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ABSTRACT

CHANGES IN THE BIOCHEMICAL COMPOSITION OF TESTES 
DURING SPERMATOGENESIS IN ASTERIAS VULGARIS»

WITH EMPHASIS ON THE ROLE OF POLYAMINES 
IN REGULATING PROLIFERATION

by

Frank  F. Sm ith  
U n i v e r s i t y  o f  New H am pshire . May, 1985

T e s te s  o f  A s t e r i a s  v u l g a r i s  a r e  p o t e n t i a l l y  u s e f u l  f o r  

i n v e s t i g a t i n g  m echan ism s r e g u l a t i n g  s p e rm a to g e n ic  e v e n t s  because  

o f  t h e i r  s t r u c t u r a l  s i m p l i c i t y  and  a n n u a l  s p e rm a to g e n ic  c y c le .  

E x a m in a t io n  o f  m a jo r  b io c h e m ic a l  c l a s s e s  d u r in g  th e  s p e rm a to g e n ic  

c y c le  p r o v id e s  a d e f i n i t i o n  o f  th e  ch a n g in g  c h e m ic a l  

m ic ro e n v i ro n m e n t  i n f l u e n c i n g  g e r m in a l  c e l l s  and a l s o  s u g g e s t s  

t e m p o r a l  r e l a t i o n s h i p s  among s u c c e s s i v e  s p e rm a to g e n ic  e v e n ts .  

T e s te s  from  s e a s t a r s  c o l l e c t e d  th ro u g h o u t  t h e  y e a r  w ere  

hom ogenized  and l y o p h i l i z e d  and a l i q u o t s  a s sa y e d  f o r  DNA, RNA, 

t o t a l  p r o t e i n ,  f r e e  am ino a c i d s ,  t o t a l  l i p i d s ,  g lycogen , and 

o t h e r  c a r b o h y d r a te s ;  s p e rm a to g e n ic  s t a g e  was d e te rm in e d  by 

e x a m in a t io n  o f  p a r a f f i n  s e c t i o n s .  The r e s u l t i n g  d a ta ,  e x p re s s e d  

a s  1. m g/g d ry  m ass , 2. mg/mg DNA, and 3. t o t a l  c o n te n t ,  were  

a n a ly z e d  by w e ig h te d  p e r i o d i c  r e g r e s s i o n  and c i r c u l a r - l i n e a r  

c o r r e l a t i o n  w i t h  s p e r m a to g e n ic  s t a g e  and t im e  o f  y e a r .  The 

o b s e rv e d  p a t t e r n s  o f  change c o r r e l a t e  c l o s e l y  w i th  c y t o l o g i c a l  

v a r i a t i o n s  o b s e rv e d  w i t h i n  th e  g e rm in a l  e p i t h e l i u m .  B io c h e m ic a l



d a t a  t h u s  com plem ent e x i s t i n g  d a t a  on th e  c y to lo g y  o f  th e  

g e rm in a l  e p i t h e l i u m .

A c t i v i t y  o f  o r n i t h i n e  d e c a rb o x y la s e  (ODC), t h e  r a t e - l i m i t i n g  

enzyme o f  p o ly am in e  s y n t h e s i s ,  i n c r e a s e s  d u r in g  th e  p r o l i f e r a t i v e  

phase  o f  s p e rm a to g e n e s i s .  T e s t i c u l a r  ODC a c t i v i t y  c o r r e l a t e s  

w e l l  w i t h  DNA s y n t h e t i c  r a t e .  To t e s t  th e  p o s s i b l e  r o l e  o f  

p o ly a m in e s  i n  r e g u l a t i n g  i n i t i a t i o n  o f  s p e rm a to g o n ia l  m i to s e s ,  

i n t a c t  t e s t e s  n e a r  th e  b e g in n in g  o f  th e  p r o l i f e r a t i v e  phase  w ere  

i n c u b a te d  i n  v i t r o  w i th  exogenous p o ly am in e s .  They s u b s e q u e n t ly  

showed a s i g n i f i c a n t  i n c r e a s e  i n  i n c o r p o r a t i o n  o f  3h- th y m id in e  

i n t o  DNA. No s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  i n  th y m id in e  

i n c o r p o r a t i o n  c o u ld  be d e t e c t e d  among t e s t e s  exposed  t o  t h r e e  

i n c u b a t i o n  r e g im e s :  p o ly a m in e s  p r e s e n t  on f i r s t  day o n ly ,  p r e s e n t  

second  day o n ly ,  and p r e s e n t  bo th  days ;  i n  a l l  t h r e e  c a s e s ,  3h-  

th y m id in e  was added f o r  t h e  t h i r d  day o f  i n c u b a t i o n  w i th  th e  same 

type  o f  medium a s  t h a t  u sed  on th e  second  day. Thus, t h e  e f f e c t  

on DNA s y n t h e s i s  o f  e x t r i n s i c  p o ly a m in e s  a p p e a r s  t o  be s u s t a i n e d  

a f t e r  r em o v a l  o f  th e  e x t r i n s i c  p o ly am in e s .  These r e s u l t s  s u g g e s t  

a  d i r e c t  r o l e  f o r  p o ly a m in e s  i n  t h e  r e g u l a t i o n  o f  s p e rm a to g e n ic  

p r o l i f e r a t i o n  i n  A*, v u l g a r i s .  E v idence  f o r  a r e g u l a t o r y  r o l e  o f  

p o ly a m in e s  i n  t h e  i n i t i a t i o n  o f  p r o l i f e r a t i o n ,  t o g e t h e r  w i th  

e x i s t i n g  i n f o r m a t i o n  on th e  e n v i r o n m e n ta l ,  ho rm onal,  and 

c y t o l o g i c a l  i n t e r a c t i o n s ,  f a c i l i t a t e s  deve lopm en t o f  a 

p r e l i m i n a r y  m odel f o r  r e g u l a t i o n  and e n t r a in m e n t  o f  

s p e r m a to g e n e s i s .



INTRODUCTION

A w ide  v a r i e t y  o f  c e l l u l a r  s y s te m s  have been u sed  f o r  t h e  s tu d y  o f  

p r o l i f e r a t i o n .  These s y s te m s  can be c o n v e n ie n t l y  d iv id e d  i n t o  t h r e e  

m a jo r  g ro u p s :  (1) t r a n s f o r m e d  c e l l s ,  i n  w h ich  e v e n t s  n o r m a l ly  

r e s p o n s i b l e  f o r  r e g u l a t i n g  p r o l i f e r a t i o n  a r e  d i s r u p t e d  (e^ R u s s e l l  

and Snyder  1968; F i l l i n g a m e  e t  a l .  1975; Fong e t  a l .  1976; F u l l e r  e t  

a l .  1977; Sw eet e t  a l .  1980; H e rb s t  and B ranca  1981; Rumsby and Puck 

1982; McConlogue e t  a l .  1983); (2) n o rm a l  ( i , .  e ^  n o n - t r a n s f o r m e d )

c e l l s  u n d e rg o in g  a c t i v e  p r o l i f e r a t i o n  (e^  R u s s e l l  and S nyde r  1968;

Chan e t  a l .  1981): and (3) c e l l s  i n  m i t o t i c a l l y  q u i e s c e n t  p o p u l a t i o n s  

w hich  a r e  s t i m u l a t e d  t o  b e g in  p r o l i f e r a t i o n  (e,. g ^  Temin 1971; P a rd ee  

1974; O t to  e t  a l .  1979). P r o l i f e r a t i o n  i n  a l l  t h r e e  o f  t h e s e  g ro u p s

a p p e a r s  t o  be r e g u l a t e d  d i f f e r e n t l y  (C re s s  and G erne r  1980; Haddox e t

a l .  1980: Cameron and Pool 1981; Magun and G erne r  1981); in d e e d ,  c e l l s  

t r a n s f o r m e d  by d i f f e r e n t  c h e m ic a l  o r  v i r a l  a g e n t s  may d i f f e r  i n  t h e  

m echan ism s by w h ich  t h e i r  g ro w th  i s  r e g u l a t e d  (Magun and G erne r  1981). 

A lthough  th o ro u g h  u n d e r s t a n d in g  o f  m echan ism s r e g u l a t i n g  c e l l u l a r  

p r o l i f e r a t i o n  may r e q u i r e  s y n t h e s i s  o f  i n f o r m a t i o n  g a in e d  from  a l l  

t h r e e  g ro u p s  o f  s y s te m s ,  d i f f e r e n c e s  i n  r e g u l a t o r y  m echanism s m ust be 

c o n s id e r e d  when i n t e r p r e t i n g  r e s u l t s .

Many s t u d i e s  o f  c e l l  c y c le  r e g u l a t i o n ,  r e g a r d l e s s  o f  type  o f  c e l l  

s y s tem  used , have  in v o lv e d  t h r e e  fu n d a m e n ta l  a p p ro a c h e s .  I n  t h e  f i r s t ,  

l i m i t a t i o n  o f  c e l l u l a r  g ro w th  by r e s t r i c t i o n  o f  some r e q u i r e d  r e s o u r c e  

i s  f o l l o w e d  by r e l a x a t i o n  o f  th e  r e s t r i c t i v e  c o n d i t i o n .  T h is  a p p ro a c h  

i n c l u d e s  serum  s t a r v a t i o n  and r e - f e e d i n g  (e,. g*, Temin 1971; P a rd ee

1
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1974; Fong e t  a l .  1976; Rumsby and Puck 1982) and d i l u t i o n  o f  c o n f l u e n t  

c u l t u r e s  (.g*. E u  C re s s  and G e rn e r  1980). In  t h e  second* a  p o p u l a t io n  

o f  c e l l s  i s  s t i m u l a t e d  t o  p r o l i f e r a t e  by th e  a d d i t i o n  o f  a  m i to g e n ic  o r  

t r a n s f o r m in g  a g e n t  n o t  n o r m a l ly  p r e s e n t  i n  t h o s e  c e l l s  (e*. g., 

F i l l i n g a m e  e t  a l .  1975; Chen e t.  a l .  1976; Cheetham and B e l l e t t  1982).

In  th e  t h i r d ,  an  a g e n t  w h ich  may s e r v e  some r e g u l a t o r y  f u n c t i o n  i n  

p h y s i o l o g i c a l l y  n o rm a l  c e l l s  i s  d i r e c t l y  m a n ip u la te d  (.§*_ E u  Cohen e t  

a l .  1970; Dion and Cohen 1972; H e r b s t  and B ranca  1981; Schoenm akers  e t  

a l .  1981b; P e a rs e  and E e r n i s s e  1982).

