f  o f  th e  g e l on cathode side* These bands were not 

found in  a l l  in d iv id u a ls  and sometimes they were too f a in t  

to  measure p rec ise ly *  Sometimes th ese  zones d id  no t appear 

as  bands due to  s tre a k in g  and d iffusion*  On th e  o th e r  hand 

th e  re so lu tio n  o f  f a s t  moving o r anodal bands was good and 

they were re so lv ed  co n s is ten tly *  Two d if f e r e n t  types o f  

p a t te rn s  were found in  e s te ra se  zymograms. The type (A) was 

rep re sen ted  by l i g n i , lim ocola and two p o p u la tio n s  o f

Z* c i l i a t a , namely V h its ta b le  and Hale* Type (B) was 

rep re sen ted  by o th e r  seven popu la tions o f P̂* c i l i a t a * The 

EST-1 lo cu s  which was s ta in e d  as a s in g le  band in  type (A) 

i s  no t included  in  the  c a lc u la tio n s  o f  g en e tic  id e n t i ty  o r  

g en e tic  d is tan c e  because o f i t s  inconsistency* This lo cu s  

was never observed in  the  type (B) zymogram*

The EST-2 locus was polymorphic in  both types and

heterozygo tes  had two bands corresponding to  two homozygotes,
l k 2  140EST-2 and EST-2 * Table 10 shows the  gene frequency and

genotypes fo r  th is  locus fo r  eleven p o pu la tions o f  Polydora* .

P* c i l i a t a  from Robin Hood*s Bay popu lation  had .th e  low est number

o f  heterozygo te  in d iv id u a ls . No s ig n if ic a n t  d iffe re n c e  was

found between expected and observed h e te ro z y g o s itie s  in  a l l

p o p u la tio n s  ( P < 0 .0 3  )• The genetic  id e n t i ty  and g en e tic

d iffe re n c e  a r e  p resen ted  in  Table 11 fo r  EST-2 locus*

The EST-) locus was found polymorphic in  type (A) bu t 

was monomorphic in  type (B)* The m ob ility  o f  monomorphic EST-) 

lo c u s  in  type (B) was the  same as th a t  o f  th e  f a s t  moving a l l e l e ,
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F igu re  )4 . Diagram o f e s te ra se  zymogram showing two types o f 

p a t te rn s  found in  Polydora sp e c ie s .

A. 2" Ü 2 2 i»  Z* lim ico la  and 2* c i l i a t a  ( non

b o rin g  form ) .

B. 2* c i l i a t a  ( bo ring  form )
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130EST-3 t o f  polymorphic locus in  type (A). The frequency 

o f  gene and genotypes a re  p resen ted  in  Table 12 fo r  four 

p o p u la tio n s  which were polymorphic. In  Table 13 gen e tic  

id e n t i ty  and g en e tic  d is tan c e  a re  shown fo r  d if f e r e n t  

p a i r s  o f  eleven p o p u la tio n s, fo r  EST-3 lo cu s .

An a ttem pt was made to s ta in  gel fo r  n o n -sp ec if ic  

e s te ra s e s  by using  in h ib i to r s  and more s p e c if ic  s u b s tra te  

l ik e  a c e ty lth io c h o lin e  in  p lace  o f a-naph thy l a c e ta te , 

which i s  commonly used fo r  n o n -sp ec ific  e s te ra s e .  The 

a c e ty lth io c h o lin e  i s  hydro lized  by a c e ty lc h o lin e  and 

pseudocholine e s te ra s e s . By using  sp e c if ic  in h ib i to r s  such 

as tetraisopropylpyrophosphoram ide and 1 :5  b is - (4 - tr im e th y l  

ammonium phenyl)pentan-3-one d iio d id e , two d if f e r e n t  

e s te ra s e s  can be d if f e r e n t ia te d .  When th e  gel was incubated  

a f t e r  e le c tro p h o re s is  fo r  the  two s p e c if ic  e s te ra s e s , th e  whole 

g e l became dark brown and no band was seen.

In  a d d itio n  to  enzyme systems described  above, o th e r  

enzymes such as l a c ta t e  dehydrogenase (LDH), i s o c i t r a t e  

dehydrogenase (IDE), perox idase (POX) and té tra zo liu m  

oxidase (TO) were a lso  sep ara ted  e le c tro p h o re t ic a l ly .  These 

enzymes were too weak in  th e i r  a c t iv i ty  to  se p a ra te  from 

in d iv id u a l worms. Pooled samples were th e re fo re  used to  

f in d  ou t i f  they in d ic a te  any s ig n if ic a n t  d iffe re n c e  between 

p o p u la tio n s  o f  £ .  c i l i a t a . Three popu la tions were choosen 

fo r  t h i s  purpose. The V h its ta b le  popu la tion , a non-boring 

form which l iv e s  a t  low t id e  le v e l where i t  b u ild s  mud tu b es.
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F ig u re  35« Photographs o f  e s te ra se  zymogram o f c i l i a t a  

from Dumpton ( boring  form ) .



1 5 8

E ST -2

E ST -3

EST-2

EST-3

m



159

S
b

(H
<W

'd

a
U)
:aoo

E4
Ü
0>

4J

(0
0)

•H•èJ
•ri10
w

È?
2<U
•P
0>

Xi

(0
ao

•H
4 ->
PXi
•H

•P
U)

•H'O
o

§
w
TJ
§
<u

g
U)

«M
O

&cO
G

ta
O
(H

•SEH

£
■S
rH

£
<H
O

(0
o
0

•H
-p
(d

r H

1

(\J
X

«

M

19
rH

0)
O,
X

■P

ibO

£•
d
V
3
O*
0>
k

«a
0)
w

ru
ei
a

g
s

EH

i-f
'Ixj

i

f\j
et
a

N
W

'1m
ei
5

0 R 0
ô

o
ô d

S Pn
ô ô d

?ô d d

0 #Hg
d d
Q o
R 'A
d d

lA
ON
-d" %
d d

p p 8
KN
Q

o

d
o

d
O

d
O

d

% «

-d”
-d"
-d-

o O o O

a S
-d-

o O o O

00 uj f\j 00 oj ^ o  o . ON

f\j f \ j c s o a \ K \ c ^ o \ i f \
rH tu (\l rH

rH rH rH rH

O  t\J ^
ÏR ?

o
' t u ? A

0 0
R
l A

d d d d d d

l A o O V û O l A Q c O O l A  
OJ ^  H  fVJ rvj OJ

PQ

d (0 -p d
oÜ o ■p 3 o X

• H co O -p (0
10 4-» • H a p* f
w m r H X

• H r H •iH r H o
Ü 3 U P i EH
0 ) AA Ota A PhI

(U pq

w ta

I

H

00

ON

00

g
-d

?
Vû

?
1

R
VO

H

g g 1 1

d d d o d d d d d d d

g

3»

o>
d
O d
H-* rH
tÛ O
k ü
0 ) • H (0

• P G a»
(U • H 4 )

0 4 i H E h

,
P4|



160

IQ
3
U
O

rH

f\J
1

EH

W
rH

«H rH
O

ca
H rH

O
d uo •HbO 8cd •H

rH

•
4) P4|>
O O(0 rH

(U "HÜ dd(0 •H
•4J fH
(Q
•H
73 (̂ 1
O .m
•H ON
-P<U Od ■p
0)
U) rH

*o
d (0
m -PCO

•H
rH
•H

d UotiO(0•iHXJ VaT

) (0
O d
rH O<U T3
.a

rH
OPH

•H <H
-M O
d
(U (Qa

•H 0
•H

V ■P
•H (0•M rH
4) d
d PH
0> O
U) A

d
O <u>
(0 0)
4> rH
■P 0)C0
8 bO•iH d
■P o
(0
w §
rH
rH

0>
rH
X»
C0
EH

CO

OO

so\

00
ON
ON00

OOV£>

00
r 4

ON

ON

OO KN
R aH

H OO
S  .
ON OOON ON ON

00 CO 
IN (\J 
00 ON

KN ON 
ON ON 

ON On ON

00 00 
ON 
ON

ON
ON
ON

ON
ON
ON

ON



I 6 l

SO«H
O«H
(03uOH

%
«)
4HUo«H
(Q(U'H-P•H(0ObO>>NP
fe•P0>
"O oa •Hm BAU)G OO B•H S4-» fH3 &•fH O-P G(0 <D3
0> ü
a Sp »oa taA> uU) o"O*0 %g rH(0 0CkpG (MV Obû COGO 0•H
& P(0(d
0 Pf
ta &
rgH

•SEH

<M

IN

00 0000

00

ON CO

K\
rH

ON

KN

iH
■P

fH

fH fH



162

(û
üo

rH

(HO

3a
(0

‘*b

I
0>os

4 ->
m

o
•H
■M
(U

gtû

1a
(0

'S
X3

•H«P
8•O

•H

U»i4
0)
g
bû
(mO
(0a>4->(0
B

•H
4->

W

m

3

(CiH
8

•H

fH

p!|

•H

Ê
•HfH

oil
6 \

s
(64J
(C

•H
|H
•H
U

k l

2
■g
fH&
o
(ü
0

. 3

(6

Ua
s
>
i)

COrH
OJ

iH

lA lA IT\ lA lA lA

G \

vÛ «sO Vû
«sO ^  VO00

rH ON

VO

v£)

iH

ON

VO

rA rA K\
lA lA lA•4- -;T -d-

A -
ON
ON

ON S

K \

ON3

fH VO

OO ON
fH



163

The second popu la tion  was from Dumpton# a boring  form which 

bores in  lim estone (chalk) and l iv e s  a t  mid t id e  le v e l .  The 

th i rd  popu la tion  was from Torbay# another boring  form which 

bores in  P a te l la  s h e ll  and can be c o lle c te d  from high to  mid 

t id e  le v e l o f  .the  i n t e r t i d a l  zone.

F igu res 36 and 37 diagrams the  four enzyme systems 

in v e s tig a te d  from pooled samples# The l a c ta te  dehydrogenase 

zymogram showed th re e  bands in  a l l  th e  th re e  pop u la tio n s  o f  

P. c i l i a t a . pne dark f a s t  moving band and two l ig h t  slow 

moving bands. T heir m o b ilit ie s  were 110# 90 and 87 re sp e c tiv e ly . 

With peroxidase a s in g le  cathodal band was observed in  a l l  

sam ples. The same was the  case w ith i s o c i t r a t e  dehydrogenase 

where a s in g le  l ig h t  band was found. In  té trazo liu m  oxidase 

two bands were rev ea led . In  th i s  system the whole g e l 's ta in e d  

b lue  leav in g  the  té trazo liu m  oxidase zone w hite . The f a s t  

and slow moving bands had a m obility  o f  103 and 95 re sp e c tiv e ly .

The mean genetic  id e n ti ty  and genetic  d is tan c e  fo r  I 3 

lo c i  between p a ir s  o f  eleven popula tions a re  p resen ted  in  

Table l4 .  I t  i s  obvious from the  ta b le  th a t  th e  Plymouth# 

Dumpton# Torbay# Barry, S u lly , Robin Hood’s Bay and New 

B righton popu la tions o f JP. c i l i a t a  a re  g e n e tic a lly  s im ila r  

to  one an o th er. I t  i s  a lso  c le a r  from the  ta b le  th a t  

V h its ta b le  and Hale populations o f  P. c i l i a t a  a re  s l ig h t ly  

d i f f e r e n t  from the  o th e r seven populations o f th e  same 

s p e c ie s . The f i r s t  seven popu la tions bore in  hard s u b s tra te  

l ik e  shell#  lim estone and rock and a re  th e re fo re  c a lle d



164



Figure 36. Diagram showing p o sitio n  o f  bands o f la c ta te  dehydro

genase (LDH) and peroxidase (POX) in  Polydora c i l ia t a

F igure  37* Diagram showing p o s it io n  o f  bands o f  i s o c i t a r a t e  

dehydrogenase (IDH) and té tra zo liu m  oxidase (TO) 

in  Polydora c i l i a t a .
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h e re a f te r  as "boring  form". The l a t e r  two p o pu la tions o f  

2* c l l i s t a  namely, W hitstable and Hale, l iv e  in  mud and 

a re  c a lle d  as "non-boring form".

The data  o f genetic  id e n ti ty  and gen e tic  d is tan ce  i s  

pooled fo r  the  two forms o f c i l i a t a  and i s  p resen ted  

in  Table 15 w ith o th e r two sp ec ies . The mean o f mean gen e tic  

id e n t i ty  between 21 p a ir s  o f jP. c i l i a t a  'b o rin g  form' i s  

O.9S9 + 0.012 ( S.E* ) and ev iden tly  they a re  very s im ila r  

g e n e tic a lly . The mean genetic  id e n ti ty  between 14 p a ir s  of 

'b o r in g ' and 'n o n -b o rin g ' forms i s  O.7OO + 0.009 ( S.E. ) .

This f ig u re  i s  very s im ila r  to 0.697 + 0.007 ( S.E. ) which 

i s  the  estim ated  mean genetic  id e n ti ty  between 7 p a ir s  o f  

Z* liR n l and P. c i l i a t a  'boring* form. On the o th e r  hand 

th e  mean g en e tic  id e n t i ty  between J> p a ir s  o f l ig n i  and 

P. c i l i a t a  *non-boring ' form i s  0.995 + 0.002 ( S.E. ) .  The 

mean genetic  id e n t i ty  between seven p a ir s  o f P. c i l i a t a  

'b o r in g ' form and P. lim ico la  i s  O.786 + 0.004 ( S.E. ) w hile 

th e  mean genetic  id e n t i ty  between two p a ir s  o f P. c i l i a t a  

*non-boring' form and £ . lim ico la  i s  0.925 + 0.001 (S.E . ) .

The average h e terozygosity  per locus ( H ) i s  p resen ted  

in  Table I 6 . The g re a te r  heterozygosity  i s  shown by 'non- 

b o r in g ' form o f  P_. c i l i a t a , P. l ig n i  and l im ic o la .

From data  p resen ted  in  Table 15 fo r  four groups o f 

Polydora, a phenogram by unweighted pa ir-g roup  a r ith m e tic a l 

average ( UPGMA ) c lu s te r in g  method ( Sneath and Sokal, 1973 )
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Table 15» E stim ates o f mean genetic  id e n t i ty  (below diagonal) 

and genetic  d is tan ce  (above diagonal) o f  pooled 

da ta  o f 'b o r in g ' and 'non-boring ' forms o f P. c i l i a t a  , 

P. l ig n i  and P. lim ico la  fo r 13 lo c i .

1 2 3 4

1. P. c i l i a t a  
•boring*

0.357 0.361 0.241

2. P. c i l i a t a  
'non-boring*

0.700 0.005 0.007

3. P. l ig n i 0.697 0.995 0.075

4. P. lim ico la 0.786 0.925 0.928
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Table l6 .  Average he terozygosity  ( H ) p er locus in  d if f e r e n t  

popu la tions o f Polydora.