S p e rm a to g o n ia  i n  t h e  t e s t e s  o f  A s t e r i a s  v u l g a r i s  fo rm  a p o p u l a t io n  

o f  m i t o t i c a l l y  q u i e s c e n t  c e l l s  w h ich  i s  a n n u a l ly  s t i m u l a t e d  by an 

e n v i r o n m e n ta l  cue  t o  b e g in  p r o l i f e r a t i o n  (W alker  1980; P e a r s e  and 

W alker i n  p r e s s ) .  A s t e r o i d  t e s t e s  t h e r e f o r e  p r o v id e  a  p o t e n t i a l l y  

u s e f u l  sy s tem  f o r  e x a m in in g  f a c t o r s  i n v o lv e d  i n  r e g u l a t i n g  

p r o l i f e r a t i o n  i n  n o r m a l ly  f u n c t i o n i n g  c e l l s .  M a n ip u la t io n  o f  th e  

t e s t i c u l a r  m ic ro e n v i ro n m e n t  can  p r o v id e  i m p o r t a n t  i n s i g h t s  i n t o  

r e g u l a t o r y  e v e n ts  c o n t r o l l i n g  t h e  c e l l  c y c le  o f  n o rm a l  c e l l s  s t i m u l a t e d  

t o  b e g in  p r o l i f e r a t i o n .  In  a d d i t i o n ,  l a t e r  i n  th e  s p e rm a to g e n ic  c y c le  

a s t e r o i d  t e s t e s  p r o v id e  a  p o p u l a t i o n  o f  n o rm a l  c e l l s  u n d e rg o in g  a c t i v e  

p r o l i f e r a t i o n .  Thus, i t  would  be p o s s i b l e  t o  com pare  r e g u l a t i o n  o f  

a c t i v e l y  p r o l i f e r a t i n g  s p e r m a to g o n ia  t o  t h a t  o f  m i t o t i c a l l y  q u i e s c e n t  

s p e rm a to g o n ia  s t i m u l a t e d  t o  p r o l i f e r a t e .  The a s s e r t i o n  t h a t  r e g u l a t i o n  

o f  a c t i v e l y  p r o l i f e r a t i n g  c e l l s  d i f f e r s  from  t h a t  o f  m i t o t i c a l l y  

q u i e s c e n t  c e l l s  ( C re s s  and G e rn e r  1980) can  t h e r e f o r e  be exam ined  w i t h  

a  sy s tem  w hich  n o r m a l ly  s w i t c h e s  from  one mode t o  th e  o t h e r ,  r a t h e r  

th a n  r e l y i n g  upon l a b o r a t o r y  m a n i p u la t i o n  to  f o r c e  a c t i v e l y  

p r o l i f e r a t i n g  c e l l s  t o  t e m p o r a r i l y  s t o p  p r o l i f e r a t i o n .
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S p e rm a to g e n e s is  i n  A s t e r i a s  v u l g a r i s  h a s  s e v e r a l  a d d i t i o n a l  

a d v a n ta g e s  (W alker  1980). Compared t o  m am malian s p e r m a to g e n e s i s ,  

s p e rm a to g e n e s i s  i n  a s t e r o i d s  a p p e a r s  t o  r e l a t i v e l y  s im p le .  The t e s t e s  

a r e  s t r u c t u r a l l y  s im p le :  e s s e n t i a l l y  d o u b le  s a c s  w i t h  r e l a t i v e l y  few 

t i s s u e s  (W alker  1974). A lthough s t e r o i d s  a p p e a r  t o  be i n v o lv e d  i n  

r e g u l a t i n g  and c o o r d i n a t i n g  r e p r o d u c t i v e  e v e n t s  and n u t r i e n t  t r a n s p o r t  

(Voogt e £  a ] . 1984), t h e r e  seem t o  be no d e t e c t a b l e  se c o n d a ry  s e x u a l  

c h a r a c t e r i s t i c s .  For exam ple, I  have been u n a b le  to  d e t e c t  any s e x -  

r e l a t e d  d i f f e r e n c e s  v i a  m o rp h o m e tr ic  a n a l y s i s .  Thus, i t  may be 

p o s s i b l e  to  s tu d y  r e p r o d u c t i v e  f u n c t i o n s  o f  horm ones i n  i s o l a t i o n  from  

s o m a t ic  e f f e c t s  such  a s  p ro d u c t io n  and m a in te n a n c e  o f  s e c o n d a ry  s e x u a l  

c h a r a c t e r i s t i c s .  F u r th e rm o re ,  some o f  t h e  m a jo r  s p e rm a to g e n ic  e v e n ts ,  

such  a s  i n i t i a t i o n  o f  p r o l i f e r a t i o n  and d i f f e r e n t i a t i o n ,  a r e  s e p a r a t e d  

t e m p o r a l ly  r a t h e r  th a n  s p a t i a l l y  as  o c c u rs  i n  m am m alian  t e s t e s .  

E x a m in a t io n  o f  t h e s e  e v e n ts  i n  i s o l a t i o n  from  o t h e r  s p e rm a to g e n ic  

p r o c e s s e s  i s  t h e r e f o r e  f a c i l i t a t e d .  F i n a l l y ,  t h e  p re s e n c e  o f  m u l t i p l e  

(10) t e s t e s  i n  an  a n im a l  a l lo w s  use  o f  ran d o m ized  b lo c k  e x p e r i m e n t a l  

d e s ig n  to  a c c o u n t  f o r  some v a r i a b i l i t y  among a n im a ls  i n  a p o p u la t io n .  

However, t e s t e s  p r i o r  t o  o r  s h o r t l y  a f t e r  i n i t i a t i o n  o f  p r o l i f e r a t i o n  

a r e  o f t e n  e x t r e m e ly  s m a l l  ( o c c a s i o n a l l y  l e s s  th a n  1 mg d ry  mass p e r  

t e s t i s ) ;  e x p e r im e n t s  conduc ted  a t  t h a t  t im e  o f  y e a r  may o c c a s i o n a l l y  

r e q u i r e  b io c h e m ic a l  m easu rem en ts  n e a r  t h e  l i m i t  o f  s e n s i t i v i t y  f o r  th e  

a s s a y s  used  ( se e  C h a p te r  I I ) .

C y to l o g ic a l  ch an g es  d u r in g  s p e r m a to g e n e s i s  i n  A s t e r i a s  v u l g a r i s  

have been d e s c r i b e d  i n  c o n s id e r a b l e  d e t a i l  (W alker  1980). The b r i e f  

d e s c r i p t i o n  t h a t  f o l l o w s  i s  in te n d e d  to  p ro v id e  o r i e n t a t i o n  t o  t h e  

t im in g  o f  m a jo r  e v e n t s  d u r in g  th e  a n n u a l  s p e rm a to g e n ic  c y c le .  Four
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s u c c e s s i v e  p h a ses  can be d i s t i n g u i s h e d  h i s t o l o g i c a l l y .  The 

a s p e r m a to g e n ic  phase  (1) b e g in s  a f t e r  spaw ning  i n  l a t e  May o r  June  and 

c o n t in u e s  u n t i l  a p p r o x im a te ly  O c to b e r  i n  p o p u l a t i o n s  from  t h e  G ulf  o f  

Maine. D uring  th e  e a r l y  a s p e rm a to g e n ic  phase , s o m a t ic  c e l l s  i n  th e  

t e s t i c u l a r  lum en p h a g o c y t i z e  r e s i d u a l  s p e rm a to z o a  from  th e  p r e c e e d in g  

s p e rm a to g e n ic  c y c le .  O th e r  s o m a t ic  c e l l s  su r ro u n d  s p e rm a to g o n ia  i n  th e  

g e rm in a l  e p i t h e l i u m ,  e n c l o s i n g  them i n  f o l l i c l e - l i k e  co m p a r tm e n ts .  In  

t h e  l a t e  a s p e r m a to g e n ic  phase  (F ig . 1), many o f  th e  l u m in a l  p h a g o c y t ic  

c e l l s  a p p a r e n t l y  c o n v e r t  t o  " v e s i c u l a r "  s e c r e t o r y  c e l l s .  These c e l l s  

c o n ta i n  l a r g e  s e c r e t o r y  v a c u o le s ,  e x t e n s i v e  sm ooth e n d o p la sm ic  

r e t i c u l u m ,  and w e l l - d e v e lo p e d  G olg i a p p a r a t i ;  i n  a d d i t i o n ,  th e y  show 

weak h i s t o c h e m i c a l  e v id e n c e  f o r  A 5 -3 B -h y d ro x y s te ro id  d e h yd rogenase  

a c t i v i t y  (W alker  1980). (2) The b e g in n in g  o f  th e  p r o l i f e r a t i v e  phase

(F ig .  2) i s  m arked by a  s i g n i f i c a n t  i n c r e a s e  i n  m i t o t i c  r a t e  o f  

p r e v i o u s l y  q u i e s c e n t  s p e rm a to g o n ia .  I n i t i a t i o n  o f  s p e r m a to g o n ia l  

p r o l i f e r a t i o n  a p p e a r s  t o  be m e d ia te d  by s t e r o i d  horm ones (Voogt e t  a l .  

1984), p ro b a b ly  s e c r e t e d  by " v e s i c u l a r "  s o m a t ic  c e l l s .  P r o l i f e r a t i n g  

s p e rm a to g o n ia  a r e  r e l e a s e d  from  t h e i r  f o l l i c l e - l i k e  c o m p ar tm en ts ,  and 

s o m a t ic  c e l l s  b e g in  to  o r g a n iz e  th e  g e rm in a l  e p i t h e l i u m  i n t o  co lum ns o f  

g e rm in a l  c e l l s  ( m o s t ly  p r im a ry  s p e r m a to c y te s )  a r r a n g e d  around  a 

s c a f f o l d i n g  fo rm ed  by a  s i n g l e  o r  a few s o m a t ic  c e l l s .  At th e  same 

t im e ,  t h e  g e n i t a l  haem al s i n u s  f i l l s  w i t h  p e r i o d i c - a c i d  S c h i f f  (PAS) 

and m e r c u r ic  brom phenol b lu e  (MPB) p o s i t i v e  m a t e r i a l ,  w hich  i s  

p re su m a b ly  n u t r i t i v e .  As t h e  p r o l i f e r a t i v e  phase  c o n t in u e s ,  

s p e rm a to g e n ic  co lum ns l e n g t h e n  as  s p e r m a to g o n ia l  m i to s e s  c o n t in u e  a t  

t h e i r  b a s e s  (F ig .  3). P r im a ry  s p e r m a to c y te s  h i g h e r  i n  t h e  co lum ns have 

p a s se d  th ro u g h  p r e - m e i o t i c  i n t e r p h a s e  and a r e  a r r e s t e d  i n  p ro p h ase  o f
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t h e  f i r s t  m e i o t i c  d i v i s i o n  (W alker  1980). P r o l i f e r a t i o n  c o n t in u e s  a t  

th e  b a s e s  o f  co lum ns u n t i l  a p p ro x im a te ly  e a r l y  March; c e s s a t i o n  o f  

p r o l i f e r a t i o n  c o r r e s p o n d s  w i t h  l o s s  o f  PAS and MPB p o s i t i v i t y  i n  th e  

g e n i t a l  haem al s in u s .  (3) The d i f f e r e n t i a t i v e  phase  b e g in s  

a p p r o x im a te ly  i n  J a n u a ry ,  and th u s  o v e r l a p s  t h e  l a t t e r  p o r t i o n  o f  th e  

p r o l i f e r a t i v e  phase  by s e v e r a l  m onths. P r im a ry  s p e r m a to c y te s  a t  th e  

t i p s  o f  th o u sa n d s  o f  a d j a c e n t  co lum ns c o n te m p o ra n e o u s ly  p roceed  th ro u g h  

m e i o s i s  and s p e r m io g e n e s i s  (F ig . 4). D uring  th e  l a t t e r  p o r t i o n  o f  th e  

d i f f e r e n t i a t i v e  phase ,  s p e r m a to g o n ia l  p r o l i f e r a t i o n  c e a s e s  and th e  

co lum ns b e g in  to  d eg rad e .  E v e n tu a l ly ,  t h e  t e s t i c u l a r  lumen i s  f i l l e d  

w i t h  num erous s p e rm a to z o a .  (4) F i n a l l y ,  s t o r e d  s p e rm a to z o a  a r e  

r e l e a s e d  d u r in g  th e  b r i e f  e v a c u a t iv e  phase  i n  l a t e  May o r  e a r l y  June. 

The t e s t i c u l a r  lum en th e n  c o n ta i n s  r e s i d u a l  s p e rm a to z o a  and p h a g o c y t ic  

s o m a t ic  c e l l s  a s  t h e  t e s t i s  r e t u r n s  t o  t h e  e a r l y  a s p e rm a to g e n ic  phase.

A lthough  th e  c y t o l o g i c a l  changes  d u r in g  s p e r m a to g e n e s i s  have been 

e x t e n s i v e l y  d e s c r ib e d  (W alker  1980), and i n f o r m a t i o n  has  been o b ta in e d  

on th e  e n v i r o n m e n ta l  ( P e a r s e  and W alker i n  p r e s s ) ,  ho rm onal (Voogt e t  

a l .  1984), and c y t o l o g i c a l  (W alker  and L a r o c h e l l e  1984) i n t e r a c t i o n s  

in v o lv e d  i n  e n t r a i n i n g  and c o n t r o l l i n g  th e  s p e rm a to g e n ic  c y c le ,  l i t t l e  

i s  known a b o u t  t h e  p r o x im a te  b io c h e m ic a l  e v e n t s  in v o lv e d  i n  r e g u l a t i n g  

s p e c i f i c  s p e rm a to g e n ic  e v e n ts .  A r e a s o n a b le  i n i t i a l  s t e p  i n  d e f i n i n g  

changes  i n  t h e  b io c h e m ic a l  m ic ro e n v iro n m e n t  d u r in g  s p e rm a to g e n e s i s  i s  

c a r e f u l  c h a r a c t e r i z a t i o n  o f  m a jo r  b io c h e m ic a l  c l a s s e s  i n  th e  t e s t e s  

th ro u g h o u t  th e  s p e rm a to g e n ic  c y c le  ( s e e  C h a p te r  I ) .  Such a s tu d y  

com plem en ts  e x i s t i n g  c y t o l o g i c a l  and u l t r a s t r u c t u r a l  i n f o r m a t i o n  and 

p r o v id e s  u s e f u l  i n f o r m a t i o n  ab o u t  f u n d a m e n ta l  m e ta b o l i c  changes i n  th e  

t e s t e s .
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In  c o n ju n c t io n  w i t h  c h a r a c t e r i z a t i o n  o f  fu n d a m e n ta l  changes  i n  

b io c h e m ic a l  c o m p o s i t io n  o f  t h e  t e s t e s ,  e x a m in a t io n  o f  m e ta b o l i c  

pa thw ays  w h ich  may be in v o lv e d  i n  r e g u l a t i n g  s p e c i f i c  s p e rm a to g e n ic  

e v e n t s  f u r t h e r  h e lp s  to  d e f i n e  changes  i n  c h e m ic a l  m ic ro e n v iro n m e n t  and 

c e l l u l a r  p h y s io lo g y  t h a t  a r e  c r i t i c a l  t o  p r o g r e s s  th ro u g h '  th e  

s p e rm a to g e n ic  c y c le .  Because  p o ly am in e s  have been i m p l i c a t e d  as  

s e r v i n g  a  r e g u l a t o r y  f u n c t i o n  f o r  p r o l i f e r a t i o n  i n  a  v a r i e t y  o f  c e l l  

s y s te m s  (.§»_ j&j  Dion and Cohen 1972; F i l l i n g a m e  et. a l .  1975; F u l l e r  e t  

a l .  1977; Kusunoki and Yasumasu 1978; Haddox and R u s s e l l  1981; McCann 

e£. a l .  1981; S u n k a ra  and Rao 1981), t h e  p o s s i b l e  r o l e  o f  p o ly a m in e s  i n  

r e g u l a t i o n  o f  s p e r m a to g o n ia l  m i t o s e s  i n  A s t e r i a s  v u l g a r i s  i s  c o n s id e r e d  

h e re  (C h a p te r s  I I  and I I I ) .  P r e l i m i n a r y  e v id e n c e  (C h a p te r  I I )  

i n d i c a t e s  a  good c o r r e l a t i o n  be tw een  p o ly am in e  s y n t h e s i s  (m easu red  by 

s p e c i f i c  a c t i v i t y  o f  o r n i t h i n e  d e c a rb o x y la s e ,  t h e  r a t e - l i m i t i n g  enzyme 

i n  th e  p o ly am in e  b i o s y n t h e t i c  pathw ay) and th e  p r o l i f e r a t i v e  phase  o f  

s p e r m a to g e n e s i s .  A r e g u l a t o r y  f u n c t i o n  f o r  p o ly am in e s  can be i n d i c a t e d  

by show ing  t h a t  i n c r e a s e d  p o ly am in e  c o n te n t  i s  s u f f i c i e n t  f o r  

enhancem en t o f  com m itm ent t o  m i t o s i s  ( a s  m easu red  by r a t e  of 

th y m id in e  i n c o r p o r a t i o n  i n t o  DNA).

The r e s e a r c h  p r e s e n te d  h e re  t h u s  p r o v id e s  f u r t h e r  d e f i n i t i o n  o f  

th e  c h e m ic a l  m ic ro e n v i ro n m e n t  i n f l u e n c i n g  g e rm in a l  c e l l s  d u r in g  

s p e rm a to g e n e s i s  i n  A s t e r i a s  v u l g a r i s  and p r o v id e s  an i n d i c a t i o n  o f  

p ro x im a te  b io c h e m ic a l  e v e n ts  i m p o r t a n t  i n  r e g u l a t i n g  i n i t i a t i o n  o f  

s p e r m a to g o n ia l  p r o l i f e r a t i o n .



Figure 1. Testis of Asterias vulgaris during the aspermatogenic phase.
Figure 2. I’arly proliferative phase of spermatogenesis.
Figure 3. Late proliferative phase of spermatogenesis.
Figure 4. 'Period of overlap of proliferative and differentiative 

phases.

tlfiicrographs courtesy of Dr. Charles W. WAlker)



CHAPTER I

BIOCHEMICAL CHANGES IN THE COMPOSITION OF THE TESTES 

DURING SPERMATOGENESIS

I n t r o d u c t i o n

A s te r o id  t e s t e s  a r e  a u s e f u l  model sy s te m  f o r  th e  s tu d y  o f  

m echan ism s r e g u l a t i n g  s p e r m a to g e n e s i s .  B ecause  f e r t i l i z a t i o n  i s  

e x t e r n a l  i n  A s t e r i a s  v u l g a r i s ,  t h e  s p e rm a to g e n ic  sy s tem  l a c k s  many o f  

t h e  s t r u c t u r a l  and f u n c t i o n a l  e l a b o r a t i o n s  t y p i c a l  o f  s y s te m s  a d a p te d  

f o r  i n t e r n a l  f e r t i l i z a t i o n  and c o n t in u o u s  p r o d u c t io n  o f  sp e rm a to z o a  

(W alker and L a r o c h e l l e  1984). I n s t e a d ,  t e s t e s  o f  a s t e r o i d s  a r e  

m o r p h o lo g ic a l ly  s im p le ,  e s s e n t i a l l y  c o n s i s t i n g  o f  a  doub le  sa c  w i t h  

r e l a t i v e l y  few t i s s u e s  (W alker  1974, 1979). S p e r m a to g e n e s is  i n  

A s t e r i a s  v u l g a r i s  o c c u r s  i n  an  a n n u a l  c y c le  w i t h  t e m p o ra l  s e p a r a t i o n  

be tw een  m ost m a jo r  e v e n t s  su c h  a s  th e  i n i t i a t i o n  o f  p r o l i f e r a t i o n ,  

m e io s i s ,  and s p e r m io g e n e s i s .  T h is  t e m p o r a l  s e p a r a t i o n  a l l o w s  s tu d y  o f  

t h e s e  p r o c e s s e s  b o th  i n  i s o l a t i o n  and i n  c o m b in a t io n  w i th  o t h e r  

s p e rm a to g e n ic  p r o c e s s e s .  P r i o r  s t u d i e s  have p ro v id e d  i n f o r m a t i o n  on 

th e  e n v i r o n m e n ta l  ( P e a r s e  and E e r n i s s e  1982), ho rm onal (Schoenm akers  e t  

a l .  1981b; T a k a h a sh i  and K a n a ta n i  1981; Voogt e t  a l .  1984), and 

c y t o l o g i c a l  (W alker  1980; W alker  and L a r o c h e l l e  1984) f a c t o r s  

i n f l u e n c i n g  g a m e to g e n e s i s  i n  a s t e r o i d s .  T h is  i n f o r m a t i o n  w i l l  

e v e n t u a l l y  f a c i l i t a t e  a d e t a i l e d  d e s c r i p t i o n  o f  s p e rm a to g e n ic  

r e g u l a t i o n .  F i n a l l y ,  t h e  p r e s e n c e  o f  m u l t i p l e  ( te n )  t e s t e s  i n  a  s i n g l e  

a n im a l  a l l o w s  r e d u c t i o n  o f  v a r i a t i o n  among e x p e r i m e n t a l  t r e a t m e n t s

8
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th ro u g h  ran d o m ized  b lo c k  e x p e r i m e n t a l  d e s ig n s ,  t h e r e b y  s i m p l i f y i n g  

i n t e r p r e t a t i o n  o f  e x p e r im e n ta l  m a n i p u la t i o n s  o f  t h e  s p e rm a to g e n ic  

sy s tem .

B a s ic  c h a r a c t e r i z a t i o n  o f  g r o s s  b io c h e m ic a l  changes  i n  t h e  t e s t e s  

com plem ents  e x i s t i n g  c y t o l o g i c a l  and u l t r a s t r u c t u r a l  i n f o r m a t i o n  and i s  

v i t a l  i n  d e v e lo p in g  a more d e t a i l e d  u n d e r s t a n d in g  o f  s p e r m a to g e n e s i s  a s  

a  whole . Such a s tu d y  can  h e lp  t o  d e f i n e  t h e  n u t r i e n t s  w hich  a r e  

n e c e s s a r i l y  d e l i v e r e d  t o  t h e  g e rm in a l  e p i t h e l i u m  d u r in g  gam ete  

p ro d u c t io n  and can  b e g in  t o  a l lo w  d e f i n i t i o n  o f  th e  c h e m ic a l  

m ic ro e n v i ro n m e n t  i n f l u e n c i n g  g e r m in a l  c e l l s  d u r in g  s p e c i f i c  s t a g e s  o f  

th e  g a m e to g e n ic  c y c le .