S pecies & Average hetero zy g o sity
popu la tion expected observed

P. c i l i a t a

Plymouth . - . 0.038 0.031

Dumpton 0.038 0.035

Torbay 0.035 0.024

W hitstable 0.127 0.132

Barry 0.030 0.028  .

S u lly 0.035 0.028

Robin Hood's B. 0.021 0.014

Hale 0.127 0.121

New Brighton 0.027 0.026

P. l ig n i

P e te rs to n e  W. 0.126 0.108

P. lim ico la  

Tees 0.143 0.141
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i s  produced ( F igure 38 )• The phenogram shows th e  re a lt io n -  

sh ip s  between four groups o f Polydora based on gen e tic  

s im ila r ity *  jP* c i l i a t a  'non-boring ' form and l ig n i  eure 

more c lo se ly  r e la te d  to each o th e r than any o th e r group*

JP# c i l i a t a  'b o r in g ' form and JP. c i l i a t a  'non -bo ring ' form 

a re  more d is ta n t ly  r e la te d  to any o th e r  group.
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F ig u re  3^* Phenogram showing r e la t io n s h ip s  o f  four groups o f  

Polydora generated  according to  UPGMA method o f 

c lu s te r  a n a ly s is  and based on th e  d a ta  in  Table 13*
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DISCUSSION

The p resen t study was in i t i a t e d  because the  high degree 

o f  v a r ia b i l i ty  d isp layed  by Polydora c i l j a t a  (Johnston) i s  

w ell known* The aim was to a sse ss  th e  degree o f v a r ia tio n  in  

o rd e r to  f in d  out whether i t  e x h ib its  s u f f ic ie n t  v a r ia t io n  to  

w arrant sep a ra tio n  in to  "sib ling* ' species* The v a r ia t io n  in  

a sp ec ies  may occur a t  d if f e re n t  le v e ls  such as  morphology# 

ecology# physiology, rep roduction , development o r genetics*

The l a s t  category i s  presumably th e  b a s is  o f  most o f  th e  

v a r ia t io n  in  preceding  d iv is io n s . With th e  advent o f  new 

techn iques, gen e tic  v a r ia t io n  can be more d i r e c t ly  and 

independently  a ssessed . In  Polydora c i l i a t a  no study has y e t 

been made on i t s  genetics*  I t  was thought th a t  th e  o th e r  

c lo se ly  r e la te d  sp ec ies  o f P. c i l i a t a  such as  l ig n i  and 

P. lim ic o la  which a re  found in  B r i t i s h  w aters may a lso  be 

included  so th a t  th e i r  sep a ra tio n  from c i l i a t a  can a lso  

be re -assessed*  The sep ara tio n  o f  th ese  sp ec ies  i s  questioned  

by Rasmussen (1973) &nd Kendall ( I 98O) who b e lie v e  th a t  

2# l ig n i  and P* lim ico la  may be simply v a r ie t ie s  o f  2* c i l i a t a .

In  the  fo llow ing d iscu ssio n  morphology and popu la tio n  

g en e tic s  o f  th ese  sp ec ies  w ith  main emphasis on 2* c i l i a t a , 

i s  analysed .

Mo mho logy ;

In  polychaetous an n elid s  th e  number o f  t r a i t s  which a re
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used in  taxonomy v a r ie s  from fam ily to  fam ily . F am ilies 

such as  Psammodrilidae, Lumbrineridae and C a p ite llid a e  lack  

d e f in i te  head appendages and have poorly developed parapod ia . 

This r e s u l t s  in  few d is c re te  c h a rac te rs  upon which to  base 

taxonomic d is t in c t io n .  Other fam ilie s  such as N ereidae, 

A ren ico lidae , S y llid a e  and Spionidae have numerous s tru c tu re s  

commonly used in  taxonomic d e sc rip tio n . I t  i s  reasonab le  fo r  

th e  purpose o f examining in tra s p e c if ic  v a r ia tio n  to  choose a 

sp ec ie s  which shows a r e la t iv e ly  la rg e  number o f  d e f in i te  

m orphological c h a ra c te rs . In  ad d itio n  to  number, th e  r e l i a b i l i t y  

o f  a t r a i t  o r  groups o f t r a i t s  must be considered . Some 

c h a ra c te rs  among polychaetous annelid s  vary w ith  th e  age o r  

rep ro d u c tiv e  s t a t e  o f the  in d iv id u a l, as  in  th e  N ereidae, 

where a d u lts  may undergo dram atic m orphological changes a t  

sexual m a tu rity . Such morphological c h a ra c te rs  would no t be 

s u ite d  fo r  any taxonomic work, u n less  enough care  was taken  

to  ensure th a t  each in d iv id u a l examined was in  th e  same 

rep ro d u c tiv e  s ta t e .  Most polychaetous an n e lid s  which produce 

p lan k to n ic  la rv a e  ex h ib it change in  se ta e  types accompanying 

th e  t r a n s i t io n  from a plankton ic  to a ben th ic  ex is ten c e . 

Ju v e n ile s  and newly s e t t l e d  a d u lts  o f te n  possess bo th  la rv a e  

and a d u lt  s e ta e  which may r e s u l t  in  taxonomic confusion .

Thus, m orphological c h a ra c te rs  in  o rd er to  be o f  maximum 

taxonomic value must be r e l ia b le  and v a r ia t io n  due to  th e  

age and rep ro d u ctiv e  s ta te  must be excluded from in t r a s p e c if ic  

com parisions.

In  th e  p re sen t study a r e la t iv e ly  la rg e  number o f
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p o p u la tio n s  from a v a r ie ty  o f environments and substra ta*  

were analysed . A com paratively la rg e  number o f  m orphological 

c h a ra c te rs  were u t i l i z e d .  In d iv id u a l worms were a lso  

examined a l iv e  by slowing down th e i r  movement in  a d i lu te  

s o lu tio n  o f  a lcoho l o r iso to n ic  magnesium c h lo rid e  in  sea 

w ater.

The scanning e le c tro n  microscope has made i t  p o ss ib le  

to  study s tru c tu re  a t  a m agnifica tion  and re so lu tio n  not 

p o ss ib le  b e fo re . The m agn ifica tion  range o f th e  scanning e le c tro n  

m icroscope i s  ex trao rd in ary  wide. I t  ranges from 10 tim es to  

100,000 tim es o r more. I t  overlaps the  s te reo sco p ic  and 

compound microscope a t  one end and th e  medium range T£M a t  

th e  o th e r . Although scanning e lec tro n  m icroscopes only became 

availab lecom m ercia lly  towards the  end o f  1963, taxonom ists 

were quick to  ap p rec ia te  th e i r  value in  studying  su rface  

d e ta i l s  in  d if f e r e n t  organism s. By 1969 an ex tensive  s e r ie s  

o f  papers d esc rib in g  the  ap p lic a tio n  o f scanning e le c tro n  

microscopy to  system atic  and r e la te d  re sea rch  had been 

pu b lish ed . The g re a t depth o f focus o f  th e  scanning e le c tro n  

m icroscope i s  very im portan t. This combined w ith  the method 

o f  image form ation, which makes recessed  a reas  appear dark 

and p ro je c tin g  a reas  c a s t shadows and allow s th e  human eye 

to  in te r p r e t  and comprehend the images o b ta ined , g ives i t s  

most valuab le  c h a ra c te rs . The only disadvantage i s  th a t  i t  i s  

unable to  give an in d ic a tio n  o f  in te rn a l  s tru c tu re s  th a t  

l i e  below the  su rfac e .
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S tu d ies  o f the  f in e  s tru c tu re  o f  se ta e  by th e  scanning 

e le c tro n  microscope have revealed  some in te r e s t in g  taxonomic 

c h a ra c te rs  in  the S p ion iidae ( F o ste r , 1971b ) , Trochochaetae, 

P e c tin a r iid a e  ( Orrhage, I 97I  ) and C a p ite llid a e  ( Warren,

I 97& )• In  th e  p resen t study m orphological c h a ra c te rs  were 

examined by scanning e lec tro n  microscope and a lso  by the  

compound microscope to  rev ea l in te rn a l  p a r ts  o f  s e ta e  which 

l i e  below the su rface .

The se ta e  o f polychaetous an n e lid s  a re  b e liev ed  to  

have evolved as ad ap ta tio n s  fo r  anchorage w ith in  tubes and 

during burrowing ( Fauchald, 1974 )• They probably o r ig in a te d  

as  roughened th icken ings o f the  c u t ic le .  L a te r becoming 

a sso c ia te d  w ith m usculature and even tually  acq u irin g  the  

v ario u s  ch a rac te rs  we see today. Setae a re  im portant taxonomic 

c h a ra c te rs  on the  b a s is  o f  th e i r  d u ra b il i ty .  The p a r t ic u la r  

shapes o f  polychaete se ta e  have been shown to  depend on th e  

dynamic p a t te rn  o f  m ic ro v il l i  a sso c ia ted  w ith  th e  s e c re tio n  

o f  a g lyco p ro te in  m atrix  w ith in  the  s e ta l  sac ( Gustus and 

Cloney, 1973; O 'C la ir  and Cloney, 1974 )• The au tho rs  

concluded th a t  the m ic ro v illi  p a tte rn , which changes tem porally  

to  produce the  sp e c if ic  ch a rac te rs  o f a s e ta , must be 

g e n e tic a lly  c o n tro lle d , thereby accounting fo r  sp ec ies  

s p e c if ic  s e ta t io n  p a t te rn s .  I t  i s  thought th a t  th e  presence 

o r absence o f s e ta e  a t  a p a r t ic u la r  lo c a tio n  on th e  body o f  

a polychaete  i s  probably a lso  g e n e tic a lly  determ ined, s in ce  

th e  f a te  o f an ectoderm al c e l l  o r  d e r iv a tiv e  i s  u su a lly  

determ ined by th a t  c e l l 's  genome fo llow ing a s p e c if ic
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in d u c tiv e  stim ulus ( B elinsky, 1975 )• Whether o r  no t an 

ectoderm ally  derived  c e l l  becomes a prim ary s e ta e  s e c re tin g  

c e l l  o r  'ch ae to b la st*  would depend upon two fa c to rs -  F i r s t ,  

upon i t s  c a p a b il i ty  o r  competency to  do so by v ir tu e  o f 

having the  g enetic  inform ation  capable o f producing the  

proper se c re tio n -  Secondly, upon i t s  rece iv in g  th e  p roper 

in d u c tiv e  stim ulus to d if f e r e n t ia te -  Most em bryologists 

agree th a t  the in d u c tiv e  p rocesses which r e s u l t  in  d if fe re n 

t i a t i o n  o f t is s u e s  and organs a re  them selves a r e s u l t  o f  

g en e tic  programmes which a re  spec ies  s p e c if ic  ( M arkert and 

Ursprung, 1971 )• Thus the presence o r absence o f  s e ta e  as 

w ell as  th e i r  s p e c if ic  morphology can be in te rp re te d  as 

having th e i r  bases in  the  genetic  complement o f  th e  sp e c ie s .

G enerally  th re e  b as ic  types o f se ta e  a re  found in  th e  

genus Polydora. They a re  c a p il la ry  se ta e , heavy sp in es  and 

hooded hooks. C ap illa ry  se ta e  a re  found throughout th e  body 

in  parapod ia . Heavy sp ines a re  found in  th e  f i f t h  segment 

and in  some sp ec ies  in  the  p o s te r io r  notopodia. Hooded hooks a re  

found in  th e  neuropodium and they a re  lo c a te d  p o s te r io r  to  

th e  f i f t h  segment. Hooded hooks a re  common in  tube-dw elling  

p o lychaetes . They a re  presumed to  fu n ctio n  as  anchors to  

hold  th e  worm in s id e  i t s  tube. The p o s it io n  and s tru c tu re  o f 

hooded hooks a re  used as taxonomic c h a ra c te rs . Among po lydorid s 

th e  p o s it io n  o r the  segment a t  which th e  hooded hooks f i r s t  

appeared i s  taken as a generic  ch a ra c te r  ( Read, 1975 )• 

Although some workers, l ik e  F o ste r (1971b), b e lie v e  th a t  

t h i s  c h a rac te r  i s  le s s  r e l ia b le  than some o th e r  fe a tu re s .
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In  th e  p re sen t study no in tr a s p e c i f ic  o r  in te r s p e c i f ic  

v a r ia t io n  was observed in  the  p o s itio n  o r in  th e  f in e  

s tru c tu re  o f  th e  hooded hooks, however th e  number o f  hooded 

hooks p e r segment showed considerab le  d iffe re n c e s  ( F ig u re  

24 ) .  Those pop u la tio n s  o f P. c i l i a t a  which were c o lle c te d  

from ca lcareous s u b s tra ta  had fewer hooded hooks p er 

segment than those popu la tions which were c o lle c te d  from 

mud. The o th e r  two mud l iv in g  sp ec ies , P. l ig n i  and P. lim ico la  

a lso  had h igher numbers o f hooded hooks p e r segment.

Worms which bore in  calcareous -su b stra ta  have a more 

p ro te c te d  and le s s  d is tu rb ed  tube and hence need a sm aller 

number o f hooded hooks than those worms which form a tube 

by accum ulating mud.

The arrangement and shape o f the  se ta e  on th e  f i f t h  

enlarged  segment o f  po lydorids i s  g en era lly  considered  as  

sp ec ie s  s p e c if ic .  A s in g le  row o f  heavy sp ines i s  accompanied 

by a s e r ie s  o f f in e  companion se ta e  in  c lo se  proxim ity  to  th e  

sp in es , and one o r more bundles o f  c a p il la ry  se ta e  above o r 

below the  row o f heavy sp ines ( Hartman, 1$43, 1951; Blake,

1971 )• In  2" c i l i a t a  two bundles o f  c a p il la ry  se ta e  were 

p re se n t which were lo c a ted  a n te r io -d o rsa l and p o s te r io -  

v e n tra l  w ith  re sp e c t to the  heavy sp ines ( F igu re  19 )• The 

fu n c tio n a l s ig n if ic a n c e  o f  th ese  se ta e  i s  unknown. Rasmussen 

(1973) rep o rted  th a t  the  m ajo rity  o f 2" c i l i a t a  had th ese  

bundles o f c a p il la ry  s e ta e . His ta b le  showed th a t  only one 

ou t o f  f i f te e n  worms lacked the  am terio-dorsad aiid ano ther 

one lacked  th e  p o s te r io -v e n tra l .  Kendall ( I 98O) rep o rted
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th a t  the  m ajo rity  o f  P. c i l i a t a  from Eobin Hood's Bay had 

bo th  bundles and very few in d iv id u a ls  had one bundle. He 

a lso  rep o rted  th a t  the  m ajo rity  o f  worms from th e  Mersey, 

England d id  not have th ese  bundles a t  a l l .  Out o f  f i f t y ,  

only eleven worms had a p o s te r io -v e n tra l bundle and th i r ty  

n ine  were w ithout any bundle o f  c a p il la ry  s e ta e . The r e s u l t  

o f  th e  p resen t study agrees w ith K en d a ll's  r e s u l t .  Table 3 

shows th a t  the  m ajo rity  o f 2* c i l i a t a  worms from Eobin Hood's 

Bay had th ese  s e ta e  and th e  rev e rse  i s  tru e  fo r  those  from 

Hale ( the  Mersey estuary  ) .

In  2 " l i g n i , th ese  bundles o f c a p il la ry  s e ta e  were not 

rep o rted  u n t i l  1973* when Rasmussen showed th a t  few in d iv id u a ls  

o f  2* l ig n i  had th ese  s tru c tu re s .  More re c e n tly  Rice and Simon 

(1980) rep o rted  th a t  th e  m ajo rity  o f in d iv id u a ls  d id  no t have 

th ese  se ta e  w ith  th e  exception o f one popu lation  where th e  

m a jo rity  had them. In  the  p resen t study none o f  th e  P. l ig n i  

worm had these  bundles o f  c a p il la ry  se ta e  ( Table 3 )• This 

c h a ra c te r  was a lso  found to be v a r ia b le  in  2 « lim ico la  

p o p u la tio n s, where the  m ajority  had th ese  s e ta e  Kendall 

( 1980) rep o rted  th a t  44 ou t o f  30 worms o f  2- lim ic o la  had 

bo th  bundles o f  c a p il la ry  se tae  and th e  r e s t  had only one 

bundle. I t  i s  c le a r  from th e  foregoing d iscu ss io n  th a t  the  

presence o r absence o f a n te r io -d o rsa l o r  p o s te r io -v e n tra l  

bundles o f se ta e  i s  no t constan t and hence they do not 

c o n s t i tu te  r e l ia b le  taxonomic c h a ra c te rs .

The fu n c tio n a l s ig n if ic an ce  o f  the  heavy sp ines and
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companion se ta e  in  po lydorids has not been adequately  explained . 

Blake and Evans (1973) reviewed the  l i t e r a t u r e  and summarized 

much o f  th e  evidence concerning the u t i l i t y  o f  th ese  heavy 

sp in es  in  bo ring . They a lso  supported S ôderstrüm 's (1923) 

view th a t  the  heavy sp ines o f the  f i f t h  enlarged  segment may 

be used to  secure the worm in  p lace  during p erio d s  o f  feed ing  

and r e s p ir a t io n .  However, Z o tto li  and C arrik e r (1974), a f t e r  

prolonged observation  o f  l iv in g  specimens in  a r t i f i c i a l  

burrows during a l l  phases of th e i r  a c t iv i ty ,  revealed  th a t  

th e  heavy sp ines a re  not used in  the manner suggested  by 

Blake and Evans (1973)* Z o tto li  and C arrik e r (1974) b e lie v e  

th a t  burrow form ation in  Polydora i s  achieved chem ically  

and no t m echanically . They p resen ted  firm  evidence from 

u l t r a s t r u c tu r a l  s tu d ie s  o f 2* w ebsteri burrows, th a t  th e  

sp in es  a re  not used to  excavate burrows. H aig ler ( I 969) 

rep o rte d  th a t  in d iv id u a ls  o f Polydora w ebsteri a re  a b le  to  

p e n e tra te  ca lcareous su b s tra ta  a f te r  removal o f  heavy 

sp in es , thus s tro n g ly  supporting  the  id ea  th a t  heavy sp in es  

a re  not used in  s h e ll  p e n e tra tio n .

The eleven popu la tions o f  Polydora sp ec ies  s tu d ied  

here comprise seven o f the  'b o r in g ' form and four o f the  

'n o n -b o rin g '. The r e s u l t  shows th a t  th e  'b o r in g ' form had 

few sp in e s  in  the  f i f t h  enlarged segment w hile th e  'n o n -b o rin g ' 

form had a la rg e  number o f heavy sp ines ( F igure I 8 ) .  This 

could a lso  be taken as evidence th a t  th ese  heavy sp ines a re  

no t used in  boring  a c t iv i ty  o therw ise th e  'b o r in g ' form 

would have been expected to  have a g re a te r  number. Z o tto l i
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and C arrik e r (1974), however, suggested th a t  th e  heavy sp in es  

a re  used to  keep th e  diam eter o f the  in n er tube constan t 

throughout i t s  len g th  in  2* w e b s te r i , and they a lso  appear 

to perform th e  same fu n c tio n  in  'non -bo ring ' forms. Blake 

and Evans (1973) hypothesized th a t  heavy sp in es  w ith  b r i s t l e  -  

l ik e  t ip s  in  B occard ia  Columbiana, B. b erkeleyorum and 

Pseudopolydora r e is h i  may remove a ttach ed  organism s from 

th e  in s id e  o f  the  tube, but p resen ted  no evidence to support 

t h i s  view.

The heavy sp ines have a s u b -d is ta l  to o th  o r  p ro je c tio n .

The shape o f  heavy sp ines and th e i r  p ro je c tio n s  i s  considered  

as sp ec ies  s p e c if ic .  Much emphasis have been given to  t h i s  

su b ld is ta d  p ro je c tio n  in  the  taxonomy o f Polydora and many 

new sp ec ies  have been e rec ted  on the b a s is  o f  t h i s  s tru c tu re  

such as 2" ag grega ta  ( Blake, 1971 ) and 2* w eb s te r i  ( Hartman, 

1943 )• Rasmussen (1973) and Kendall ( I 980) suspected  i t s  

r e l i a b i l i t y  as taxonomic c h a ra c te rs . They showed th a t  the  

v a r ia t io n  o f s u b -d is ta l  to o th  was consid e rab le . Even a s in g le  

in d iv id u a l d isp layed  v a r ia tio n  in  shape o f heavy sp in es  and 

s u b -d is ta l  to o th  ( F igure 39 )• Rice and Simon ( I 980) rep o rted  

some in d iv id u a ls  o f  2 * liK b i having two in s te a d  o f one sub- 

d i s t a l  to o th  on th e  heavy sp ines o f th e  f i f t h  en larged  segment.

In  th e  p resen t study each popu lation  had alm ost constan t 

shapes o f  heavy sp in es . However, in te rp o p u la tio n a l d iffe re n c e s  

in  2- c i l i a t a  were observed. The 'b o r in g ' form o f  2* c i l i a t a  

had a p ro je c tio n  which was not an acu te  to o th  but a flange
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F igure 39* Camera lu c id a  ske tch  o f th e  heavy sp in es  o f the  f i f t h  

en larged  segment in  a specimen o f  2 * c i l i a t a  from 

Eobin Hood'sBay which dem onstrate th e  d iv e r s i ty  o f  

shape o f th e  heavy sp in es  ( from K endall, I 980 )•
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( F igure  22 ) .  The s u b -d is ta l  p ro je c tio n  in  P* l ig n i  ( F igure  

23 ) was a to o th  and th i s  was very s im ila r  to  th e 'n o n -b o rin g ' 

form o f  2* c i l i a t a * In  2* lim ico la  a sm all e lev a tio n  was 

p re sen t on th e  f i f t h  segment heavy spines*

The companion se ta e  o f  the  f i f t h  enlarged  segment a re  

b e liev ed  to  be sp ec ies  s p e c if ic .  In  2* c i l i a t a  th e  se ta e  a re  

pennoned o r sp a tu la te  and in  2» l ig n i  frin g ed  o r p e n ic i l la te  

( b ru sh - lik e  )• Rasmussen (1973) showed th a t  t h i s  c r i te r io n  

i s  no t r e l ia b le  fo r  th e  sep a ra tio n  o f  th e  two sp e c ie s . He 

observed in d iv id u a ls  having both  types o f  s e ta e  and could 

no t d is t in g u is h  2* c i l i a t a  from 2* l ig n i  on t h i s  b a s is .  

K endall ( I 98O) supported Rasmussen's view and b e liev ed  th a t  

t h i s  ch a ra c te r  i s  h ighly  v a r ia b le . However, t h i s  view i s  

no t supported by M ichaelis (1978), who in  a  study o f  th e  

morphology and ecology o f  2 * c i l i a t a  and 2 * l ig n i  showed 

th a t  th e  two sp ec ies  had d if f e re n t  types o f companion s e ta e . 

In  th e  p re sen t study a l l  popu la tions o f  2* c i l i a t a  in c lu d in g  

'b o r in g ' and 'non -b o rin g ' forms had both  pinnoned and 

s p a tu la te  companion s e ta e  ( F igure 19 and 22 ) w hile 2* l ig n i  

had frin g ed  o r p e n ic i l la te  se ta e  ( F igure 23 )• This r e s u l t  

ag rees  w ith  M ichaelis (1978) and Rice and Simon ( I 98O) who 

found only brush l ik e  companion se ta e  in  2* l i g n i .

The d is t r ib u t io n  o f  c a p il la ry  s e ta e  on th e  f i r s t  four 

segments o f  2 * c i l i a t a , 2* l ig n i  and 2* lim ic o la  was found to  

be id e n t ic a l  in  a l l  pop u la tio n s. Only th e  f i r s t  notopodium 

lacked  th ese  s e ta e  ( F igure 6 ) .  Blake (1969b) rep o rted  th a t
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seven ou t o f  tw elve sp ec ies  o f  Polydora from e a s te rn  North 

America c h a ra c te r s t ic a l ly  had c a p il la ry  s e ta e  in  th e  f i r s t  

notopodium. I f  environm ental co nd itions can induce se ta e  

to  form in  a p o s it io n  where they do not occur norm ally, then 

the  f i r s t  notopodium would seem to  be a prime cand idate  fo r  

such in d u c tio n .

Apart from s e ta l  ch a ra c te rs , many of the  important 

taxonomic fe a tu re s  o f  sp io n id  and o th e r  po lychaetes a re  

s o f t  p a r ts  which may change shape, fade co lou r, sh rin k  o r 

o therw ise d e te r io ra te  during p re se rv a tio n . However, i f  ca re  

i s  taken  in  the c o lle c tio n , re la x a tio n  and p re se rv a tio n  o f 

samples, most o f  th e  above problems can be e lim in ated .

S o ft p a r ts  and pigm entation p a tte rn  a re  im portan t fe a tu re s  

in  the  taxonomy o f  la rv a l  and a d u lt sp io n id  po lychaetes 

( Hannerz, 1958; Blake, 1969b ) .

Branchiae a re  common in  sp ion id  po lychaetes and range 

from complex branched s tru c tu re s  in  Paraprionospio  to  sim ple 

s t r a p - l ik e  no topod ia l d e r iv a tiv e s  in  Polydora. The b io lo g ic a l  

fu n c tio n  o f  polychaete  b ranchiae i s  w ell e s ta b lish e d  ( Sander, 

1976 ) .  F o s te r  (1971b) considered th e  p o s it io n  o f  th e  f i r s t  

b ranch ia  as  a more r e l ia b le  generic ch a ra c te r  than  the  

p o s it io n  o f  th e  f i r s t  hooded hooks. Out o f  tw elve sp ec ies  

o f  Polydora from e a s t coast o f North America, Blake (1971) 

described  four as being v a r ia b le  in  th e  p o s it io n  o f  the  

f i r s t  b ranch ia .
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The fu n c tio n a l s ig n if ic a n c e  o f  having b ra n c h ia l 

appendages i s  not d i f f i c u l t  to see considering  th a t  Polydora 

i s  a tube-dw elling  animal o f te n  found in  low oxygen environ

ments. The p a r t ic u la r  advantage o f having th e  f i r s t  b ranch ia  

on segment s ix  ( as in  P. commensalis ) o r  on segment e ig h t 

( a s  in  2 " s o c ia l i s  and 2 » norm alls ) r a th e r  than on segment 

seven i s  no t c le a r .  These various in te r s p e c i f ic  b ran ch ia l 

p a t te rn s  a re  probably the  r e s u l t  o f  g en e tic  d iffe re n c e s  

which a re  s e le c t iv e ly  n e u tra l .

The caruncle  o f  p o ly c h a e te s is  a sensory organ, p ro je c tin g  

p o s te r io r ly  from the  prostomium ( Day, 196?; Fauchald, 1977 )• 

Ameyaw-Akumfi (1976) suggested th a t  the  caruncle  o f  an 

amphinomid polychaete functioned mainly as a t a c t i l e  re c e p to r . 

Examination o f  th e  caruncle  w ith the  scanning e le c tro n  

m icroscope revealed  th e  presence o f  sensory t u f t s  o r s e ta e  

except in  a few individualsC  F igure 14 ) .  The v a r ia t io n  

observed in  the  len g th  o f  the  caruncle  ( F igure  13 ) i s  

d i f f i c u l t  to  eva lu a te  in  terms o f  fu n c tio n a l s ig n if ic a n c e  

u n le ss  those in d iv id u a ls  w ith a longer caruncle  a re  simply 

b e t t e r  equipped to  sense th e i r  environment then  those  w ith  

s h o r te r  ca ru n c le s . Sensory s tru c tu re s  s im ila r  to  those  found 

on th e  caruncle  were a lso  observed on the  pa lps and pygidium 

( F igure  10 ) .  The caruncle , th e re fo re  does no t a c t alone as  a 

sensory re c e p to r .

In  a c la s s ic a l  study o f  polychaete nuchal organs, E u l l ie r  

(1931) was ab le  to t ra c e  nerve bundles from th e  v e n tra l nerve
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trunk  and c e re b ra l gang lia  to  the  area  o f th e  caruncle* He 

examined th re e  sp ec ies  o f  sp io n id s  and found co n sid e rab le  

in n e rv a tio n  o f  the  nuchal organ ( c i l i a t e d  reg ion  a longside  

th e  caruncle  ) and the  caruncle  i t s e l f ,  even though he 

could not f in d  any sensory recep to rs  on the  caruncle* Hie 

conclusion  was th a t  the  nuchal organ served a chemosensory 

fu n c tio n . W hittle  and Zahid (1974) p resen ted  u l t r a s t r u c tu r a l  

evidence in d ic a tiv e  o f a chemoreceptive fu n c tio n  fo r  th e  

nuchal organs in  four fa m ilie s  o f polychaetes* I t  may be 

p o ss ib le  th a t  the  sensory c i l i a  observed on th e  caru n c le , 

p a lp s  and pygidium a re  probably a lso  r e la te d  to  chemoreception*

The len g th  o f  th e  caruncle  i s  used as a taxonomic c h a ra c te r  

( Hartman 1943» 1961; Webster, l 886; Blake, 1971)* R ice and 

Simon ( I 980) showed th a t  th e  len g th  o f caruncle  i s  v a r ia b le  

in  2* l iP b i* Same was th e  case in  2* c i l i a t a , 2* liR n i and 

2* lim ico la  s tu d ied  here ( F igure 13 )• This c h a ra c te r  

should be used w ith  cau tio n  fo r  d isc rim in a tin g  Polydora species*

The caruncle  o f te n  bears an antenna which i s  a lso  used 

as a sp ec ies  s p e c if ic  ch a rac te r  in  Polydora ( Hartman, 1931» 

Woodwick, 1933; Blake, 1971 )• The nuchal antenna i s  not 

found in  2 * c i l i a t a  and 2 * lim ic o la , bu t 2 * l ig n i  shows a 

d i s t in c t  nuchal antenna. Rice and Simon ( I 980) rev ea led  th a t  

22^ o f  2* l ig n i  from F t .  Desoto, F lo rid a , U nited S ta te s , lacked  

i t .  In  th e  p re sen t study o f  2* l ig n i  worms lacked  

t h i s  antenna. Polydora c i l i a t a  and 2* lim ico la  d id  no t have 

any nuchal antenna except the  W hitstab le popu la tio n  where
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7»7% o f  th e  worms had th i s  antenna. R ice and Simon ( I 98O) a lso  
a

repo rted /few  in d iv id u a ls  w ith two nuchal antennae from F o rt 

P ie rc e  and F o rt Desoto. The presence o f  two nuchal antennae 

i s  a c h a ra c te r s t ic  fe a tu re  o f  £ .  m aculata Day ( I 967) ,  In  

th e  l ig h t  o f  th ese  r e s u l t s  th i s  ch a ra c te r  should a lso  be 

used w ith  cau tio n .