C y to lo g ic a l  and u l t r a s t r u c t u r a l  ch an g es  i n  t h e  g e r m in a l  e p i t h e l i u m  

d u r in g  s p e r m a to g e n e s i s  i n  A s t e r i a s  v u l g a r i s  have  been d e s c r i b e d  i n  

d e t a i l  by W alker  (1980). To sum m arize  b r i e f l y ,  s p e r m a to g e n e s i s  can  be 

d iv id e d  i n t o  f o u r  p h a s e s :  t h e  a s p e r m a to g e n ic ,  p r o l i f e r a t i v e ,  

d i f f e r e n t i a t i v e ,  and e v a c u a t iv e  p h a ses .  I n  A s t e r i a s  v u l g a r i s ,  t h e  

a s p e rm a to g e n ic  phase  b e g in s  im m e d ia te ly  a f t e r  sp a w n in g  and i n  

p o p u l a t i o n s  from  th e  G u lf  o f  Maine l a s t s  from  a p p r o x im a te ly  Ju n e  to  

Sep tem ber.  D uring  t h i s  t im e ,  th e  t e s t e s  a r e  e x t r e m e ly  s m a l l  (w e t  

m asses  a p p r o x im a te ly  0.1 — 1S o f  w hole  a n im a l  w e t  m ass) .  In  t h e  e a r l y  

a s p e r m a to g e n ic  phase ,  t e s t e s  c o n ta i n  s p e rm a to g o n ia ,  r e s i d u a l  

sp e rm a to z o a ,  and p h a g o c y t ic  s o m a t ic  c e l l s .  L a t e r  i n  t h e  a s p e r m a to g e n ic  

phase , a s  r e s i d u a l  sp e rm a to z o a  a r e  p h a g o c y t iz e d ,  s o m a t ic  c e l l s  i n  th e  

t e s t i c u l a r  lum en  become " v e s i c u l a r " ,  s y n t h e t i c  and s e c r e t o r y  c e l l s .  In  

O ctober  and e a r l y  November, th e  p r o l i f e r a t i v e  phase  b e g in s  w i t h  an 

i n c r e a s e  i n  m i t o t i c  in d e x  o f  p r e v i o u s ly  q u i e s c e n t  s p e rm a to g o n ia .  At 

t h i s  t im e ,  th e  g e n i t a l  haem al s i n u s  f i l l s  w i t h  p r e s u m p t iv e  n u t r i e n t
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m a t e r i a l  and th e  s p e rm a to g o n ia  and s o m a t ic  c e l l s  b e g in  t o  o r g a n iz e  i n t o  

s p e rm a to g e n ic  co lum ns (W alker  1980). P r o l i f e r a t i o n  c o n t in u e s  a t  th e  

b a s e s  o f  th e  co lum ns u n t i l  a p p ro x im a te ly  March, o v e r l a p p in g  by s e v e r a l  

m onths  w i t h  th e  b e g in n in g  o f  t h e  d i f f e r e n t i a t i v e  phase . In  J a n u a ry ,  

m e i o t i c  d i v i s i o n  and s p e r m io g e n e s i s  a r e  i n i t i a t e d  c o n te m p o ra n e o u s ly  a t  

th e  t i p s  o f  co lum ns th ro u g h o u t  a l a r g e  p o r t i o n  o f  t h e  t e s t i s .  A f t e r  

p r o l i f e r a t i o n  c e a s e s ,  c o n t in u e d  m e io se s  and s p e r m io g e n e s i s  r e s u l t  i n  

s h o r t e n i n g  o f  th e  s p e rm a to g e n ic  colum ns. F i n a l l y ,  i n  l a t e  A p r i l  o r  

May, t h e  co lum ns have  been d e g rad ed  e n t i r e l y ,  and th e  t e s t i c u l a r  lumen 

i s  f i l l e d  w i t h  sp e rm a to z o a .  S to re d  s p e rm a to z o a  a r e  n o rm a l ly  e x p e l l e d  

i n  l a t e  May o r  e a r l y  Ju n e ,  when spaw n ing  u s u a l l y  o c c u rs ,  th u s  r e t u r n i n g  

th e  gonad t o  t h e  a s p e r m a to g e n ic  phase.

A lthough  s t r u c t u r a l  changes  o c c u r r in g  w i t h i n  th e  g e rm in a l  

e p i t h e l i u m  d u r in g  s p e r m a to g e n e s i s  a r e  now f a i r l y  w e l l  u n d e rs to o d ,  

r e l a t i v e l y  few s t u d i e s  have  th o ro u g h ly  exam ined  v a r i a t i o n s  i n  

b io c h e m ic a l  c o n s t i t u t i o n  o f  a s t e r o i d  gonads o v e r  t h e  a nnua l  

r e p r o d u c t i v e  p e r io d  ( G r e e n f i e l d  et. a l .  1958; G r e e n f i e ld  1959; G ie se  

1966; B o o lo o t ia n  1966; F e rg u so n  1975a, 1975b; Lowe 1978; O udejans and 

Van d e r  S l u i s  1979). I n  g e n e r a l ,  t h e s e  p r e v io u s  s t u d i e s  have 

c o n c e n t r a t e d  p r i m a r i l y  on s t r u c t u r a l  and m e t a b o l i c  com ponents  o f  th e  

gonads, su c h  a s  p r o t e i n s ,  l i p i d s ,  and c a r b o h y d r a te s .  An e x a m in a t io n  o f  

th e  l e v e l s  o f  n u c l e i c  a c i d s  and a  d e s c r i p t i o n  o f  t h e  v a r i a t i o n s  i n  

o t h e r  c o n s t i t u e n t s  r e l a t i v e  t o  t h e  n u c l e i c  a c id  l e v e l  a r e  e s s e n t i a l  f o r  

c o m p le te ly  m e a n in g fu l  i n t e r p r e t a t i o n  (G iese  1967); how ever, o n ly  

G r e e n f i e ld  (1959) and van d e r  P l a s  and Voogt (1982) have  a s s e s s e d  

changes  i n  b io c h e m ic a l  c o m p o s i t i o n  d u r in g  g a m e to g e n e s i s  r e l a t i v e  t o  DNA 

l e v e l s .  Van d e r  P l a s  and Voogt (1982) c o n s id e r e d  o n ly  th e  p y l o r i c
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c a e c a  o f  f e m a le  A s t e r i a s  ru b e n s .  b u t  t h e i r  work p r o v id e s  u s e f u l  

i n s i g h t s  i n t o  t h e  p rob lem  o f  n u t r i e n t  t r a n s l o c a t i o n  from  th e  p y l o r i c  

c a e c a  d u r in g  v i t e l l o g e n e s i s .  A lthough G r e e n f i e ld  (1959) d id  i n c l u d e  

e s t i m a t e s  o f  b o th  DNA and RNA c o n c e n t r a t i o n ,  he d e a l t  p r i m a r i l y  w i th  

t h e  l i p i d  component o f  t h e  gonad; he d id  n o t  c o n s id e r  r e l a t i o n s h i p s  

be tw een  l i p i d  f r a c t i o n s  and n u c l e i c  a c id s ,  and he d id  n o t  a t t e m p t  t o  

c o r r e l a t e  h i s  o b s e r v a t i o n s  w i t h  s t r u c t u r a l  changes  i n  th e  g e rm in a l  

e p i t h e l i a  o f  h i s  s p e c im en s .  P r i o r  to  t h e  p r e s e n t  s tu d y ,  t h e r e  have 

been no s t u d i e s  on b io c h e m ic a l  c o m p o s i t io n  o f  a s t e r o i d  gonads w hich  

have a d e q u a te ly  r e l a t e d  o b se rv e d  b io c h e m ic a l  p a t t e r n s  i n  a  v a r i e t y  o f  

b io c h e m ic a l  com ponents  t o  c y t o l o g i c a l  changes docum ented  f o r  th e  

g e r m in a l  e p i t h e l i u m  d u r in g  g a m e to g e n e s i s .  C o n sequen tly ,  i t  i s  o f t e n  

d i f f i c u l t  o r  i m p o s s i b l e  t o  g e n e r a l i z e  p r e v io u s  f i n d i n g s  beyond th e  

s p e c i f i c  sy s tem  s tu d i e d ,  even  t o  o t h e r  p o p u l a t i o n s  o f  th e  same s p e c i e s  

(O udejans  et. .a l. 1979; Jangoux  and Van Impe 1977).

I n  t h i s  s tu d y ,  m a jo r  b io c h e m ic a l  com ponents  o f  t h e  t e s t e s  o f  

A s t e r i a s  v u l g a r i s  have  been m easu red  a t  i n t e r v a l s  th ro u g h o u t  t h e  a n n u a l  

s p e rm a to g e n ic  c y c le .  These m ea su rem e n ts  a r e  g iv e n  i n  te r m s  o f :  1. 

c o n c e n t r a t i o n  p e r  u n i t  m ass , 2. c o n c e n t r a t i o n  p e r  u n i t  q u a n t i t y  o f  DNA 

( d e s i g n a te d  " l e v e l ” i n  t h i s  p a p e r) ,  and 3. t o t a l  c o n te n t  o f  component 

p r e s e n t  i n  th e  t e s t i s .  C y c l i c a l  p a t t e r n s  i n  t h e s e  m e a su re s  a r e  

d e t e c t e d  and a n a ly z e d  th ro u g h  p e r i o d i c  r e g r e s s i o n s .  A lthough 

r e g r e s s i o n  a n a l y s i s  i s  p o w e r fu l ,  t h e  i n t e r p r e t a t i o n  o f  f i t t e d  

r e g r e s s i o n s  a l s o  r e q u i r e s  an e x a m in a t io n  o f  th e  d a t a  f o r  p e r i o d s  i n  

w h ich  t h e  r e s i d u a l s  a r e  c o n s i s t e n t l y  e i t h e r  p o s i t i v e  o r  n e g a t i v e .  Such 

p e r i o d s  may r e p r e s e n t  p o r t i o n s  o f  t h e  r e p r o d u c t i v e  c y c le  d u r in g  w hich  

th e  r e g r e s s i o n  f u n c t i o n  does  n o t  p r o v id e  an a d e q u a te  d e s c r i p t i o n  o f  th e
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a c t u a l  changes .  G e n e r a l ly ,  t h e s e  p e r io d s  can be a d e q u a te ly  e x p la in e d  

by c o n s i d e r a t i o n  o f  s t r u c t u r a l  changes  o c c u r r in g  i n  th e  gonad a t  th e  

t im e .  Thus, i t  i s  e s s e n t i a l  to  a l s o  r e l a t e  changes  i n  b io c h e m ic a l  

c o m p o s i t io n  t o  o b se rv e d  changes  i n  th e  c y to lo g y  o f  t h e  g e rm in a l  

e p i t h e l i u m  i n  th e  same a n im a ls .

M a t e r i a l s  and Methods

Anim als

S pec im ens  o f  A s t e r i a s  v u l g a r i s  w ere  c o l l e c t e d  by d i v e r s  from  

s e v e r a l  p o p u l a t i o n s  i n  t h e  G u lf  o f  Maine. Most s p e c im e n s  w ere  

c o l l e c t e d  a t  e i t h e r  t h e  I s l e s  o f  S h o a ls  on th e  New H am psh ire -M aine  

b o rd e r  o r  a t  Nubble P o in t  i n  York, Maine. The a m b ie n t  ocean  

t e m p e r a t u r e  was n o te d  a t  th e  t im e  o f  c o l l e c t i o n .  A nim als  w ere  

m a in ta in e d  i n  th e  l a b o r a t o r y  a t  a m b ie n t  ocean  t e m p e r a t u r e s  i n  JeW el 

O cean ic  35 a q u a r i a  and a l lo w e d  t o  f e e d  ad l i b i t u m  on m u s s e l s  (M v t i l u s  

e d u l i s  and M odio lus  m o d io lu s ). A nim als w ere  m a in ta in e d  i n  th e  

l a b o r a t o r y  f o r  no m ore th a n  t h r e e  weeks i n  o r d e r  t o  e n s u re  t h a t  t h e  

a n im a ls  w ere  s t i l l  i n  a p p r o x im a te ly  th e  same g a m e to g en ic  s t a g e  a s  th e  

sam p led  p o p u la t io n ;  b e c a u se  t e m p e r a tu r e ,  l i g h t  c y c le ,  and food  

a v a i l a b i l i t y  c o u ld  n o t  be a c c u r a t e l y  and c o n s i s t e n t l y  m atched  to  

e n v i r o n m e n ta l  c o n d i t i o n s ,  g a m e to g e n e s i s  cou ld  n o t  be assum ed to  f o l l o w  

p r e c i s e l y  p a r a l l e l  c o u r s e s  ove r  a lo n g  p e r io d  f o r  b o th  l a b o r a t o r y  

s p e c im e n s  and th e  f i e l d  p o p u la t io n s .