The number o f  eye spo ts  u su a lly  rep o rted  fo r  P. c i l i a t a  

i s  0 to  4 ( Johnston I 838; Soderstrom, 1920; Fauvel, 1927; 

Rasmussen, 1973 )• In  th e  p resen t study th e  number o f eye 

sp o ts  observed fo r  2* c i l i a t a  a lso  v a r ie s  from 0 to  4, Very 

few in d iv id u a ls  had one eye spot and s ix  ou t o f  eleven 

pop u la tio n s  d id  not have any in d iv id u a l w ith  one eye spot 

C F igu re  12 ) .  The s p e c if ic  f a c to rs  re sp o n sib le  fo r  th e  lo s s  

o r  maintenance o f th e  eye spot in  the  a d u lts  a re  unknown.

Dean (1969) found th a t  sev e ra l sp ec ies  o f  Polydora f a i le d  to  form 

eyes a f t e r  d e c a p ita tio n  and subsequent a n te r io r  re g e n e ra tio n .

The number o f  eye sp o ts  fo r  2* lim ico la  i s  th e  same as 

fo r  2* c i l i a t a  ( Hartman, I 96I  ) but fo r  2» l ig n i  i t  i s  

rep o rted  as  4 ( Webster, I 886; Hartman, 1969; Blake, 1971 ) 

bu t v a r ia t io n  in  th e  number o f  eye spo ts  in  2 * l ig n i  was 

rep o rted  by Rasmussen (1973) who showed th a t  th e  number 

v a r ie s  from 2 to  4 . More rec e n tly  Rice and Simon ( I 980) 

rep o rted  th a t  th e  number o f eye spo ts  v a r ie s  from 0 to  6 in  

2« l i g n i . In  th e  p re sen t study 2* l ig n i  had e i th e r  no eye 

spo t o r  2 to 4 eye sp o ts  ( F igure 12 ) .  The p re sen t r e s u l t  

ag rees w ith  Rasmussen (1973) and Rice and Simon ( I 980) and
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in  th e  l ig h t  o f  th ese  r e s u l t s  i t  i s  obvious th a t  th e  number 

o f  eye sp o ts  does not c o n s ti tu te  a r e l ia b le  taxonomic c h a ra c te r .

The presence o f pigment in  the a n te r io r  reg ion  in  a d u lt

2" c i l i a t a  and 2* l ig n i  has not been rep o rted . Kendall (198O)

however showed th a t  out o f  25 in d iv id u a ls  o f  2* c i l i a t a  from

Robin Hood's Bay, Y orkshire, England, 21 had dark pigm ent.

He a lso  found pigmented in d iv id u a ls  o f  2* c i l i a t a  from the

Mersey es tu a ry , England. The p lank ton ic  la rv a e  o f  2* c i l i a t a

have pigments on most segments ( Hannerz, I 956 ) .  This

pigm entation i s  lo s t  soon a f te r  the  la rv ae  s e t t l e  from th e

plankton . In  th i s  study 2* c i l i a t a  and 2* l ig n i  d id  no t show

any pigm entation ( F igure 11 ) e i th e r  in  th e  a n te r io r ,  o r

in  the  p o s te r io r  reg io n . Even the popu la tion  o f 2« c i l i a t a

c o lle c te d  from Robin Hood's Bay had no pigment. The only

p o s s ib i l i ty  which could exp lain  th i s  disagreem ent between K e n d a ll 's  
own

r e s u l t s  and my /  i s  th a t  th e  2* c i l i a t a  fo r  th e  p re sen t 

study were c o lle c te d  from P a te l la  s h e l ls  w hile Kendall 

c o lle c te d  2» c i l i a t a  from rock c rev ices  where they make tubes 

o f  sauGid and mud and do not bore in  th e  rock. I f  t h i s  i s  the  

case, a study o f th a t ,  popu la tion  from Eobin Hood's Bay 

which do no t bore, using  scanning e le c tro n  microscopy and 

enzyme e le c tro p h o re s is ,would be v a luab le .

An attem pt was made to  o b ta in  some in d iv id u a ls  o f 

2* c i l i a t a  which l iv e  in  c rev ic e s . The worms were not 

abundant and only e ig h t worms were c o lle c te d  a f t e r  co n sid e rab le  

e f fo r t  and tim e. Out o f e ig h t worms f iv e  tu rned  ou t to be
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2* Ylava and only th re e  were 2* c i l i a t a . However th e se  were 

no t pigmented.

Hartman-SchrtJder (1971) considered th e  po ssessio n  

o f  dark pigm entation aa sp ec ies  sp e c if ic  c h a ra c te r  in  

sep a ra tin g  2» c i l i a t a  (Johnston) and 2* lim ic o la  (Annenkova).

In  the  p re sen t study a l l  2* lim ico la  in d iv id u a ls  had dark

pigments ( F igure 11 ) ,  th e  pigments g en era lly  being p resen t

on th e  peristomium and in  th e  f i r s t  four segments. Kendall 

(1980) rep o rted  th a t  909  ̂ in d iv id u a ls  o f  2 * lim ic o la  from the  

Tees estuary  had pigments in  the  a n te r io r  segments. However, 

r e s u l t s  in  th e  p re se n t study show th a t  2 * lim ic o la  from 

th e  Tees estuary  had 100% worms w ith  dark pigments in  th e  

a n te r io r  reg io n . These pigments do not fade when p reserved , 

e i th e r  in  a lcoho l o r in  form alin  ( a t  l e a s t ,  a f t e r  s ix  months, 

as observed during th e  p resen t study ) .

The s iz e  and shape o f th e  pygidium ( o r  te rm inal 'segm ent' ) 

i s  a lso  used as a taxonomic fe a tu re  in  Polydora. p . c i l i a t a  ,

2* l ig n i  and 2* lim ico la  have a d isc  shaped pygidium ( F igure

10 )• They showed s l ig h t  v a r ia tio n  in  th e  shape o f th e  d isc .

I t  a lso  v a r ie s  w ith in  spec ies  depending upon age and th e  s tag e  

o f  reg en era tio n  in  incom plete worms. For th ese  reasons, s iz e  

and shape o f th e  pygidium was not found to  be a u se fu l fe a tu re  

fo r  in te rp o p u la tio n  com parision.
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P opulation  g en e tic s  ;

The e le c tro p h o re tic  technique has made i t  p o ss ib le  to  

study v a r ia t io n  a t  a very b asic  le v e l,  th a t  o f  gene exp ression . 

The g en e tic s  o f  allozyrae v a r ia tio n  was f i r s t  described  fo r  

th e  e s te ra se -6  locus in  D rosophila m elanogaster ( Wright,

1963 )• The e s te ra se  zymogram showed many bands th a t  occupy 

d i f f e r e n t  p o s it io n s . However, these  bands were grouped in to  

c lu s te r s .  The c lu s te r  designated  e s te ra se -6  was occupied by 

a f a s t  moving band, and a slow moving band o r by bo th . Wright 

designa ted  th ese  as  P /P, S/S and F/S in  genotype. He v e r i f ie d  

th e  co rrec tn ess  o f th i s  genotype designa tion  by making a 

number o f s in g le  p a ir  m atings in  which th e  two p a ren ts  and 

progeny were te s te d  by ge l e le c tro p h o re s is . No e le c tro p h o re tic  

p a t te rn s  o f  e s te ra se -6  locus were found co n tra ry  to  ex p ec ta tio n  

based on W righ t's  c la s s i f ic a t io n .  Each m ating type produced 

only  those types o f in d iv id u a ls  expected under Mendelian 

in h e r ita n c e , and th ese  appeared in  the  c o rre c t p ro p o rtio n .

Subsequent to  W righ t's  p ioneer a n a ly s is , h is  fin d in g s  

have been confirmed by numerous o th e r  popu la tio n  g e n e t ic is ts .  

I t  i s  assumed today th a t  the  enzyme v a r ia t io n  observed by 

e le c tro p h o re tic  methods i s  genetic  in  o r ig in  and th a t  i t  

i s  rep resen ted  a t  in d iv id u a l gene lo c i .  The organism s which 

have been most ex ten siv e ly  s tu d ied  fo r  e le c tro p h o re tic  enzyme 

v a r ia n ts  a re  th e  house mouse ( Mus musculus ) , t h e  f r u i t  f ly  

( D rosophila spp. ) ,  th e  deer mouse ( Peromyscus ) and man 

( Shaw, 1965 )•
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In  the case o f marine in v e r te b ra te s , e sp e c ia lly  in  

polychaetous an n e lid s , very few works have been pub lished .

In  many cases th e  e le c tro p h o re tic  study o f isozymes le d  to 

th e  discovery  o f  s ib l in g  sp ec ie s . Manwell and Baker (1963a) 

rep o rted  fo r  the f i r s t  time a s ib l in g  sp ec ies  o f  sea- 

cucumber ( see page 66 and 6? ) .  Selander e t a l . (1971) 

determ ined gene frequencies  encoded by e ig h t g en e tic  lo c i  

fo r  popu la tions o f  f id d le r  crabs from Cape Cod to  F lo r id a . 

They found an undescribed sym patric sp ec ies  p rev io u sly  

considered  a co lour morph o f  Uca p u g ila to r  Bose. They found 

th a t  a l l e l e  com position a t  PGI-1, EST-1 and EST-2 lo c i  were 

d if f e r e n t  in  two s ib l in g  sp ec ie s . In  a d d itio n  th ese  au th o rs  

were ab le  to  confirm the  ex isten ce  o f two sp ec ies  o f 

IJ. pugnax (Smith) from th e  Gulf coast which had been 

p rev io u sly  suspected  o f  being sep a ra te  sp ec ies  on behav iou ral 

grounds. The Gulf co ast popu lations o f  tJ* pugnax were a lso  

found to  d i f f e r  b iochem ically  from th e  same m orphological 

sp ec ie s  from the  A tla n tic  co as t,

Murphy (1978) described  a new sp ec ies  o f  lim p e t, 

C o l l i s e l la  a u s t r o d lg i ta l i s , from C a lifo rn ia , based on gene 

frequency d iffe re n c e s  between n o rthe rn  and sou thern  

p o p u la tio n s. The two groups had d if f e r e n t  a l l e l i c . f r q u e n c ies 

a t  a le u c in e  am inopeptidase locus and th a t  in d iv id u a ls  can 

be c o r re c tly  assigned  to  th e i r  geographic e n t i ty  w ith  a 

98. 8% p ro b a b ili ty  on th e  b a s is  o f  th e i r  genotype. The groups 

a lso  had s l ig h t  d iffe re n c e s  in  a l l e l i c  freq u en c ies  a t  a 

phosphoglucose isom erase lo cu s. An in te rm ed ia te  geographical



193

lo c a tio n  was found having both sp e c ie s , jC* a u s t r o d ig i ta l i s  

( sou thern  ) and d ig i t a l i s  ( no rthern  ) , occuring

sy m p a trica lly . The genotype frequency a n a ly s is  revea led  

th a t  th e  two sp ec ies  were not in te rb re e d in g . A fte r  determ ining 

th e  sp ec ies  e le c tro p h o re tic a lly , examination o f s h e ll  

morphology from s i t e s  where th ese  sp ec ies  occured to g e th e r 

rev ea led  some s u b tle  in te r s p e c i f ic  d iffe re n c e s .

In, G oniobasis f lo r id e n s is , a gastropod from F lo rid a , 

co n sid e rab le  g en e tic  d iffe re n c e s  were observed by Chambers 

( 1978) .  The g en e tic  id e n t i ty  c a lc u la te d  between th ese  two 

d if f e r e n t  groups was 0.468 fo r  e igh teen  lo c i .  This value i s  

in  th e  range o f values found when comparing d if f e r e n t  non- 

s ib l in g  sp ec ies  o f D rosophila ( Ayala _et , 1974 ) ,  

although s p e c if ic  id e n t i f ic a t io n  o f  th ese  gastropod sp ec ie s  

was no t always p o ss ib le  based so le ly  on m orphological 

c h a ra c te rs . However, they showed h a b ita t  p re fe re n c e s . The 

Gj, f lo r id e n s is  was found on v eg e ta tio n  w hile th e  re fe ren ce  

sp ec ie s  was found on rock.

Dando and Southward ( I 98O) described  a new sp ec ies  o f  

b a rn ac le  Chthamalue p ro teus based on e le c tro p h o re tic  r e s u l t s  

o f  enzymes. This new sp ec ies  d i f f e r s  from th e  r e la te d  sp ec ie s  

£ .  f r a g i l i s  in  th re e  ou t o f  s ix te en  enzymes. I t  has only  

been p o ss ib le  to  dev ise  m orphological c r i t e r i a  to  d is t in g u is h  

th ese  two sp ec ie s  a f t e r  determ ining them e le c tro p h o re t ic a l ly .  

Although th e  two sp ec ies  s l ig h t ly  overlap  in  m orphological 

c h a ra c te rs , e le c tro p h o re tic  r e s u l t s  showed no evidence o f 

h y b rid iz a tio n .
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In  an e le c tro p h o re tic  survey ofenzymes in  mud crabs from 

south  C aro lina , Turner and Lyerla ( I 980) found th a t  th e  two 

m orphological v a r ie t ie s  o r 'fo rm s' o f  Panopeus h e r b s t i i , 

namely 'sim psoni* and 'obesa* were d if f e re n t  a t  two lo c i .