S e v e r a l  m o rp h o m e tr ic  m ea su rem e n ts  w ere  t a k e n  on e a ch  spec im en ;  

t h e s e  m ea su rem e n ts  w ere  used  i n  m o rp h o m e tr ic  a n a ly s e s  (n o t  c o n s id e r e d  

i n  d e t a i l  h e re ) .  Because  th e  o r a l  s u r f a c e  i s  g e n e r a l l y  f l a t t e r  th a n  

th e  a b o r a l  s u r f a c e ,  m ea su rem e n ts  w ere  t a k e n  on th e  o r a l  s i d e  t o  im p ro v e  

p r e c i s i o n .  Ray l e n g t h  (R) was m easu red  from  c e n t e r  o f  mouth t o  t i p  o f
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r a y  a lo n g  th e  a m b u la c r a l  g roove. D isk  r a d i u s  ( r )  was m easu red  a lo n g  an 

i n t e r - r a d i u s  from  c e n t e r  o f  mouth t o  edge o f  d i s k .  Ray w id th  a t  

t h e  b ase  (B) was m easu red  a t  th e  w i d e s t  p o i n t  o f  t h e  r a y ,  

g e n e r a l l y  0.5 -  1 cm d i s t a l  t o  t h e  i n t e r - r a d i a l  c i r c u m f e r e n c e .

I n  o r d e r  t o  o b t a i n  r e a s o n a b ly  c o n s i s t e n t  w e t  m asses ,  sp e c im e n s  

w ere  d r a in e d  on p a p e r  t o w e l s  f o r  a p p r o x im a te ly  f i v e  m in u te s  

(G iese  1967) b e fo r e  b e in g  m assed  on a t r i p l e - b e a m  b a la n c e .

A nim als  w i t h  a r a y  l e n g t h  g r e a t e r  th a n  5.5 cm w ere  m assed , 

n a r c o t i z e d  i n  c o ld ,  8-10$ magnesium c h l o r i d e  f o r  a p p r o x im a te ly  f i v e  

m in u te s  o r  u n t i l  t h e  tu b e  f e e t  c e a s e d  t o  re sp o n d  t o  m e c h a n ic a l  

s t i m u l a t i o n ,  and d i s s e c t e d  t o  c o l l e c t  t e s t e s  and p y l o r i c  caeca .  Organ 

i n d i c e s  f o r  b o th  t e s t e s  and c a e c a  w ere  d e te r m in e d  a s  t h e  r a t i o  o f  o rg a n  

m ass (b o th  w e t  and d ry)  t o  w hole  a n im a l  w e t  m ass. Gonad i n d i c e s  w ere  

used  f o r  e s t i m a t i n g  t o t a l  c o n te n t  o f  b io c h e m ic a l  com ponents  i n  t h e  

t e s t e s  o f  a h y p o t h e t i c a l  100g a n im a l .  T h is  ap p ro a c h  was t a k e n  to  

f a c i l i t a t e  c o m p a r iso n s  o f  t h e  r e s u l t s  p r e s e n t e d  h e r e  w i t h  th o s e  o f  

p r e v io u s  s t u d i e s  (such  a s  O udejans  and van d e r  S l u i s  1979).

H i s t o l o g i c a l  p ro c e d u re s

One t e s t i s  from  each  a n im a l  was f i x e d  i n  B o u in 's  f l u i d ,  embedded 

i n  p a r a f f i n ,  and s e c t i o n e d  on a r o t a r y  m ic ro to m e  a t  7 um. S e l e c t e d  

s e c t i o n s  w ere  s t a i n e d  w i t h  H a r r i s ' s  h e m a to x y l in  and e o s i n  Y (Thompson 

1966). These s e c t i o n s  w ere  exam ined  and s c o re d  q u a l i t a t i v e l y  f o r  th e  

p re s e n c e  o f  l u m in a l  s o m a t ic  c e l l s ,  p r e s e n c e  and h e i g h t  o f  s p e rm a to g e n ic  

co lum ns, and p re s e n c e  and abundance  o f  s p e r m a t i d s  and m a tu re  sperm ; 

t h e s e  o b s e r v a t i o n s  w ere  used  t o  r a n k  t h e  s p e c im e n s  by d e g re e  o f  

p r o g r e s s io n  th ro u g h  th e  s p e rm a to g e n ic  c y c le ,  a c c o r d in g  t o  th e  c r i t e r i a  

d e s c r ib e d  by W alker (1980).
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B io c h e m ic a l  p ro c e d u re s  ( d e s c r ib e d  i n  d e t a i l  i n  Appendix B)

The e i g h t  o r  n in e  t e s t e s  r e m a in in g  w e re  poo led  and l y o p h i l i z e d  to  

d e te r m in e  d ry  m ass; r e s u l t i n g  l y o p h i l i z e d  m a t e r i a l  was s t o r e d  a t  -16°C 

u n t i l  u se  f o r  c h e m ic a l  d e t e r m i n a t i o n s .  P r o t e i n s  and n u c l e i c  a c i d s  w ere  

i s o l a t e d  by a m o d i f i c a t i o n  o f  t h e  m ethod o f  S c h m id t  and T hannhauser  

(1945) from  a l i q u o t s  o f  t e s t e s  hom ogenized  i n  sodium p h o sp h a te  b u f f e r  

(pH 7.2). RNA was h y d ro ly z e d  from  th e  t r i c h l o r o a c e t i c  a c id  (TCA)- 

i n s o l u b l e  f r a c t i o n  by i n c u b a t i o n  i n  0.3 N KOH f o r  one hou r  a t  37°C; DNA 

and p r o t e i n  w ere  p r e c i p i t a t e d  by a c i d i f i c a t i o n  w i th  c o n c e n t r a t e d  HC1 

and a d d i t i o n  o f  c o ld  (0-4°C) TCA. DNA was th e n  h y d ro ly z e d  from  th e  

p r e c i p i t a t e  by i n c u b a t i o n  i n  0.5 p e r c h l o r i c  a c id  f o r  15 m in u te s  a t  

70°C. The r e m a in in g  p r e c i p i t a t e ,  c o n t a i n i n g  p r o t e i n ,  was d i s s o l v e d  i n  

1 N KOH.

A s e p a r a t e  p o r t i o n  o f  l y o p h i l i z e d  t e s t e s  was used  f o r  

d e t e r m i n a t i o n  o f  o t h e r  com ponents . L i p id s  w ere  s e p a r a t e d  from  th e  

hom ogenate  by t h e  b i p h a s i c  c h lo r o f o rm -m e th a n o l  method o f  B l ig h  and Dyer 

(1959); g ly co g e n ,  o t h e r  r e d u c in g  s u g a r s ,  and f r e e  am ino a c i d s  w ere  

s e p a r a t e d  e s s e n t i a l l y  a c c o r d in g  Van Handel (1965) ( s e e  Appendix B).

Q u a n t i t a t i v e  e s t i m a t e s  o f  c o n c e n t r a t i o n  w ere  based  on s t a n d a r d  

s p e c t r o p h o to m e t r i c  m ethods. P r o t e i n  was d e te r m in e d  by t h e  method o f  

Lowry (Oyama and E ag le  1956) w i t h  a  bo v in e  serum  a lb u m in  s t a n d a r d ,  DNA 

by d ip h e n y la m in e  (B u r to n  1968) w i t h  c a l f  thym us DNA s ta n d a r d ,  RNA by 

o r c i n o l  (Almog and S h i r e y  1978) w i t h  T o r u la  y e a s t  RNA s ta n d a r d ,  

g ly c o g e n  and o t h e r  r e d u c in g  s u g a r s  by th e  a n th r o n e  m ethod ( S e i f t e r  e t  

a l .  1950) u s in g  a  g lu c o s e  s t a n d a r d ,  and f r e e  am ino  a c i d s  by n in h y d r in  

(Moore 1968) w i th  a g l y c i n e  s t a n d a r d .  T o ta l  l i p i d s  w ere  e s t i m a t e d  

g r a v i m e t r i c a l l y .  The r e s u l t i n g  c o n c e n t r a t i o n s  w ere  e x p re s s e d  i n  te r m s
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o f  u n i t  d ry  m ass and u n i t  q u a n t i t y  o f  DNA. T o ta l  t e s t i c u l a r  c o n te n t  o f  

each  component was th e n  e s t i m a t e d  a s  t h e  p ro d u c t  o f  component 

c o n c e n t r a t i o n  and gonad d ry  m ass in d e x ,  i n  o r d e r  to  p r o v id e  an 

a p p r o x im a t io n  o f  t o t a l  c o n te n t  c o r r e c t e d  f o r  v a r i a t i o n  i n  a n im a l  mass. 

A l l  b io c h e m ic a l  a s s a y s  w ere  p e rfo rm e d  a t  l e a s t  i n  t r i p l i c a t e .

S t a t i s t i c s

The b io c h e m ic a l  d a t a  w ere  f i t t e d  t o  th e  f o l l o w i n g  p e r i o d i c  

t r i g o n o m e t r i c  f u n c t i o n  ( B a t s c h e l e t  1981):

y = M 4- A* cos{o) ( t-t..) 4- v • c o s  (u) ( t-t_) ) 4- v • s in (w  ( t-t _) ) }U s  U p  U
w here  to, t h e  a n g u la r  f re q u e n c y ,  was s e t  f o r  an a n n u a l  p e r i o d i c i t y  and 

t h e  o t h e r  p a r a m e te r s  w ere  d e te rm in e d  by n o n l i n e a r  r e g r e s s i o n  (BMDPAR: 

Dixon e t  a l .  1983). P a r a m e te r s  o f  a m p l i tu d e  (A), sk ew n ess  ( vs ), and 

p eak ed n ess  ( v p ) w ere  s e l e c t e d  by f o rw a r d  s e a r c h  w i t h  p a r a m e te r s  

in c lu d e d  o n ly  i f  t h e  a s s o c i a t e d  r e d u c t i o n  i n  r e s i d u a l  sum o f  s q u a r e s  

was s i g n i f i c a n t  a t  t h e  0.05 l e v e l .  D ata  p o i n t s  w ere  w e ig h te d  by th e  

i n v e r s e  o f  t h e i r  e s t i m a t e d  v a r i a n c e s  t o  a c c o u n t  f o r  u n eq u a l  v a r i a n c e s  

(N e te r  and W asserman 1974). V a r ia n c e s  w ere  e s t i m a t e d  f o r  e ach  sam p le  

by a p p ly in g  s t a n d a r d  f o rm u la e  f o r  p r o p a g a t io n  o f  e r r o r  (B eers  1957) 

w i t h  th e  a s s u m p t io n  t h a t  a l l  s p e c t r o p h o to m e t e r  r e a d i n g s  f o r  a g iv e n  

component had e s s e n t i a l l y  e q u a l  v a r i a b i l i t y .  C o n fidence  bands w ere  

c o n s t r u c t e d  a round  th e  f i t t e d  c u rv e s  by t h e  W o rk in g - H o te l l in g  method 

(N e te r  and W asserman 1974), u s in g  s t a n d a r d  d e v i a t i o n s  o f  p r e d i c t e d  

v a lu e s  a s  p ro v id e d  by th e  r e g r e s s i o n  p rogram  and f i t t i n g  a s i m i l a r  

t r i g o n o m e t r i c  f u n c t i o n  th ro u g h  th e  r e s u l t i n g  p o i n t s .  A rc s in e  

t r a n s f o r m e d  o rg an  i n d i c e s  w ere  f i t t e d  s i m i l a r l y ,  u s in g  u n w e ig h te d  

r e g r e s s i o n ;  t h e  r e s u l t i n g  r e g r e s s i o n  e q u a t i o n s  w ere  b a c k - t r a n s f o rm e d

i
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f o r  p l o t t i n g .  I n  F i g u r e s  6 -2 6 . d a t a  p o i n t s  a r e  coded by r e l a t i v e  

w e ig h t .  The sym bols  u sed  a r e  sum m arized  i n  T ab le  1.

H i s t o l o g i c a l  s p e c im e n s  ran k e d  f o r  p r o g r e s s  th ro u g h  s p e r m a to g e n e s i s  

w ere  c o r r e l a t e d  t o  c o l l e c t i o n  d a t e  and b io c h e m ic a l  d a t a  u s in g  

n o n p a r a m e t r ic  c i r c u l a r  c o r r e l a t i o n  c o e f f i c i e n t s  (M ard ia  1975. 1976). 

C hem ica ls

Bovine serum album en, DNA, RNA, g lu c o s e ,  g l y c i n e ,  d ip h e n y la m in e ,  

o r c i n o l ,  a n th ro n e ,  and n i n h y d r in  r e a g e n t  w ere  a l l  o b t a in e d  from  Sigma 

C hem ica l  Company.

R e s u l t s

Because  no d i f f e r e n c e s  a t t r i b u t a b l e  t o  y e a r  w ere  d e t e c t e d ,  d a t a  

f o r  s e v e r a l  y e a r s  w ere  com bined i n  t h e  f o l l o w i n g  a n a ly s e s .

C o r r e l a t i o n s

C i r c u l a r - l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  (T ab le  2) have been 

c a l c u l a t e d  f o r  e ach  o f  t h e  b io c h e m ic a l  com ponents  c o r r e l a t e d  w i t h  bo th  

d a t e  and s p e rm a to g e n ic  s t a g e .  The a c t u a l  t e s t  s t a t i s t i c  i s  shown 

t o g e t h e r  w i t h  a s t a t i s t i c  n o r m a l iz e d  t o  l i e  i n  t h e  r a n g e  [0 ,1 ]  (M ard ia  

1975, 1976). S p e rm a to g e n ic  s t a g e  c o r r e l a t e s  s t r o n g l y  w i th  d a te ;  th e  

c i r c u l a r  r a n k  c o r r e l a t i o n  c o e f f i c i e n t  o f  0.82 shows e x t r e m e ly  

s i g n i f i c a n t  d i f f e r e n c e  from  z e ro  (p<<0.001). T h is  v e ry  good 

c o r r e l a t i o n  j u s t i f i e s  th e  use  o f  t im e  o f  y e a r  a s  an a p p ro x im a te  and 

c o n v e n ie n t  m easu re  o f  p r o g r e s s  th ro u g h  th e  s p e rm a to g e n ic  c y c le .  

C i r c u l a r - l i n e a r  c o r r e l a t i o n s  o f  m easu rem en ts  o f  b io c h e m ic a l  component 

and gonad i n d i c e s  w i t h  b o th  s t a g e  and d a t e  w ere  s i g n i f i c a n t  a t  th e  0.05 

l e v e l  a t  l e a s t ,  e x c e p t  f o r  c o r r e l a t i o n s  o f  RNA c o n c e n t r a t i o n  w i th  d a te  

( p a r a m e t r i c  c o r r e l a t i o n )  and l i p i d  c o n c e n t r a t i o n  and p e r c e n t  d ry  mass
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w i t h  b o th  d a te  and s t a g e .  P e r c e n t  d ry  m ass o f  t h e  t e s t i s  was 

e s s e n t i a l l y  c o n s t a n t  th ro u g h o u t  t h e  a n n u a l  c y c le  a t  an  a v e ra g e  v a lu e  o f  

a p p r o x im a te ly  0 .1 8 .

C o e f f i c i e n t s  o f  f i t t e d  r e g r e s s i o n  e q u a t i o n s  and e q u a t i o n s  f o r  

c o n f id e n c e  bands a r e  shown i n  T ab le  3.

Organ I n d ic e s

P e r io d i c  r e g r e s s i o n  o f  a r c s i n e - t r a n s f o r m e d  o rg a n  i n d i c e s  (F ig .  5) 

p r o v id e s  a  good d e s c r i p t i o n  (R^ = 0.87) o f  gonad w e t  m ass in d e x ;  peak 

v a lu e s  a t t a i n e d  a p p r o x im a te ly  I n  e a r l y  A p r i l  began  r a p i d l y  d e c l i n i n g  

when sp aw n in g  o c c u r r e d  ( vs = -  0.35) and re m a in e d  e x t r e m e ly  low 

th ro u g h o u t  t h e  a s p e r m a to g e n ic  phase  i n  th e  summer. Gonad in d e x  

i n c r e a s e d  d e t e c t a b l y  s h o r t l y  a f t e r  t h e  p r o l i f e r a t i v e  phase  began i n  

O c to b e r  and November.

DNA

DNA c o n c e n t r a t i o n  (F ig .  6) i n c r e a s e d  a t  a  n e a r l y  c o n s t a n t  r a t e  

th ro u g h o u t  th e  p r o l i f e r a t i v e  and d i f f e r e n t i a t i v e  p h a se s ,  i n c r e a s i n g  

from  a  m in im a l  v a lu e  o f  a p p r o x im a te ly  5 t o  10 mg/g d ry  m ass d u r in g  th e  

a s p e r m a to g e n ic  phase  t o  a  maximum o f  a p p ro x im a te ly  50 m g/g i n  l a t e  

A p r i l  and May. In  May and Ju n e , when spaw ning  n o r m a l ly  o c c u rs ,  DNA 

c o n c e n t r a t i o n  d e c re a s e d  r a p i d l y ,  a s  i n d i c a t e d  by th e  l a r g e ,  n e g a t i v e  

p a r a m e te r  o f  skew ness  i n  t h e  f i t t e d  f u n c t i o n .  T o ta l  DNA c o n te n t  i n  th e  

t e s t e s  (F ig .  7) showed an even more d r a m a t i c  i n c r e a s e  from a minimum 

v a lu e  o f  a p p ro x im a te ly  0.5 mg i n  t h e  l a t e  a s p e r m a to g e n ic  phase  t o  

am oun ts  i n  e x c e s s  o f  60 mg and i n  s e v e r a l  c a s e s  o v e r  100 mg s h o r t l y  

b e f o r e  spaw ning .
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RNA

Both c o n c e n t r a t i o n  (m g/g d ry  mass) (F ig .  8) and l e v e l  (mg/mg DNA) 

(F ig .  9) o f  RNA i n c r e a s e d  d u r in g  th e  l a t e  a s p e r m a to g e n ic  phase .  The 

i n c r e a s e  was sudden, a s  i n d i c a t e d  by a h ig h ,  p o s i t i v e  p a r a m e te r  o f  

sk e w n e ss .  Both  m e a s u re s  re m a in e d  h ig h  o r  d e c l i n e d  s l i g h t l y  d u r in g  

p r o l i f e r a t i o n  and began t o  d e c l i n e  g r e a t l y  n e a r  t h e  end o f  th e  

d i f f e r e n t i a t i v e  phase  as  s p e r m io g e n e s i s  c o nc luded , and s u b s e q u e n t ly  

d e c l i n e d  s m o o th ly  t o  t h e  low v a lu e s  s e e n  a f t e r  spaw ning  i n  th e  e a r l y  

a s p e rm a to g e n ic  phase . The f i t t e d  c u rv e  f o r  RNA c o n te n t  (F ig .  10) 

c l o s e l y  p a r a l l e l s  t h a t  f o r  DNA c o n te n t ,  a s  would be e x p e c te d  from  th e  

n e a r  c o n s ta n c y  o f  RNA l e v e l  d u r in g  much o f  th e  p r o l i f e r a t i v e  phase .

RNA c o n te n t  began t o  i n c r e a s e  i n  t h e  l a t e  a s p e r m a to g e n ic  phase , 

a p p a r e n t l y  som ew hat s o o n e r  th a n  t h e  s i m i l a r  i n c r e a s e  i n  DNA c o n te n t ,  

and began t o  d e c l i n e  a g a in  i n  t h e  l a t t e r  p a r t  o f  th e  d i f f e r e n t i a t i v e  

p h a s e .

P r o t e i n

P r o t e i n  c o n c e n t r a t i o n  (F ig . 11) began t o  i n c r e a s e  d u r in g  th e  l a t e  

a s p e r m a to g e n ic  phase  and c o n t in u e d  t o  i n c r e a s e  th ro u g h o u t  th e  

p r o l i f e r a t i v e  phase , i n c l u d i n g  th e  p e r io d  o f  o v e r l a p  w i th  

d i f f e r e n t i a t i o n .  I t  t h e n  re m a in e d  n e a r l y  c o n s t a n t  o r  d e c re a s e d  

s l i g h t l y  d u r in g  s p e rm io g e n e s i s .  There  was no m a jo r  d e c r e a s e  i n  p r o t e i n  

c o n c e n t r a t i o n  o b v io u s ly  a s s o c i a t e d  w i t h  spaw ning , a l th o u g h  th e  

c o n c e n t r a t i o n  d e c re a s e d  g r a d u a l l y  d u r in g  th e  a s p e r m a to g e n ic  phase . 

P r o t e i n  l e v e l  (F ig .  12) f u r t h e r  showed an i n c r e a s e  i n  amount o f  p r o t e i n  

r e l a t i v e  t o  DNA i n  th e  l a t e  a s p e rm a to g e n ic  phase  and much o f  t h e  

p r o l i f e r a t i v e  p h a s e .
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F re e  Amino A cids

The c o n c e n t r a t i o n  o f  f r e e  am ino a c i d s  (F ig .  14) began t o  i n c r e a s e  

i n  t h e  l a t e  a s p e r m a to g e n ic  p h a se ,  and c o n t in u e d  t o  i n c r e a s e  u n t i l  

March; am ino  a c id  c o n c e n t r a t i o n  th e n  d e c l in e d  sm o o th ly  to  t h e  minimum 

v a lu e s  a t t a i n e d  i n  t h e  e a r l y  a s p e r m a to g e n ic  phase .  Amino a c id s  

e x p re s s e d  a s  c o n c e n t r a t i o n  p e r  u n i t  m ass o f  w a t e r  (F ig .  15) show 

e s s e n t i a l l y  t h e  same p a t t e r n  a s  c o n c e n t r a t i o n  p e r  u n i t  d ry  m ass. I n  

c o n t r a s t ,  f r e e  am ino a c id  l e v e l  (F ig .  16) a p p e a r s  t o  show a sudden  

i n c r e a s e  d u r in g  th e  l a t e  a s p e r m a to g e n ic  phase ,  w i t h  a r e l a t i v e l y  r a p i d  

d e c r e a s e  i n  t h e  e a r l y  p r o l i f e r a t i v e  phase ;  t h e  l e v e l  rem a in e d  

a p p r o x im a te ly  c o n s t a n t  th ro u g h  th e  d i f f e r e n t i a t i v e  phase , w i th  a  s l i g h t  

d e c r e a s e  a t  spaw ning .

S im p le  R educing  S u g a rs

The c o n c e n t r a t i o n  o f  s im p le  s u g a r s  (F ig .  18) i n c r e a s e d  

d r a m a t i c a l l y  d u r in g  th e  a s p e r m a to g e n ic  phase , d e c l i n e d  a s  p r o l i f e r a t i o n  

began, and r e t a i n e d  a  f a i r l y  c o n s t a n t  low v a lu e  th ro u g h o u t  

p r o l i f e r a t i o n  and d i f f e r e n t i a t i o n .  The l e v e l  o f  t h e s e  compounds 

r e l a t i v e  t o  DNA (F ig .  19) shows a  s i m i l a r  p a t t e r n ,  b u t  t h e  a c ro p h a s e  

h a s  been s h i f t e d  l a t e r  i n  t h e  a s p e r m a to g e n ic  phase .  Again, th e  l e v e l  

d e c l i n e d  i n  November a t  t h e  b e g in n in g  o f  th e  p r o l i f e r a t i v e  phase. 