Using Nei's index to  estimate genetic identity, however, 

th e  two forms tu rned  out to be g e n e tic a lly  id e n t ic a l  

( I = 0*997 )• This was due to la rg e  numbers o f monomorphic 

lo c i  a t  which th e  two forms shared electrom orphs. Twenty 

ou t o f  twenty th re e  lo c i  were monomorphic ( 86.99  ̂ ) .  On an 

in d iv id u a l gene b a s is ,  the  two forms had d if f e r e n t  e s te ra se  

zymogram p a tte rn s  and a t  th e  amylase locus two a l l e l e s  were 

found in  'obesa* but no t in  'sim psoni*. They concluded th a t  

th e  e s te ra se  and amylase v a r ia tio n  in d ic a te  a g re a te r  g en e tic  

d iffe re n c e  between th ese  two popu la tions o r m orphological 

'forms* than th a t  im plied by th e i r  d es ig n a tio n  as 'form* 

v a r ia n ts .

W ithin po lychaetes, a t  l e a s t  th re e  cases o f  s ib l in g  sp ec ies  

a re  known which a re  based upon o r  supported by e le c tro p h o re tic  

evidence. George ( I 967) observed an unusal popu la tio n  o f 

C irrifo rm ia  te n ta c u la ta  ( Montagu ) a t  Plymouth, Devon,

England, which u t i l i z e d  a d if f e r e n t  rep ro d u c tiv e  s tra te g y  

from o th e r  nearby p o p u la tio n s. Electrophorogram s o f  e s te ra se  

ob ta in ed  using  s ta rc h  g e l e le c tro p h o re s is  rev ea led  co n sid e rab le  

polymorphisms between in d iv id u a ls  o f  Plymouth p o p u la tio n s.

T his v a r ia t io n  in  e s te ra se  p a tte rn  was taken  as evidence 

fo r  p o p u la tio n a l polymorphism in  gen e tic  s tru c tu re  which 

would support a p o ss ib le  g enetic  b a s is  fo r  rep ro d u c tiv e
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d iffe ren ces*  This sp ec ies  i s  found throughout Europe and 

th e  U nited S ta te s  and would be a good su b je c t fo r  s tu d ie s  o f 

geographical divergence.

C a p ite lla  c a p ita ta  i s  another example o f  s ib l in g  sp ec ies  

in  po lychaetes id e n t i f ie d  by e lec tro p h o re s is  ( G rassle  and 

Grassle» 1974, 1976, 1977 )• fo llow ing  an o i l  s p i l l  and th e  

r e s u l ta n t  defaunation  th e  composition o f th e  reco lo n iz in g  

community was tra c e d . C a p ite lla  was th e  most o p p o rtu n is tic  

sp ec ies  to  a r r iv e  a t  th e  scene. Study o f  C a p ite l la  p o p u la tio n s  

from sev e ra l s i t e s  over th e  next few y ears  rev ea led  th e  

p resence o f a t  l e a s t  s ix  s ib lin g  sp ec ie s . These s ix  s ib l in g  

sp ec ie s  could be id e n t i f ie d  on th e  b a s is  o f  t h e i r  l i f e  

h i s to r ie s ,  genotypes and to  a le s s e r  ex ten t, morphology, 

from e le c tro p h o re tic  r e s u l t s  i t  was observed th a t  ou t o f  

e ig h t lo c i ,  no more than two a l l e l e s  were common between 

any p a ir  o f  sp ec ie s . They made ex tensive  a ttem pts  to  

crossb reed  p a ir s  o f  males and females between sp ec ies  but 

were unsuccesfu l. In  some cases as many as f iv e  s ib l in g  

sp ec ie s  were found in h a b itin g  th e  same lo c a l i ty .  However, 

th e  d if f e r e n t  sp ec ies  showed wide f lu c tu a tio n  in  tem poral 

abundance. Even though a l l  o f  th e  s ib l in g  sp ec ie s  o f 

'C a p ite l la  c a p ita ta  could be considered o p p o r tu n is tic , some 

were more o p p o rtu n is tic  than  o th e rs . I t  was concluded th a t  

th e se  s ib l in g s  rep re sen t temporal a d a p t a t i o n s  based on the  

d isp e rs a l  c a p a b il i ty  o f th e  la rv a l  s ta g e s .

Rice and Simon ( I 98O) analysed f iv e  po p u la tio n s o f
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Polydora l ig n i  Webster from th e  United S ta te s .  The e le c tro 

p h o re tic  study o f ten  lo c i  revealed  some d iffe re n c e s  between 

p o p u la tio n s . Four out o f  f iv e  popu la tions d id  no t show 

co n sid e rab le  genetic  d iffe ren ce s  but the  f i f t h  p o pu la tion  

was s ig n if ic a n t ly  d if fe re n t  from the  r e s t .  I t  i s  in te r e s t in g  

to  no te  th a t  th e  f i f t h  population  came from a d if f e r e n t  

h a b i ta t .  This popu la tion  liv e d  on b iv a lv e  s h e l ls  bu t i t  i s  

no t c le a r  whether i t  r e a l ly  bores in to  th e  s h e l ls  o r  n o t.

The genetic  d is tan ce  and genetic  id e n t i ty  fo r  th e  f i f t h  

popu la tio n  v aried  from a l l  o th e rs  a t  a le v e l  corresponding 

to  s ib l in g  sp ec ie s .

In  the  p re sen t study a to t a l  o f  th i r te e n  lo c i  were 

s tu d ied . In  2* c i l i a t a  'boring* form, tw elve ou t o f  th i r te e n  

lo c i  were monomorphic ( 92. 3# ) and only one was polymorphic 

( 7*7# )• In  2* c i l i a t a  'non-boring* form, 2" liR n i and 

2* lim ico la  n ine  out o f  th ir te e n  lo c i  were monomorphic 

( 69*2# ) and four were polymorphic ( 30. 8^ ) .

On th e  b a s is  o f  in d iv id u a l lo c i ,  ACP-3i ACP-4 and PGI 

were found com pletely d if f e re n t  in  th e  two forms o f 2* c i l i a t a  

and they had no a l l e l e s  in  common a t  th ese  th re e  lo c i  which 

in d ic a te s  a g re a te r  genetic  d iffe re n c e . The AGP-3 lo cu s  was 

monomorphic fo r  th e  'non-boring* form. This ACP-3 locus was 

never observed in  th e  'boring* form. The re v e rse  was tru e  fo r  

th e  ACP-4 lo cu s . This ACP-4 locus was c o n s is te n tly  reso lv ed  

in  th e  'boring* form but never found in  th e  'non-boring* 

form o f  P. c i l i a t a .  The ac id  phosphatase i s  a lysosom al
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enzyme and Doering and P a lin c sa r  (1978) found th a t  th e re  

was a re la t io n s h ip  between changes in  a c id  phosphatase 

a c t iv i ty  and th e  l i f e  cycle  s tag e s  o f  th e  nematode , 

P an ag re llu s  s i lu s i a c . Apart from d iffe re n c e s  between la rv a e  

and ad u lt nematodes, they showed th a t  a twenty days-o ld  a d u lt 

nematode had s ix  a c id  phosphatase bands when sep ara ted  

e le c tro p h o re tic a lly  on polyacrylam ide g e l w hile a  tw enty- 

f iv e -  days o ld  a d u lt nematode had seven bands o f ac id  

phosphatase. The bands v a ried  in  co lour, they were e i th e r  

red , f a in t  red  o r yellow . F u rth e r t e s t s  showed th a t  each 

coloured band was t r u ly  a c id  phosphatase. In  th e  l ig h t  o f  

th e i r  f in d in g s  i t  would be prem ature to  d escrib e  ac id  

phosphatase bands ( ACP-3  and ACP-4 ) as 'd iag n o stic*  fo r  

th e  p a r t ic u la r  forms o f P. c i l i a t a . A study o f  seasonal 

v a r ia t io n  o f  ac id  phosphatase in  th ese  po p u la tio n s by 

e le c tro p h o re s is  would be va lu ab le . Furtherm ore, th i s  enzyme 

system has not been found 'd iag n o stic*  in  any case o f s ib l in g  

sp ec ie s  in  marine in v e r te b ra te s .

In  th e  PGI lo cu s  two a l l e l e s  were observed fo r  'non- 

boring* form and a s in g le  band was found in  'boring* form 

o f  c i l i a t a  which was d if f e re n t  in  m o b ility  from th e  two 

a l l e l e s .  This lack  o f common a l l e l e s  between th e  two forms 

may mean th a t  th ese  could be considered as  two g e n e tic a lly  

d i s t in c t  p o p u la tio n s. The phosphoglucose isom erase (PGI) 

locus has been s tu d ied  in  many organisms in c lu d in g  marine 

and f re sh  w ater in v e r te b ra te s . This enzyme system was 

regarded  as 'd ia g n o s tic ' between th e  two sp ec ie s  o f  gastropod.

V
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B ulinus tro p ic u s  and B, permembranaceus ( Je ln ee , 1 9 7 ?  ) .

I t  was rev ea led  c o n s is te n tly  in  more th a n .200 in d iv id u a ls .

This enzyme system was a lso  s tu d ied  by Murphy (19?8) who 

d escribed  s ib l in g  sp ec ies  o f Goniobasis and by Chambers 

(1978) who described  s ib l in g  spec ies  o f  C o l l i s e l l a . These 

au th o rs  were ab le  to  reso lv e  th e  PGI locus c o n s is te n tly  

l ik e  many o th e rs . In  th e  p resen t study, t h i s  PGI lo cu s  may 

be considered  as  'd ia g n o s t ic ' and th e  two forms o f  P. c i l i a t a  

can be assigned  w ithout any h e s ita t io n  on th e  b a s is  o f  th e i r  

genotype.

On an o v e ra ll  b a s is ,  the  mean genetic  id e n t i ty  d a ta  

which i s  p resen ted  in  Table 13, shows th a t  th e  two forms 

o f  2" c i l i a t a  has a I  = 0.700 + 0.009 ( S.E. ) .  This f ig u re  

does not come in  th e  range o f  s ib lin g  sp ec ies  as  described  

fo r  D rosophila by Ayala eb (1974). The g en e tic  id e n t i ty  

o r  d is tan ce  es tim ates  a re  not a v a ila b le  fo r  s ix  s ib l in g  

sp ec ie s  o f  C a p ite lla  c a p ita ta  but B ice and Simon (1980) 

gave th i s  estim ate  fo r  2* l i g n i .  The s ib l in g  sp ec ies  o f 

2" l ig n i  had a mean g enetic  id e n t i ty  ( I  ) 0.397* This 

estim ate  comes under the  range o f s ib l in g  sp ec ie s  as 

d escribed  by Ayala _et a l . (1974) fo r  D rosophila ( see 

Table 17 )•

The mean g enetic  id e n t i ty  in  th e  p re sen t study shows th a t  

th e  2* c i l i a t a  'non-boring* form, 2* l ig n i  and 2* lim ic o la  

come under th e  range o f lo c a l  popu la tions w hile th e  2* c i l i a t a  

'b o r in g ' form comes under th e  range o f sub o r sem i-species.
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Table 17* Average g en e tic  s im i la r i ty ,  I  and gen e tic  

d is ta n c e , D between tax a  o f  v a rio u s  le v e ls  

o f  ev o lu tio n ary  divergence in  th e  D rosophila 

v i l l i s t o n i  group (from Ayala ^ t  a l . ,  1974).
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Taxonomie le v e l I D

Local popu la tions 0.970  + 0.006 0.031  + 0.007

Sub spec ies 0.795  + 0,013 0.230  + 0.016

Semi sp ec ies 0.798  + 0.026 0.226  + 0.033

S ib lin g  spec ies 0.336  + 0.023 0.381  + 0.039

N on-sib ling  spec ies 0.352  + 0.023 1.056  + 0.068
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The ex isten ce  o f genetic  d iffe re n c e s  between th e  two 

forms o f  2 * c i l i a t a  rep o rted  here a re  not .the r e s u l t  o f  

sampling e r ro r .  The two independent samples o f  2* c i l i a t a  

were c o lle c te d  from W hitstab le ( 'non -b o rin g ' form ) s ix  

months ap a rt ( Table 3 ) and both re s u lte d  in  s im ila r  gene 

freq u en c ies . Another popu la tion  from Dumpton ( 'b o r in g ' 

form ) was sampled tw ice, th ir te e n  months a p a rt ( Table 3 ) 

and both samples gave s im ila r  r e s u l t s .  P o ss ib le  exp lanations 

fo r  th e  ex is ten ce  o f  such genetic  d iffe re n c e s  could be due 

to  environm ental d iffe re n c e s , h a b ita t  o r  rep ro d u c tiv e  

i s o l a t i o n . '

The two forms l iv e  in  d if f e re n t  environm ental co n d itio n s . 

The 'b o r in g ' form l iv e s  under pure 'marine* co n d itio n s  w hile 

'n o n -b o rin g ' form l iv e s  under le s s  'm arin e ' o r under e s tu a rin e  

c o n d itio n s . I t  may w ell be p o ss ib le  th a t  low oxygen and 

s a l in i ty  may have re s u l te d  in  co n sid e rab le  s e le c tio n  p re ssu re  

fo r  c e r ta in  genotypes in  e s tu a rin e  p o p u la tio n s. I t  would be 

in te r e s t in g  to r a i s e  la rv a e  from a stock  lab o ra to ry  c u ltu re  

under d if f e re n t  s a l in i ty ,  tem perature and oxygen co n d itio n s  

and to  determ ine the  magnitude and d ire c tio n  o f  the  s e le c t iv e  

fo rc e s .

The h a b ita t  may have been r e la te d  to  th e  observed geno

ty p ic  d if fe re n c e s . The two forms l iv e  on d i f f e r e n t  s u b s tra ta  

and a lso  a t  d if f e r e n t  t i d a l  le v e ls  in  th e  i n t e r t i d a l  zone.

I t  i s  w ell known th a t  Polydora ex h ib it h a b i ta t  s e le c tio n  and 

th e i r  la rv a e  search  fo r  a s u ita b le  substratum  on which to  s e t t l e .
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They p re fe r  to  s e t t l e  where th e  a d u lts  o f  th e  same sp ec ie s  

a re  p re sen t ( Wilson, 1928; D o rse tt, I 96I ;.B la k e , 1969b ) .

Graham and Gay (1945) a lso  rep o rted  some spionods fo r  th e i r  

p re fe ren ce  to  s e t t l e  on hard s u b s tra ta . Makay and Doyle 

(1978) found in te rp o p u la tio n a l d iffe re n c e s  in  th e  a f f in i ty  

o f  sp iro rb id  • po lychaetes fo r  various s u b s tra te  depending 

upon th e  environm ental co n d itio n s. P. l ig n i  a lso  shows 

in te rp o p u la tio n a l d iffe re n c e s  in  gene frequencies  w ith  

re sp e c t to  th e i r  h a b ita t  ( Rice and Simon, I 98O ) .

The lack  o f a common s ille le  between c lo se ly  r e la te d  

sp ec ies  i s  taken as an evidence o f rep ro d u c tiv e  i s o la t io n  

( G rassle  and G rassle , 1976; Dando and Southward, I 98O )

. and th e  g enetic  d iffe re n c e  observed in  P. c i l i a t a  could be 

explained  as due to  rep ro d u ctiv e  is o la t io n .

The model o f  sp é c ia tio n  recognizes two s tag e s  in  th e  

form ation o f  sp e c ie s . In  th e  f i r s t  s tag e , a l lo p a t r ic  

pop u la tio n s  become g e n e tic a lly  s u f f ic ie n t ly  d i f f e r e n t  fo r  

n a tu ra l  s e le c tio n  to  favour th e  development o f  rep ro d u c tiv e  

i s o la t io n  between th e  popu la tions i f  they were to  come in  

c o n ta c t. The second s tag e  occurs a f t e r  sympatry when 

rep ro d u c tiv e  i s o la t io n  i s  being completed. The two forms o f  

2 * c i l i a t a  may be in  th e  f i r s t  s tag e  o f sp é c ia tio n .

The question  ra is e d  a t  th e  begining was whether 2* c i l i a t a , 

which l iv e s  on a v a r ie ty  o f  s u b s tra ta , i s  a s in g le  homogeneous 

sp ec ies  o r  n o t. The answer depends upon th e  r e l a t iv e  weight
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p laced  upon each p o rtio n  o f  th e  foregoing evidence. A 

museum taxonom ist, working w ith a few preserved  in d iv id u a ls  

might conclude th a t  2 * c i l i a t a  i s  a s in g le  sp ec ie s  showing 

minor v a r ia tio n  in  some o f  i t s  taxonomic c h a ra c te rs . Some 

taxonom ists working w ith  la rg e  samples taken from d if f e r e n t  

p o pu la tions might go fu r th e r  and synonomize 2 * c i l i a t a  w ith  

2* l l f b i  and 2* lim ic o la , as d id  Rasmussen (1973) and Kendall 

(1980) .  An e c o lo g is t studying ecology and morphology o f  two 

p o p u la tio n s  which occur a t  d if f e re n t  h a b i ta ts  might conclude 

th a t  2 * c i l i a t a  and 2 » l ig n i  a re  two d i s t in c t  sp ec ie s  as 

M ichaelis (1978) d id . A rep roductive  o r popu la tio n  b io lo g is t ,  

considering  th e  v a r ia t io n  in  breeding perio d  and fecund ity  

might s p l i t  a s in g le  popu la tion  o f 2 * c i l i a t a  in to  two groups 

as D orsett ( I 96I )  d id .

The g en era lly  accepted d e f in it io n  o f  a b io lo g ic a l  sp ec ies  

i s  th a t  a c tu a lly  o r  p o te n tia l ly  in te rb re ed in g  n a tu ra l  p o p u la tio n s  

which a re  rep ro d u c tiv e ly  is o la te d  from o th e r  such groups 

( Mayr j ^ a l . , 1953 )• This view o f a sp ec ies  sometimes poses 

p r a c t ic a l  d i f f i c u l t i e s  e sp e c ia lly  in  those  cases where 

sp é c ia tio n  i s  in  p ro g ress  and th i s  i s  what appears to  be the  

case in  po lychaetes ( C lark, 1977 )•

Looking a t  th e  popu la tion  g en e tic s  emd th e  foregoing 

m orphological evidence th e  conclusion would probably be 

reached th a t  th e  2 * c i l i a t a  'non-boring* form and 'b o r in g ' 

form a re  g e n e tic a lly  d if f e re n t  p o p u la tions and th a t  th e  

'n o n -b o rin g ' form should be re fe r re d  to as 2 *
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£• lim ic o la , i s  g e n e tic a lly  very s im ila r  to  P. l ig n i  and not 

to  P. c i l i a t a  'boring* form.

I t  i s ,  however, d e s ira b le  th a t  more lo c i  should be 

s tu d ie d  so th a t  i t  could be a sce rta in e d  whether th e  la rg e  

number o f  monomorphic lo c i  found during th e  p re sen t study 

has no t given a f a ls e  im pression.
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SECTION I I
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INTRODUCTION

'P o lychae te  taxonomy i s  s t i l l  la rg e ly  a t  th e  d e s c r ip tiv e  

"alpha" stage* ( C lark , 1977 ) ,  although they a re  abundant in

th e  marine environment. Polychaetes a re .g e n e ra lly  s lu g g ish  

in  n a tu re  and not very m obile. Many sp ec ies  o f  po lychaetes 

a re  cosm opolitan and have a wide geographical range. I t  i s ,  

th e re fo re , no t su rp r is in g  i f  minor d iffe re n c e s  in  morphology 

and o th e r  t r a i t s  e x is t  between members o f  th e  same sp ec ies  

l iv in g  in  d if f e r e n t  geographical a re a s . I f  th e se  minor 

d iffe re n c e s  do not e x is t  in  those c h a ra c te rs  which a re  

considered  taxonom ically im portant ( l i k e  s e ta e , paragnaths ) 

then they may e a s ily  be overlooked by taxonom ists and th i s  

a lso  a p p lie s  to  sym patric sp ec ies .

The use o f  c h a ra c te rs , not p rev iously  considered  

taxonom ically im portan t, has le d  to  th e  sep a ra tio n  o f  many 

sp e c ie s . Healy and Wells (1959) were ab le  to  sep a ra te  

A barenicola p a c if ic a  and 2» vagabunda from 2» d a p a r e d i i  on 

th e  b a s is  o f  breeding  b io logy . Gibson (1978) s tu d ied  eleven 

sp ec ies  o f  th e  genus D odecaceria. He found th a t  th e  rep ro d u c tiv e  

b io logy , e sp e c ia lly  th e  capac ity  fo r  asexual rep ro d u c tio n , 

a s  w ell as m orphological c h a ra c te rs  had to  be considered  i n ' 

o rd e r  to  se p a ra te  th ese  sp ec ie s . Three sp ec ies  in  th e  genus 

P la ty n e re is  were found to  be rep ro d u c tiv e ly  is o la te d  although 

they were m orphologically  s im ila r  ( J u s t ,  1914, 1915# 1929 ) .

I t  i s  ev ident th a t  i t  has only been p o ss ib le  to  sep a ra te  

sp e c ie s , which a re  m orphologically  s im ila r ,  by study ing  them
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in  d e ta i l  and where such s tu d ie s  have not been c a r r ie d  o u t, 

th e re  i s  taxonomic confusion* Since th e  concept o f  a sp ec ies  

tu rn s  upon rep ro d u c tiv e  is o la t io n ,  v a r ia t io n  in  rep ro d u c tiv e  

b io logy o r  in  g en e tic  m a te ria ls  a re  considered  more im portan t 

than  any o th e r  f a c to rs .  As mentioned elsewhere th e  high 

re so lv in g  power and ease o f  a p p lic a tio n  o f  e le c tro p h o re tic  

methods to sp ec ies  id e n t i f ic a t io n  o f fe r s  a p o te n t ia l ly  

va lu ab le  to o l .  However, t h i s  i s  la rg e ly  an unexp lo ited  to o l 

in  po lychaete  taxonomy.

I t  was thought some p relim inary  o b se rv a tio n s  o f is o 

zymes by e le c tro p h o re s is  in  some o th e r  po lychaetes  would be 

h e lp fu l and might provide an in ce n tiv e  fo r  fu tu re  work.

A renicola marina ( Linnaeus ) shows s tr ik in g  d iffe re n c e s  

in  th e  tim e o f  spawning in  B r i t i s h  w aters ( Duncan, I 96O )•

Duncan concluded th a t  environmental f a c to rs  a re  no t n e c e s sa r i ly  

re sp o n s ib le  fo r  such d iffe re n c e s  but th ese  could be due to  g en e tic  

d i f f e r e n t ia t io n  and th i s  i s  not su rp r is in g  fo r  th e  com paratively 

seden tary  h a b its  o f  A renicola sp ec ies  l iv in g  in  a d is c o n ti-  

nuously d is t r ib u te d  h a b i ta t .  Small samples o f  A renicola 

marina were ob ta ined  and analysed e le c tro p h o re tic a lly  in  th e  

p re se n t study and s in ce  no work has been pub lished  on A renicola 

isozymes to  d a te , r e s u l t s  a re  p resen ted  in  t h i s  s e c tio n .

N ereis d iv e rs ic o lo r  M üller i s  ano ther example o f  complex 

sp ec ie s  in  P o lychaeta . N. lim n ico la  and N. japon ica  a re  

m orphologically  id e n t ic a l  w ith  2 * d iv e rs ic o lo r  except fo r  

th e  arrangement o f th e  paragnaths, a c h a ra c te r  which has
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proved to  be somewhat u n re lia b le  ( Smith, 1958 ) and 

v a r ia t io n  in  paragnath  numbers in  r e la t io n  to  sediment 

type has been rep o rted  by Baumes (1978), However, the  

rep ro d u c tiv e  i s o la t io n  o f  the  th re e  sp ec ies  i s  t o t a l  on - 

behavioural grounds ( C lark, 1977 )• No attem pt has been 

made so f a r  to  study th e  n a tu re  o f v a r ia t io n  in  g en e tic  

m a te r ia ls  by using  modern techniques o f  th e se  worms. During 

th e  p re se n t study i t  was f e l t  th a t  some p re lim in ary  o b se rv a tio n s  

ought to  be made and electrophorogram s o f  some enzymes o f  

N ereis  d iv e rs ic o lo r  and o th e r sp ec ies  a r e  p resen ted .
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MATERIALS AND METHODS

A renicola marina ;

Small samplee o f A. marina were ob ta ined  from s ix  

d if f e r e n t  l o c a l i t i e s  in  England, Wales and Scotland .

( F igu re  40 ) .  A ll samples were c o lle c te d  in  summer, I 980 

except from th e  Plymouth lo c a l i ty ,  which was c o lle c te d  in  

w in te r , 1980$ Live worms were kep t in  a tank w ith  sand and 

sea  w ater in an  aquarium a t  10 -  15°C. These tanks were 

provided w ith  c irc u la te d  a r t i f i c i a l  sea w ater and w ith  

a e ra tio n . Worms were used fo r  p reparing  samples w ith in  two 

weeks o f c o l le c t io n . Live worms ob ta ined  from M illp o rt were 

frozen  in  l iq u id  n itro g en  and s to red  in  a deep fre e z e  (-20°C ).

Each worm, w ith  th e  gut cleared ,w as re lax ed  by adding 

magnesium c h lo rid e  c ry s ta ls  ( to 7# ) and then d isse c te d  in  

ic e -c o ld  sea  w ater. The body w all was cu t open and th e  coelomic 

ca v ity  was washed thoroughly w ith ic e -c o ld  sea  w ater to  remove 

any developing gametes. Worms were b lo tte d  dry and weighed.

An equal amount o f  homogenisation m ixture was added and worm 

was then  homogenised in  a t is s u e  g rin d e r, immersed in  ic e -  

co ld  w ater. The hom ogenisation m ixture was th e  same as  describ ed  

fo r  Polydora sp ec ies  e a r l i e r .  The r e s u l t in g  homogenate was spun 

in  a r e f r ig e ra te d  c e n tr ifu g e  a t  0 -  4°C fo r  90 m inutes a t  

28,000  g. The c le a r  supernatan t was c a re fu lly  removed and 

a l iq u o ts  were s to re d  a t  -20°C u n t i l  re q u ire d .



210

The M illp o rt worms were defrozen and d isse c te d  in  ic e -

co ld  sea w ater to remove coelomic f lu id  and geumetes i f  any.

They were then homogenised and spun as described  above.

The e le c tro p h o re tic  procedure was th e  same as fo r

Polydora sp ec ie s . Samples o f 5 -  10 ^1 were ap p lied  to  th e

g e l and a f t e r  e le c tro p h o re s is  g e ls  were s ta in e d  fo r  the  

fo llow ing enzymes using  th e  s ta in in g  methods given in  

Appendix I I .

1. Acid phosphatase (AGP)

2. Leucine am inopeptidase (LAP)

3* Phosphoglucose isom erase (PGI)

4. Tétrazolium  oxidase (TO)

3* E ste rase  (EST)

6 . M alate dehydrogenase (MDH)

N ereis  sp ec ies  :

Three d if f e re n t  spec ies  o f N ereis were o b ta in ed .

JN[. d iv e rs ic o lo r  was ob ta ined  from Swansea, Plymouth, W hitstab le  

and B lyth . The B ly th  sample was d iv ided  in to  two age groups, 

those  which were approxim ately younger than a y ear and those  

o ld e r  than a y ea r. A ll samples were c o lle c te d  in  summer, I 98O 

except th a t  from Plymouth, where c o lle c tio n  was made in  w in te r .

Ü* fu ca ta  from s h e lls  housing herm it crabs ( Eupagurus sp . ) ,  

were ob ta ined  from M illp o rt in  summer, 1980 and ano ther sample
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F igure  40. Map showing lo c a tio n s  o f  A renicola marina pop u la tio n s  

sampled.

1 . S t .  Andrews, 2. W hitstab le , ) .  Plymouth,

4 . Swansea, 5. L ancaster and 6 . M illp o r t.
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was ob ta ined  from Plymouth, o ffsh o re , in  Febraury, I 980.

Ü* v ire n s  was c o lle c te d  from W hitstable and B ly th  in  May 

and June, I 980 re sp e c tiv e ly .

Live worms were kep t in  the  aquarium a t  10 -  13®C.

]i* v irena and d iv e rs ic o lo r  do not su rv ive  w ell in

c irc u la te d  sea  w ater and they were e i th e r  k ep t in  l i t t l e  

sea w ater o r  over wet f i l t e r  paper. S h e lls  housing herm it 

crabs were kept in  a tank and provided w ith c irc u la te d  sea 

water and a e ra tio n . S h e lls  were cracked open to  ge t th e  

worms o u t.

Samples fo r  e le c tro p h o re s is  were made in  th e  same way

as described  fo r  A renicola marina and were s to re d  a t  -20°C

u n t i l  needed. The e le c tro p h o re tic  procedure was th e  same as  

fo r  Polydora sp ec ie s . Samples o f 10 -  15 )il were ap p lied  to 

th e  g e l, and a f t e r  e le c tro p h o re s is  they were s ta in e d  fo r:

1. E s te rase  (EST)

2. G lucose-S-phosphate dehydrogenase (G6PD)

3. Leucine am inopeptidase (LAP)

4 . L ac ta te  dehydrogenase (LDH)

5 . M alate dehydrogenase (MDH)

6. Phosphoglucose isom erase (PGI)
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F ig u re  4 l .  Map showing lo c a tio n s  o f N ereis d iv e r s ic o lo r , fu c a ta , 

and jN. v iren e  p o p u la tio n s  sampled.

1 . B ly th , 2. W hitstab le , 3* Plymouth, 4. Swansea and 

5* M illp o r t.
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RESULTS

The e le c tro p h o re tic  r é s u l ta  p resen ted  hereunder» a re  

based on sm all samples and therefore»  no attem pt has been 

made to c a lc u la te  a l l e l e  frequencies  o r g en e tic  id e n t i ty  

o r  d is ta n c e . The e le c tro p h o re tic  r e s u l t s  o f  A renicola marina 

and N ereis sp ec ies  a re  p resen ted  se p a ra te ly .