F i n a l l y ,  t h e r e  i s  a s u g g e s t i o n  o f  a s l i g h t  i n c r e a s e  i n  t o t a l  c o n te n t  

(F ig .  20) d u r in g  S e p te m b e r  and O c tober .

Glvcogen

G lycogen (F ig .  21-23) shows a  p a t t e r n  s i m i l a r  to  t h a t  d e s c r i b e d  

f o r  s im p le  s u g a r s ,  b u t  w i t h  s e v e r a l  i m p o r t a n t  d i f f e r e n c e s .  Maximum 

v a lu e s  f o r  b o th  c o n c e n t r a t i o n  and l e v e l  o f  g ly c o g e n  w ere  a t t a i n e d  

a p p r o x im a te ly  two m onths  l a t e r  th a n  t h e  maxima f o r  s im p le  s u g a r s .  I n
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a d d i t i o n ,  g ly c o g e n  c o n te n t  shows no c l e a r  e v id e n c e  o f  th e  s l i g h t  

i n c r e a s e  m e n t io n e d  w i t h  r e g a r d  t o  s u g a rs .

T o ta l  L ip id

L ip id  l e v e l  (F ig .  25) showed no d e t e c t a b l e  p a t t e r n  w i t h  t im e :  

f i t t i n g  a w e ig h te d  p e r i o d i c  r e g r e s s i o n  t o  t h e  amount o f  l i p i d  p e r  u n i t  

am ount o f  DNA d id  n o t  p roduce  an e s t i m a t e d  a m p l i t u d e  s i g n i f i c a n t l y  

d i f f e r e n t  from  z e ro .  L ip id  c o n c e n t r a t i o n  (F ig .  24) a l s o  showed 

r e l a t i v e l y  l i t t l e  f l u c t u a t i o n  o v e r  th e  y e a r ;  t h e  c o n c e n t r a t i o n  a p p e a r s  

m a r g i n a l l y  h i g h e r  n e a r  t h e  end o f  th e  d i f f e r e n t i a t i v e  phase . Because  

o f  th e  s t a t i s t i c a l  c o n s ta n c y  o f  t h e  lipid:DNA r a t i o ,  l i p i d  c o n te n t  

(F ig .  26) showed a  p a t t e r n  v e ry  s i m i l a r  t o  t h a t  o f  DNA c o n te n t .

D is c u s s io n

B ecause  s p e r m a to g e n ic  s t a g e  c o r r e l a t e s  v e ry  w e l l  w i th  d a te ,  th e  

l a t t e r  can  be u sed  a s  a  c o n v e n ie n t ,  r e a d i l y  q u a n t i f i a b l e  m easu re  o f  

p r o g r e s s i o n  th ro u g h  th e  s p e rm a to g e n ic  c y c le .  The e f f e c t i v e n e s s  o f  t h i s  

m easu re  i s  f u r t h e r  shown by th e  good a g re e m e n t  be tw een  c o e f f i c i e n t s  o f  

c o r r e l a t i o n  f o r  b io c h e m ic a l  com ponents  based  on s p e rm a to g e n ic  s t a g e  and 

d a t e  ( s e e  T ab le  2). I n  o n ly  one case ,  t h a t  o f  RNA c o n c e n t r a t i o n ,  do 

th e  two c o r r e l a t i o n  c o e f f i c i e n t s  p ro v id e  c o n f l i c t i n g  i n f o r m a t i o n  a b o u t  

t h e  s i g n i f i c a n c e  o f  t h e  b io c h e m ic a l  m easure . In  t h i s  ca se ,  t h e  

d i s a g r e e m e n t  can  be r e a d i l y  e x p la in e d  by r e c o g n i z i n g  t h a t  c o r r e l a t i o n  

w i t h  d a t e  i s  a p a r a m e t r i c  s t a t i s t i c ,  and t h e r e f o r e  p o t e n t i a l l y  

s e n s i t i v e  t o  v i o l a t i o n s  o f  i t s  u n d e r ly in g  a s s u m p t io n s  a b o u t  th e  

d i s t r i b u t i o n s  o f  t h e  two v a r i a b l e s .  RNA c o n c e n t r a t i o n  d e v ia t e d  

s u f f i c i e n t l y  from  a s im p le  s i n u s o i d a l  f u n c t i o n  o f  d a te  so  t h a t  t h e  

p a r a m e t r i c  s t a t i s t i c  was l e s s  p o w e r fu l  th a n  th e  n o n - p a r a m e t r i c  

c i r c u l a r - l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t  based  on s p e rm a to g e n ic  s t a g e .
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T his  c o n c lu s io n  a b o u t  t h e  s o u rc e  o f  th e  d i s a g r e e m e n t  be tw een  th e  two 

c o e f f i c i e n t s  i s  c o n f i r m e d  by t h e  o b s e r v a t io n  t h a t  t h e  n o n - p a r a m e t r i c  

c o r r e l a t i o n  c o e f f i c i e n t  b e tw e en  RNA c o n c e n t r a t i o n  and d a t e  d i f f e r s  

s i g n i f i c a n t l y  from  z e r o  (p<0.01).

P re v io u s  a u th o r s  (jgj. F a rm a n fa rm a ia n  e t  a l .  1958; G ie se  e t  a l .  

1959; G r e e n f i e ld  1959; B o o lo o t ia n  1966; Law rence 1973; Jangoux  and 

V loebergh  1973; Jangoux  and van  Impe 1977; O udejans  and van  d e r  S l u i s  

1979; van  d e r  P l a s  and Voogt 1982) have f r e q u e n t l y  used  some form  o f  

gonad in d e x  a s  a  m easu re  o f  p r o g r e s s  th ro u g h  g a m e to g e n e s i s ,  a s  w e l l  a s  

a  means o f  c o r r e c t i n g  f o r  e f f e c t s  o f  a n im a l  s i z e ;  u n f o r t u n a t e l y ,  i t  i s  

n o t  c l e a r  t h a t  t h o s e  a u th o r s  have q u e s t io n e d  e i t h e r  t h e  a p p r o p r i a t e n e s s  

o f  gonad i n d i c e s  f o r  t h e i r  p u r p o s e s  o r  th e  v a l i d i t y  o f  t h e  u n d e r ly in g  

a s s u m p t io n s  and, hence ,  o f  t h e  in d e x  i t s e l f .  A lthough  i n t u i t i v e l y  

a p p e a l in g  and m a t h e m a t i c a l l y  s im p le ,  th e  u se  o f  any gonad in d e x  e n t a i l s  

t h e o r e t i c a l  d i f f i c u l t i e s  w h ich  m ust be a d d re s s e d  ( s e e  Appendix A f o r  

a d d i t i o n a l  d e t a i l s  and a l t e r n a t i v e s ) .  F i r s t ,  a l i n e a r  v a r i a b l e  su ch  a s  

gonad in d e x  i s  n o t  e n t i r e l y  a p p r o p r i a t e  f o r  d e s c r i p t i o n  o r  e s t i m a t i o n  

o f  a  c i r c u l a r  v a r i a b l e  su c h  a s  g a m e to g en ic  s t a g e .  Even i f  th e  

c o r r e l a t i o n  b e tw e en  gonad in d e x  and g a m e to g en ic  s t a g e  i s  v e ry  good, so  

t h a t  gonad in d e x  can  be p r e d i c t e d  a s  a f u n c t i o n  o f  g a m e to g e n ic  s t a g e ,  

t h e  i n v e r s e  r e l a t i o n s h i p  w i l l  n o t  be an unam biguous f u n c t i o n .  T ha t i s ,  

g iv e n  o n ly  gonad in d e x ,  one c a n n o t  u nam biguous ly  d e te r m in e  g a m e to g en ic  

s t a g e ;  t e s t e s  i n  b o th  th e  e a r l y  a s p e rm a to g e n ic  phase  and e a r l y  

p r o l i f e r a t i v e  p h a se s ,  f o r  exam ple ,  have co m p a rab le  gonad i n d i c e s ,  b u t  

a r e  e x t r e m e ly  d i f f e r e n t  s t r u c t u r a l l y ,  b i o c h e m ic a l ly ,  and 

p h y s i o l o g i c a l l y .  A second  and p o t e n t i a l l y  more s e r i o u s  p rob lem  i s  

v i o l a t i o n  o f  t h e  a s s u m p t io n s  u n d e r ly in g  any u se  o f  o rg a n  i n d i c e s  a s  a
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means o f  a c c o u n t in g  f o r  d i f f e r e n c e s  i n  o rgan  s i z e  r e s u l t i n g  from  

d i f f e r e n c e s  i n  a n im a l  s i z e .  As Gonor (1972) i n d i c a t e d ,  an o rg a n  in d e x  

i s  a v a l i d  m easu re  o f  r e l a t i v e  o rg a n  s i z e  i f  and o n ly  i f  o rg a n  in d e x  i s  

in d e p e n d e n t  o f  a n im a l  s i z e .  Thus, u se  o f  an o rg a n  in d e x  r e q u i r e s  t h a t  

o rg a n  s i z e  be s t r i c t l y  p r o p o r t i o n a l  t o  a n im a l  s i z e ,  o t h e r  t h i n g s  b e in g  

e q u a l .  T here  i s  no a. p r i o r i  r e a s o n  f o r  t h i s  a s s u m p t io n  t o  h o ld ;  f o r  

S t r o n g v l o c e n t r o t u s  p u r p u r a t u s .  a t  l e a s t ,  i t  does  n o t  (Gonor 1972).

Most i n v e s t i g a t o r s  do n o t  seem t o  have v e r i f i e d  t h i s  b a s i c  a s s u m p t io n  

f o r  t h e i r  s y s te m s ,  y e t  i f  t h e  a s s u m p t io n  i s  v i o l a t e d ,  an o rg a n  in d e x  i s  

no b e t t e r  th a n  a  c o a r s e  a p p r o x im a t io n  o f  r e a l i t y .  N e v e r th e le s s ,  t h e  

c o m p u ta t io n a l  e a s e  o f  th e  o rg an  in d e x  a p p ro ach  may j u s t i f y  i t s  u s e  a s  a 

c ru d e  a p p r o x im a t io n  f o r  some p u rp o se s  (e,_ t h e  c o m p a r iso n  o f  t o t a l  

c o n te n t  o f  some b io c h e m ic a l  com ponent i n  an  o rg a n  f o r  a n im a ls  o f  

d i f f e r e n t  s i z e s  a t  d i f f e r e n t  g a m e to g en ic  s t a g e s ) ,  p ro v id e d  t h a t  t h e  

a p p ro x im a te  n a tu r e  o f  t h e  r e s u l t i n g  p a t t e r n  i s  r e c o g n iz e d .  Gonad 

i n d i c e s  have  been used  i n  t h i s  p a p e r  f o r  e s t i m a t i n g  t o t a l  c o n te n t  o f  

b io c h e m ic a l  com ponents  i n  th e  t e s t i s  f o r  a h y p o t h e t i c a l  100g a n im a l ,  i n  

o r d e r  to  f a c i l i t a t e  c o m p a r is o n s  o f  th e  f i n d i n g s  p r e s e n te d  h e r e  w i t h  

t h o s e  o f  p r e v io u s  s t u d i e s .  However, t e s t i s  m ass does  n o t  a p p e a r  t o  be 

s t r i c t l y  p r o p o r t i o n a l  t o  a n im a l  m ass i n  A s t e r i a s  v u l g a r i s  ( s e e  Appendix 

A); t h e  p a t t e r n s  f o r  t o t a l  c o n te n t  o f  b io c h e m ic a l  com ponents  m ust 

t h e r e f o r e  be v iew ed  a s  a p p r o x im a t io n s ,  d e p e n d en t  on sa m p l in g  

v a r i a b i l i t y  o f  a n im a l  m ass o v e r  t h e  y e a r .