A renicola marina :

The s ix  enzyme systems which were s tu d ie d  a re  p resen ted  

in  F igu res 42 to  4?. The phosphoglucose isom erase s ta in e d  as  

a s in g le  band in  a l l  popu la tions ( F igure 42 ) and no d iffe re n c e  

was observed. The average m ob ility  o f th e  PGI band was 9 0 + 0 . 4  

( S.D. ) and the  sample s iz e  was 30 from s ix  p o p u la tio n s.

The m alate dehydrogenase was a lso  found to  have a  s in g le  band 

on the  zymogram which u su a lly  s ta in e d  very dark . The average 

m o b ility  o f th i s  band fo r  30 worms was 100 + 0 .8  ( S.D. ) .

F ig u re  46 is  a photograph of a m alate dehydrogenase zymogram.

The ac id  phosphatase zymogram showed 3 bands ( F igu re  44 ) .

The two f a s t  moving bands s ta in e d  l ig h t ly  and had mean 

m o b ili t ie s  112 + 0 .6  ( S.D. ) and 108 + 0 .4  ( S.D. ) re sp e c tiv e ly . 

The slow moving band which stadned dark ly  had a mean m o b ility  

94 + 0 .3  ( S.D. ) .  A to tail o f  35 worms were screened fo r  t h i s  

enzyme system from s ix  d if f e r e n t  p o p u la tio n s.

The le u c in e  am inopeptidase zymogram showed g re a t 

v a r ia b i l i ty  ( F ig u res 43 and 45 )• Three worms from S t. Andrews
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had th re e  bande, LAP^^^, and LAP^^^ w hile th e  o th e r
120two worms had only two bands and lacked  LAP . In  th e  

V h its ta b le , Plymouth and M illp o rt p o pu la tions only LAP^^ was 

found ( n s  18 )• The worms from Swansea showed s l ig h t  

v a r ia t io n  in  th e  m obility  o f th e  s in g le  band. This band was 

not very sharp and due to d iffu s io n  i t  was no t p o ss ib le  to 

measure th e  m ob ility  p re c is e ly . The average m o b ility  fo r  5 

worms was 108 + 0*7 ( S.D. ) .  The L ancaster popu la tio n  showed 

two bands and LAP^^^, ( n = 4 ) .

The té tra zo liu m  oxidase zymograms showed th re e  d if f e r e n t

types o f  p a tte rn s  ( F igure 42 ) .  Type 1 was found in  the

W hitstab le  popu la tion  where th re e  bands were observed. The
92 103two slow moving bands TO and TO were re so lv ed  in  a l l  

s ix  worms from W hitstab le . The th i rd  f a s t  moving band had 

e i th e r  a m ob ility  119 o r  116. Out o f  s ix  worms th re e  had 

TO^^^ and the  o th e r  th re e  had TO^^^. Type 2 was found in  

M illp o rt, Swansea, Plymouth and S t. Andrews in  which case 

only a s in g le  band TO^^^ was observed. A th i r d  type was 

found in  th e  L ancaster pop u la tio n . In  th i s ,  4 ou t o f  ^ had 

a double banded p a tte rn , TO^^ and TO^^^. The f i f t h  worm 

had a s in g le  band TO^^^.

The e s te ra se  zymograms showed two zones o f a c t iv i ty  

( F igure 47 )• The f a s t  moving band had a mean m ob ility  o f 

1]J0 + 0 .9  ( S.D. ) .  In  some in d iv id u a ls  th i s  band s ta in e d  

very dark and was th ic k , w hile in  o th e rs  i t  was more l ig h t ly  

s ta in e d . The slow moving band showed s l ig h t  v a r ia t io n  in
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F igu re  42. Diagram o f  phoephoglucose ieom erase (PGI) and

té trazo liu m  oxidase  (TO) zymograms o f  d if f e re n t  

po p u la tio n s  o f  m arina.

1. W hitstab le , 2. Plymouth, M illp o rt and S t. 

Andrews, 3» L ancaster.

F igu re  43# Diagram o f le u c in e  am inopeptidase zymogram o f 

d i f f e r e n t  p o p u la tio n s  o f  marina .

1 . S t. Andrews, 2. Plymouth, 3* W hitstab le ,

4. Swansea, 3- M illp o rt and 6. L an caster.
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F igure  44. Photograph o f  ac id  phosphatase zymogram o f

d i f f e r e n t  pop u la tio n s  o f  A. m arina.

F igure  45* Photograph o f  le u c in e  am inopeptidase zymogram 

o f  d i f f e r e n t  po p u la tio n s o f  m arina.

1 . S t .  Andrews, 2. W h itstab le , 3* Swansea and 

4. M illp o r t.
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F igure 46. Photograph o f  m alate dehydrogenase zymogram o f

d if f e r e n t  p o p u la tio n s  o f  jU m arina.

1 . Plymouth, 2. W hitstab le  and 3* L ancaster.

F ig u re  4?. Photograph o f e s te ra s e  zymogram o f d if f e r e n t  

p o p u la tio n s  o f  _A. m arina.

1. W h itstab le , 2. Plymouth, 3* M illp o rt and

4. Swansea.
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m o b ility . The m ajo rity  had a mean m ob ility  o f  92 + 0*7 

( S.D. ) ,  but a few worms showed a mean m o b ility  94 + 0 .5  

( S.D. ) .

N ereis  sp ec ie s  s

F igure 48 diagrams th e  e s te ra se  zymogram o f d if f e r e n t

sp ec ie s  o f  N ere is . In  N̂. d iv e rs ic o lo r  th e  f a s t  moving o r

anodal zone had th re e  d if f e r e n t  bands lo c a te d  c lo se  to  each

o th e r  but sometimes w ith  two o r  even only one band. This

zone i s  r e fe r re d  as EST-1 and th e  a l l e l e s  a re  EST -1^^,

EST-1^^^ and EST-1^^^. In  four worms from Plymouth and

Swansea th ese  th re e  a l l e l e s  were found which were lo c a te d

e q u id is ta n tly . The homozygote fo r  EST-1^^ was a lso  observed

132from th e  same p o p u la tio n s. The homozygote EST-1 was no t
135q u ite  c le a r  because i t  was always reso lv ed  w ith  EST-1 ^ , 

which c re a te s  confusion about i t s  d esig n a tio n  as  a s in g le  

dim eric locus. But the homozygote fo r  £S T -1^^  was observed 

in  the  Blyth population. I t  seems likely  that th is  locus is  

polymorphic and dim eric, which produces th e  th re e  banded 

heterozygo te  C F igure  25 b ) .  The o th e r  slow moving bands 

in  N.* d iv e rs ic o lo r  were d i f f i c u l t  to  in te r p r e t ,  bu t i t  i s  

obvious th a t  they were no t monomorphic and a la rg e  sample 

could re v e a l th e  p a t te rn  which would f i t  a g en e tic  system . 

The two age groups from th e  B lyth p o p u la tio n . do no t show 

any s t r ik in g  d iffe re n c e s  w ith  re sp ec t to  t h i s  enzyme system. 

In  f a c t ,  they do not show any d iffe re n c e  in  any o th e r  enzyme 

system s d iscussed  h e re a f te r .
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The e s te ra se  zymogram o f î̂ « fu ca ta  showed only one 

zone o f a c t iv i ty  which i s  anodal and appears polym orphic.

In  v ire n s  two d i s t in c t  zones were observed and both  

appear polymorphic. The th re e  d if f e r e n t  sp ec ie s  had some 

bands in  common bu t th e  o v e ra ll  p a tte rn  o f  the  zymograms was 

d if f e r e n t  fo r  th e  th re e  sp ec ies .

The g lucose-6-phosphate dehydrogenase, le u c in e  amino

p ep tid ase  and la c ta t e  dehydrogenase s ta in e d  as  a s in g le  

band in  a l l  the  pop u la tio n s  o f th e  th re e  sp ec ie s  o f  N ere is . 

T heir average m o b ili t ie s  were 91 + 0 .3  ( S.D. ) ,  9 8 + 0 . 4  

( S.D. ) and 96 + 0 .3  ( S.D. ) re sp e c tiv e ly .

F igure 50 shows in te r s p e c i f ic  v a r ia t io n  found in  m alate 

dehydrogenase. The ÎĴ . fu ca ta  had d if f e r e n t  m o b ili t ie s  from 

N̂. d iv e rs ic o lo r  and If. v ire n s . Two types o f zymogram were 

observed in  îf. fu c a ta ; one had a double-banded p a t te rn  

^ jj9 1 /1 0 1  the other type had only one band, MDH^ .̂ Only 

seven If. fu ca ta  were screened and in the absence of a 

homozygote fo r  th e  f a s t  moving a l l e l e  i t  could not be 

described  w ith  c e r ta in ty  as  polymorphic.

The phosphoglucose isoraerase a lso  ex h ib ited  in te r s p e c i f ic  

v a r ia t io n . If. d iv e rs ic o lo r  and If. v ire n s  had id e n t ic a l  bands 

w ith  a mean m o b ility  o f 90 + 0 .04  ( S.D. ) w hile N. fu ca ta  

had a band w ith a mean m ob ility  o f  95 + 0-3  ( S.D. )• The 

phosphoglucose isom erase i s  probably monomorphic in  th e  

th re e  sp e c ie s . No in te rp o p u la tio n  d iffe re n c e  was found.
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F igure  48. Diagram o f e s te ra s e  zymogram o f N ereis  sp ec ie s  •

1 . If. d iv e rs ic o lo r  from B lyth  {  2nd year age-group )

2. If. d iv e rs ic o lo r  from B lyth  . ( 1 s t  year age-group )

3. N_. d iv e rs ic o lo r  from Plymouth

4. If. fu c a ta  from M illp o rt

5 . N. v ire n s  from W hitstab le
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F igure 49. Photograph o f  e s te ra se  zymogram o f N ereis sp ec ie s .

1. N_. v ire n s  from B lyth

2. N_. fu ca ta  from M illp o rt

3 .  N,. d iv e rs ic o lo r  from Plymouth

4. N̂. d iv e rs ic o lo r  from B lyth  ( 2nd year age-group )

5* N_. d iv e rs ic o lo r  from B lyth  ( 1 s t  year age-group )

F igu re  50. Photograph o f m alate dehydrogenase zymogram o f 

N ereis sp ec ie s  •

1 . DL v ire n s  from B lyth

2. and 3* N.« fu ca ta  from M illp o rt

4 . N̂. d iv e rs ic o lo r  from B lyth  ( 2nd year age-group ) 

5* N,. d iv e rs ic o lo r  from B lyth  ( 1 s t  year age-group )
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DISCUSSION

The main o b je c tiv e  o f  t h i s  work was to  p rov ide  some 

p re lim in ary  in form ation  about enzyme e le c tro p h o re s is  in  

polychaetes* The r e s u l t s  show th a t  in  A renicola marina as 

w ell as in  N ereis sp ec ies  a good deal o f  gen e tic  v a r ia b l i ty  

may be d e tec ted  by e le c tro p h o re s is .

A renicola marina in h a b its  the  t i d a l  zone and burrows 

in  sandy beaches which may be separa ted  by s tr e tc h e s  o f 

u n su itab le  co ast and p o ssib ly  causing lo c a l  i s o la t io n .  The 

worm i s  n e ith e r  an a c tiv e  swimmer nor an en e rg e tic  t r a v e l le r  

a t  any s tag e  o f i t s  l i f e - h i s to r y .  The ad u lt worm swims slow ly 

and clum sily  and they do i t  very seldom. I f  co n d itio n s  a re  

favourab le , an in d iv id u a l w ill  remain in  the  same burrow fo r  

s ev e ra l months ( W ells, 1957 )• The eggs and sperm a re  

d ischarged on th e  su rface  o f the  sand, a t  low t id e .  The 

f e r t i l i z e d  eggs and la rv a e  a re  c a r r ie d  up shore by th e  t id e  

and deposited  in  the Fucus zone where they l iv e  and develop 

in to  smsdl worms. There i s  no p e lag ic  la rv a l  phase ( Newell, 

1948 ) .  In the l ig h t  o f  th ese  f a c ts ,  g en e tic  d i f f e r e n t ia t io n  

between popu la tions i s  not unexpected. Duncan ( I 96O ) 

compared the  spawning periods o f  marina from d if f e r e n t  

beaches o f B r ita in  and concluded th a t  each popu la tio n  had i t s  

own c h a ra c te r s t ic  spawning period , though always in  O ctober, 

November o r December. I t  i s  however, not known whether th ese  

d iffe re n c e s  in  spawning period  a re  due to  g en e tic  o r 

environm ental causes o r to  a combination o f  both  fa c to rs .
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The r e s u l t  o f the  p re sen t study shows v a r ia t io n  in  

le u c in e  am inopeptidase, e s te ra se  and té tra zo liu m  ox idase .

Few worms were analysed from each popu la tio n  and, th e re fo re , 

the  p o s s ib i l i ty  o f  o th e r  enzyme systems being  v a r ia b le  

cannot be ru le d  o u t. marina can be c o lle c te d  in  la rg e  

numbers from s u ita b le  beaches and fu r th e r  l ig h t  could be 

thrown on the problem by ex tensive  study o f e le c tro p h o re tic a lly  

sep ara ted  isozymes.

Many examples o f  rep ro d u ctiv e  i s o la t io n  w ithout 

m orphological d i f f e r e n t ia t io n  in  the  N ereidae have been 

reviewed by C lark (1977)* Three sp ec ies  o f  P la ty n e re is ,

£• d u m erilii ( Audouin and Milne Edwards ) , P̂ . megalops 

V e r r i l l ,  and £ . m a ss ilie n s is  ( Moquin-Tandon ) e x h ib it 

complete rep ro d u c tiv e  i s o la t io n  in  s p i te  o f t h e i r  m orphological 

s im i la r i ty .  They in h a b it  d if f e re n t  geographical a reas  o r  

d if f e re n t  depth o f  t i d a l  zones. d u m erilii i s  found in  

European w aters where i t  in h a b its  th e  s u b tid a l  zone w hile 

P. megalops i s  found along th e  New England c o as t. These two 

sp ec ies  a re  a lso  s im ila r  in  th e  sense th a t  they bo th  undergo 

ep ito k a l metamorphosis and swarm a t  th e  sea  su rfac e . However 

th e  mode o f f e r t i l i z a t i o n  i s  d if f e re n t  in  th e  two sp e c ie s .

In  2* d u m e rili i , f e r t i l i z a t i o n  i s  e x te rn a l w hile in  megalops 

i t  i s  in te rn a l .  The th i r d  sp ec ies  P̂ . m a s s il ie n s is  i s  found 

in  European w aters and in h a b its  th e  i n t e r t i d a l  zone. This 

sp ec ie s  does no t undergo metamorphosis b u t b reeds w ith in  i t s  

tube. A s im ila r  example i s  found in  th e  genus N ere is , in  which 

th re e  sp ec ies  a re  rep ro d u c tiv e ly  i s o la te d  in  s p i te  o f  th e i r
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m orphological s im i la r i ty .  14. d iv e rs ic o lo r  breeds on the  

m ud-fla ts  in  which i t  l iv e s .  14. .japonica swarms a t  the  sea 

su rface  to  breed and 14. lim n ico la  i s  a v iv ip aro u s , s e l f  

f e r t i l i z i n g  herm aphrodite which b reeds w ith in  i t s  tube. These 

examples and many o th e rs  rep o rted  by C lark (1952, 1977) show 

th a t  sp é c ia tio n  i s  an ongoing process w ith in  th e  po lychaetes  

and numerous examples o f  d if f e re n t  s tag e s  o f  sp é c ia tio n  

probably remain to be d iscovered.

d iv e rs ic o lo r  ty p ic a l ly  l iv e s  in  e s tu a rin e  m udflats 

and lo c a l races  have been described  which suggest g en e tic  . 

d iffe re n c e s  ( Smith, 1977; Barnes, 197& )• The study o f 

popu la tion  g en e tic s  o f  N ereidae would be in te r e s t in g  s in ce  

th e  fam ily i s  s t r i c t l y  m onotelic, th a t  i s ,  they spawn once 

in  th e i r  l i f e  tim e and d ie  soon a f t e r  spawning. O live and 

Garwood ( I 98I )  s tu d ied  a popu la tion  o f 14. d iv e rs ic o lo r  from 

B lyth , Northumberland, England and suggested a l i f e  span o f  

3 y e a rs . They a lso  suggested th a t  successive  year groups 

would be g e n e tic a lly  i s o la te d .  A sample o f  th e  same popu la tion  

was c o lle c te d  in  summer, I 98O and gmalysed e le c tro p h o re t ic a l ly .  

The r e s u l t  shows th a t  the  two age groups ( which were k in d ly  

sep ara ted  by Dr Garwood h im self ) a re  no t g e n e tic a lly  

d i f f e r e n t .  The r e s u l t  i s  no t su rp r is in g . The same au tho rs  

( O live and Garwood, I 981 ) observed under la b o ra to ry  

c o n d itio n s th a t worms can reach  m atu rity  when they a re  2 y ears  

o ld . They a lso  d iscu ss  th e  p o s s ib i l i ty  th a t  males can breed  

and d ie  when 2 years  o ld , w hile fem ales do not reach  m atu rity  

u n t i l  3 years  o ld  and th i s  would obviously  break down g en e tic
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i s o la t io n  between successive  age groups.

With the  exception  o f  e s te ra s e , no o th e r  enzyme system 

was found to  be v a r ia b le  in  3 d i f f e re n t  p o p u la tio n s  o f 

Î4, d iv e rs ic o lo r . I n te r s p e c if ic  d iffe re n c e s  were, however, 

observed in  two o th e r  enzyme systems namely, m alate dehydro

genase and phosphoglucose isom erase. I t  i s  however, in te r e s t in g  

to  no te  th a t  the  two sp ec ies , namely 14. d iv e rs ic o lo r  and 

14. v ire n s  which l iv e  on m u d -fla ts , were found to  be alm ost 

id e n t ic a l  in  a l l  enzyme systems s tu d ied  w hile ]4. fu ca ta  

which l iv e s  o ffsh o re  and in  deep w ater was d i f f e r e n t  in  th re e  

enzyme systems out o f  s ix  s tu d ied  h e re .
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APPENDIX I

Stock so lu tio n s  used fo r  gel p rep a ra tio n ;

D eaerated d i s t i l l e d  w ater was used throughout and the  

s o lu tio n s  were s to re d  in  amber g la s s  b o t t le s  in  a r e f r ig e r a to r  

w ith  th e  exception o f ammonium p e rsu lp h a te  s o lu tio n  which 

was made f re sh  each tim e.

1) T r is -b u f fe r ,  pH 8 .9

T ris*  36. 6g

IN HCl 48ml

TEMED* 0.46ml

d i s t i l l e d  w ater to  100ml

A ccurate pH was ensured by t i t r a t i o n  in  th e  HCl to  t r i e  

and TEMED d isso lv ed  in  40ml d i s t i l l e d  w ater.

2) Acrylaraide so lu tio n ,

(A) Acrylamide 30g

BIS* 0 .8g

K^e(CN)^ 0.015g

d i s t i l l e d  w ater to  100ml

(B) Acrylamide 60g

BIS* 0 .8g

K^e(CN)g 0.015g

d i s t i l l e d  w ater to  100ml
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3) I n i t i a t o r

Ammonium p e rsu lp h a te  0 .l4 g

d i s t i l l e d  w ater to 100ml

For making g e l, 7*5^ acrylam ide co n cen tra tio n :

1 p a r t  t r i s - b u f f e r

2 parts acrylamide solution (A)

4 p a r ts  i n i t i a t o r

1 p a r t  d i s t i l l e d  w ater

For making g e l, acrylam ide c o n ce n tra tio n ;

Acrylamide so lu tio n  (B) was taken in  p lace  o f  (A)

E lec trode  b u f fe r ;

T r is -g ly c in e , pH 8*3

Glycine  ̂ 28 . 8g

T ris*  6 .0g

d i s t i l l e d  w ater to  100ml

•A bbrev iations;

T ri 6 T ri s (hydroxymethyl) aminom ethane
TEMED N,N, N, N -te tram ethy lethy lened iam ine

I
BIS N ,N -raethylenebisacrylam ide
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APPENDIX I I  

S ta in in g  re c ip e s  fo r  making 10ml s o lu t io n ;

1 . Acid phoephatase

a-naph thy l ac id  phoEphate(N a-ealt) lOmg

F ast garne t GBC s a l t  lOmg

0.05M a c e ta te ,  pH 5*0 - 10ml

F i l t e r  th e  so lu tio n  and incubate  g e l in  t h i s  fo r  one

hour a t  room tem peratu re .

2. E s te rase

F as t b lue  EE s a l t  lOmg

0.3M tris -H C l, pH ? .0  1ml

a-naph thy l ace ta teC l#  w/v in  acetone) 0.5ml

d i s t i l l e d  w ater to  10ml

F i l t e r  the  s o lu tio n  and in cubate  ge l a t  room tem perature

fo r  30 to 60 m inutes. Change th e  s ta in in g  so lu tio n  i f  i t

becomes cloudy.

3* GlucoBe-6-phoephate dehydrogenase

NADP* 7mg

NBT* 5mg

PMS* 0.2mg

G lucose-6-phosphate(disodium  s a l t )  0.03g

0.5M tris -H C l, pH 7-0 1ml

d i s t i l l e d  w ater to 10ml

Incubate  ge l in  dark a t  37°C fo r  30 m inutes.
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4* I s o c i t r a t e  dehydrogenase

NADP* 2mg

NBT* 0.8mg

PMS* 1.3mg

Is o c itra te C tr is o d iu m -s a it)  30mg

0.05M MgCl^ 0.4ml

IM tris -H C l, pH 8 1ml

d i s t i l l e d  w ater to  10ml

Incubate  g e l in  dark a t  37°C fo r  30 to 60 m inutes.

5* L ac ta te  dehydrogenase 

su b s tra te :

D L -lactic  ac id  (sodium s a l t )  1ml

0.06M phosphate, 7*5 pH 1ml

S ta in :

NAD* 6.6mg

NBT* 3.5mg

PMS* 0.2mg

s u b s tr a te  2ml

0.5M tris -H C l, pH 7 1ml

d i s t i l l e d  w ater to  10ml

Incubate  ge l in  dark a t  37°C fo r  30 m inutes.

6 . Leucine am inopeptidase

(A) L-Leucyl-P-naphthylam ide HCl 2mg

Dimethyl formamide 0.5ml

O.IM phosphate, pH 7 to 10ml
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(B) Black K s a i t  lûmg

O.IM phosphate, pH 7 10ml

Incubate  gel in  s o lu tio n  (A) fo r  4 hours a t  room tempe

r a tu r e .  Pour o f f  so lu tio n  (A) and rep la ce  w ith so lu tio n  (B). 

Incubate in  t h i s  eo lu tio n  fo r  13 to  }0  m inutes a t  room 

tem perature,

7# M alate dehydrogenase

NAD* 4mg

NBT* 2mg

PMS* 0.6mg

L-m alic a c id  l6mg

0.03M tris -H C l, ph 9-2 to  10ml

Incubate  gel in  dark a t  37°C fo r  30 m inutes.

8. Malic enzyme

NADP* 2rag

NBT* 2mg

PMS* 0.6mg

L-m alic a c id  l6mg

0.03M MgCl^ 0.3ml

0.05M tris -H C l, pH 9*2 to  10ml

Incubate  ge l in  dark a t  37°C fo r  1 hour.

9* Peroxidase

o -d ia n is id in e  2mg

O.IM t r i s - c i t r a t e ,  pH 5 6ml

0 .1*  (v /v ) H^O  ̂ 2ml

Incubate  ge l in  co ld  room (10°C) fo r  30 to  60 m inutes.
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10. Phosphoglucose isom erase

Fructose-6-pho8phate(disodium  s a l t )  l4mg

0.05M MgClg 1ml

G lucose-6-phosphate dehydrogenase

(Type XI, Sigma) lO un its

NADP* 1.3mg

PMS* 0.4mg

MTT* Img

0.04M tris -H C l, pH 8 to  10ml

Incubate gel in  dark a t  37°C fo r  15 to  30 m inutes.

11. Tétrazolium  oxidase

NAD* 2.5mg

NBT* 2mg

PMS* 0.5mg

0.05M tris -H C l, pH 8 .5  to  10ml

Incubate  ge l a t  room tem perature and expose to  l ig h t  

u n t i l  w hite bands appear on b lue  background.

12. Xanthine dehydrogenase

NAD* 6.6mg

NBT* 3*5mg

PMS* 0.2mg

Hypoxanthine 20mg

IM tris -H C l, pH 8 2ml

d i s t i l l e d  w ater to  10ml

Incubate  ge l in  dark a t  37°C fo r  1 hour.
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♦A bbreviations

MTT 3 - (4 ,3 -D im e th y lth ia zo ly l-2 )-2 ,5 -diphenylt é t r a 
zolium bromide

NAD Nicotinam ide adenine d in u c leo tid e

NADP N icotinam ide adenine d in u c le o tid e  phosphate

NBT N itro  b lue  té tra zo liu m

PMS Phenazine m ethosulphate

T ri 6 T ri B(hydro xym e th y l) aminom ethane
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APPENDIX I I I

Number o f  Eye sp o ts  in  d if f e r e n t  p o p u la tio n s  o f  Polydora.

P opu la tions u No. o f eye spo ts
0 1 2 3 4

P. c i l i a t a

Plymouth 20 10 0 8 2 0

Dumpton 40 15 2 18 3 2

Torbay 24 4 0 12 6 2

W hitstab le 39 12 0 9 3 15

Barry 36 18 0 15 3 0

S ully 30 13 2 10 4 1

Robin Hood's B. 20 6 0 12 1 1

Hale 35 5 0 10 3 17 ■

New B righton 30 5 0 10 3 17

£• M c i

P e te re to n e  W. 54 4 0 11 12 27

P* lim ico la

Tees 46 6 0 10 10 20
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APPENDIX IV

Length o f  caruncle  w ith re sp ec t to  segment number in  

d if f e r e n t  p o p u la tio n s  o f  Polydora.

S pecies and 

P opu la tions
n No. o f  worms w ith caruncle  

covering segments
Mean No. o f  
segments 
covered by 
caruncle+ S.D.1 2 3

P. c i l i a t a

Plymouth 20 12 6 2 1.50 + 0,67

Dumprton 24 18 6 0 1.25  + 0 .45

Torbay 15 9 4 2 1.50 + 0.74

W hitstable 28 6 18 4 1 .93  + 0.60

Barry 15 10 4 1 1.40 + 0.61

Su lly 20 15 5 0 1.25  + 0.43

E. Hood's Bv 18 10 6 2 1.55  + 0.68

Hale 18 5 10 3 1.89 + 0.65

N. Brighton 

P. l ig n i

15 12 3 0 1.20 + 0.40

P e tc rs to n e  W.25 2 10 13 2.44 + 0.63

P. lim ic o la

Tees 23 3 12 8 2.22 + 0.65
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Ĉ- oo VO
o o o

fU o- VO m
o o o

iH 0 \
H O

IX
N VO f-
U> lA lA 00

§
5§

£
'O
>vr4
£
«M
O

(0
qo

•H
•P
(0rH
3
A

S.
+»s
k

•m
(M

- o

0
•H

(0

C
•H

&

$
A
«M
O
b

rA
rH

rvj

to
a>
a

•H

2-

0
0)

A
«M
O

t ,
0>

A

ON

3 0

\ 0

lA

lA

VO ON (N rH rH rH A A
• • •

00 -4" -4* A OO A s 00

rA J- O oo OJ H o AW rH rH rH rH rvj H

O o o o o o A O

O o o o o O rvj o

o o o o o o oo o

N o o o OJ o A CVJ

N o o o A - o f\J A

VO o o o A o O A

r4 o o o rH rH o A

rvj lA rH rvi o rsi o O
o lA A <M A o O

O -4- -4- H O A o o

0)

• p

o

A
0

I
3cr
<u

A

to
0
O

•H
+»
0

(H

&
(2

0
0

•H
Ü
0

eg-

0

A
■P 0 0
0 O X -P
O -P 0 0
B O, ,0 -P% B b 'H
fW

0
*HfH
•H
O

Oil

O t0 0 0H 5  PQ tn

PQ

0
XJo

. s

e  5  a  .0 iH

0 3Èo■p 0

' â
0
O

• H • Pu 0
pq k

0 0
3 - P 0
0 0 0
% PH E H

•H

•H
M

O
O

•H
B

•HiH
p,| n.}



276

APPENDIX VI

Mean number + s tan d ard  d ev ia tio n  and observed sample 

range o f  neuropodial hooded hooks p e r segment in  d if f e r e n t  

p o pu la tions o f  Polydora.

P opu la tions n mean No. o f  
hooded hook S.D. observed • ' 

sample range

P. c i l i a t a  

Plymouth 7 4 .8 0.06 4 - 6

Dumpton 18 5 .0 0 .72 4 - 6

Torbay 12 4 .0 0.34 3 - 4

W hitstab le 15 8.6 0.78 6 - 1 0

Barry 9 3 .8 0.54 3 - 4

S ully 12 4.1 0.36 3 - 5

E. Hood's B. 8 4 .8 0.39 4 - 6

Hale 10 8 .0 0.62 6 -  9

New B righton 14 4 .2 0.31 4 - 6

p . l ig n i

P e te rs to n e  W. 20 10.4 1.20 8 -  18

P. lim ic o la

Tees 14 8.1 0.82 7 - 1 1