The r e g r e s s i o n  f u n c t i o n  used  t o  d e s c r i b e  changes  i n  b io c h e m ic a l  

com ponents  may n o t  be m o st  a p p r o p r i a t e  i n  a l l  c a s e s .  I n  p a r t i c u l a r ,  

i t s  r e l a t i v e l y  sm ooth  shape  may n o t  be a b le  t o  a d e q u a te ly  d e s c r i b e  

sudden  changes ,  su ch  a s  th o s e  w h ich  o c c u r  i n  t o t a l  t e s t i c u l a r  c o n te n t
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d u r in g  spaw ning . C a r e f u l  e x a m in a t io n  o f  r e s i d u a l s  can o f t e n  i n d i c a t e  

a r e a s  i n  w hich  p ro b le m s  e x i s t ,  a s  w e l l  a s  s u g g e s t in g  t h e  a c t u a l  

p a t t e r n .  I t  may be p o s s i b l e  t o  m od ify  th e  r e g r e s s i o n  f u n c t i o n  i n  o r d e r  

t o  a l lo w  r e p r e s e n t a t i o n  o f  d i s c o n t i n u i t y  w h i le  r e t a i n i n g  p e r i o d i c i t y .  

A l t e r n a t i v e l y ,  i t  may be more a p p r o p r i a t e  i n  some c a s e s  t o  c o n s id e r  t h e  

s p e rm a to g e n ic  c y c le  t o  have  a  d i s c r e t e  end and b e g in n in g  and t o  p e rfo rm  

a n a ly s e s  w i t h  n o n - p e r i o d i c  r e g r e s s i o n  f u n c t i o n s .  I n  any c a se ,  i f  

em p h a s is  i s  p la c e d  on c y t o l o g i c a l  e v e n t s  and changes  i n  c e l l u l a r  

a c t i v i t y ,  d i s c o n t i n u i t y  i s  much l e s s  o f  a prob lem . Spaw ning i s  n o t  

a s s o c i a t e d  w i t h  m a jo r  d i s c o n t i n u i t i e s  i n  m e t a b o l i c a l l y  a c t i v e  c e l l s ,  

th o s e  w hich  a r e  in v o lv e d  i n  p r o l i f e r a t i o n  and d i f f e r e n t i a t i o n .

The i n c r e a s e  i n  DNA c o n c e n t r a t i o n  s e e n  i n  F ig u re  6 d u r in g  th e  

p r o l i f e r a t i v e  and d i f f e r e n t i a t i v e  phase  r e s u l t s  from p r o d u c t io n  o f  

l a r g e  numbers o f  v e ry  s m a l l  c e l l s .  Because an e v e r - i n c r e a s i n g  p o r t i o n  

o f  c e l l  mass i s  l o c a t e d  i n  t h e  DNA f r a c t i o n ,  th e  o v e r a l l  c o n c e n t r a t i o n  

i s  h ig h e r .  At spaw ning , c e l l s  w i t h  th e  h i g h e s t  p e r  c e l l  c o n c e n t r a t i o n  

o f  DNA, t h e  spe rm , a r e  p r e f e r e n t i a l l y  r e l e a s e d  from  th e  gonad. Hence, 

t h e  o v e r a l l  DNA c o n c e n t r a t i o n  i n  t h e  t e s t i s  d e c r e a s e s  upon spaw ning . 

However, t h e r e  a r e  s e v e r a l  s p e c im e n s  i n  June , s h o r t l y  a f t e r  spaw ning , 

whose DNA c o n c e n t r a t i o n s  a r e  c o n s id e r a b l y  above th e  f i t t e d  curve .  The 

h i g h e r  DNA c o n c e n t r a t i o n s  i n  t h e s e  sp e c im e n s  r e s u l t  from  r e s i d u a l  

s p e rm a to z o a  r e m a in in g  i n  t h e  t e s t e s  s i f t e r  spaw ning  i s  c o m p le te ;  t h e s e  

sperm  w i l l  be p h a g o c y t iz e d  by s o m a t ic  c e l l s  i n  th e  s p e rm a to g e n ic  

e p i t h e l i u m  d u r in g  th e  e a r l y  a s p e rm a to g e n ic  phase  (W alker  1980). As 

r e s i d u a l  s p e rm a to z o a  a r e  d i g e s t e d  by p h a g o c y t ic  s o m a t ic  c e l l s ,  t h e  DNA 

c o n c e n t r a t i o n  and c o n t e n t  o f  t h e  t e s t e s  d e c l i n e  t o  th e  m in im a l  l e v e l s  

s e e n  i n  m id-sum m er.
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T o ta l  c o n te n t  o f  DNA i n c r e a s e s  g r e a t l y  from  summer t o  th e  end o f  

s p e r m io g e n e s i s  (F ig .  7 ).  T o ta l  DNA c o n te n t  d u r in g  t h e  a s p e rm a to g e n ic  

phase  i s  a p p r o x im a te ly  0.1 t o  0.6 mg» w h e re a s  t o t a l  DNA c o n te n t  r e a c h e s  

a maximum i n  A p r i l  o f  up to  n e a r l y  140 mg. The amount o f  t h i s  i n c r e a s e  

a g r e e s  w i t h  th e  o b s e r v a t i o n  (W alker  1980) t h a t  each  d i p l o i d  

spe rm atogon ium  p ro d u c e s  a p p ro x im a te ly  1600 h a p lo i d  sp e rm a to z o a .  In  

a d d i t i o n ,  F ig u re  7 s u g g e s t s  t h a t  DNA s y n t h e s i s  i s  e s s e n t i a l l y  c o m p le te  

by th e  end o f  March: t h e  f i t t e d  a c ro p h a s e  o c c u rs  a t  a p p r o x im a te ly  20 

March. Thus, e s s e n t i a l l y  a l l  c e l l s  w h ich  w i l l  undergo  m e io s i s  have by 

t h a t  t im e  c o m p le te d  th e  p r e - m e i o t i c  S phase  and a r e  c o m m it ted  t o  

m e i o s i s  and s p e r m io g e n e s i s ,  a l th o u g h  t h i s  c o n c lu s io n  does  n o t  im p ly  

t h a t  a l l  o f  th e  s p e r m a to c y te s  have p ro ceed ed  beyond p ro p h a se  o f  m e io s i s  

I .  P resum ab ly ,  t h e  DNA c o n te n t  r e m a in s  h ig h  th ro u g h  A p r i l  and May, 

u n t i l  spaw ning . However, e s t i m a t i o n  o f  th e  s t a n d a r d  d e v i a t i o n s  used  to  

a s s i g n  w e ig h ts  r e s u l t s  i n  n e c e s s a r i l y  lo w e r  w e ig h t s  a s s ig n e d  to  

sp e c im e n s  w i t h  l a r g e r  gonad i n d i c e s .  Thus, d a t a  p o i n t s  l a t e  i n  t h e  

s p e rm a to g e n ic  s e a s o n  have  lo w e r  w e ig h ts  and th u s  l e s s  i n f l u e n c e  on t h e  

f i t t e d  cu rv e ,  a l l o w i n g  t h e  f i t t e d  c u rv e  t o  d e c r e a s e  s o o n e r  th a n  a c t u a l  

DNA c o n te n t .  I n  t h i s  r e g a r d ,  t h e  two d a t a  p o i n t s  i n  l a t e  May 

i l l u s t r a t e  t h e  e f f e c t  o f  spaw ning . H i s t o l o g i c a l  o b s e r v a t i o n s  show t h a t  

one su ch  sp e c im en  had n o t  y e t  spawned, w h e re a s  th e  o t h e r  had spawned, 

a l th o u g h  r e s i d u a l  sperm  w ere  p r e s e n t  i n  t h e  t e s t i c u l a r  lumen. DNA 

c o n te n t  o f  t h e s e  two s p e c im e n s  shows th e  e x p e c te d  r e l a t i o n s h i p  

d e s c r i b e d  above: DNA c o n te n t  d e c l i n e s  from  th e  h ig h  l e v e l  o b se rv e d  i n  

a l l  sp e c im en s  b e g in n in g  i n  l a t e  March t o  a  v a lu e  a p p r o p r i a t e  to  th e  

e a r l y  a s p e rm a to g e n ic  phase .
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DNA c o n te n t  b e g in s  t o  i n c r e a s e  i n  O c to b e r  and November, a t  t h e  

b e g in n in g  o f  t h e  p r o l i f e r a t i v e  phase ,  b u t  t h e  i n i t i a l  r a t e  o f  i n c r e a s e  

i s  r e l a t i v e l y  s l i g h t .  The a c t u a l  r a t e  o f  i n c r e a s e  r i s e s  a s  

p r o l i f e r a t i o n  c o n t i n u e s ,  so  t h a t  t h e  p e r io d  from  O c to b e r  t o  F e b ru a ry  i s  

r e m i n i s c e n t  o f  e x p o n e n t i a l  g ro w th  s e e n  i n  c u l t u r e d  c e l l s .  I n  f a c t ,  

c e l l s  i n  v i t r o  a r e  a r e a s o n a b le  a n a lo g y  f o r  th e  m ic ro e n v i ro n m e n t  o f  t h e  

g e r m in a l  c e l l s  i n  th e  p r o l i f e r a t i v e  and e a r l y  d i f f e r e n t i a t i v e  p h a ses .  

The r a p i d ,  p o s s i b l y  e x p o n e n t i a l ,  i n c r e a s e  i n  DNA c o n te n t  i n  t h i s  p e r io d  

can  be a s c r i b e d  t o  two p r i n c i p a l  c a u se s .  F i r s t ,  t h e  i n i t i a l  number o f  

s p e rm a to g o n ia  u n d e rg o in g  m i t o s i s  i s  r e l a t i v e l y  s m a l l .  As t h e  

p r o l i f e r a t i v e  phase  p r o g r e s s e s ,  th e  number o f  m i t o t i c a l l y  a c t i v e  

s p e rm a to g o n ia  i n c r e a s e s  a s  a r e s u l t  o f  p r i o r  m i to s e s .  L a te r ,  p r im a ry  

s p e r m a to c y te s  b e g in  t o  p r e p a r e  f o r  m e i o s i s  by a d d i t i o n a l  DNA s y n t h e s i s ,  

r e s u l t i n g  i n  f u r t h e r  i n c r e a s e  i n  DNA c o n te n t ,  p a r t i c u l a r l y  d u r in g  th e  

p e r i o d  o f  o v e r l a p  be tw e en  th e  p r o l i f e r a t i v e  and d i f f e r e n t i a t i v e  p h a ses .

When s p e rm a to g o n ia  i n  t h e  l a t e  a s p e r m a to g e n ic  phase  b eg in  

p r e p a r a t i o n s  f o r  p r o l i f e r a t i o n ,  th e y  undergo  a  v a r i e t y  o f  m e ta b o l i c  

p r o c e s s e s ,  e.,. c e l l u l a r  g ro w th ,  s y n t h e s i s  o f  enzymes f o r  c e l l  

d i v i s i o n ,  and s y n t h e s i s  o f  r e c e p t o r  m o le c u le s  f o r  r e c e p t i o n  o f  

t r i g g e r i n g  s i g n a l s .  An e a r l y  r e q u i r e m e n t  f o r  t h e s e  p r e p a r a t i o n s  i s  th e  

t r a n s c r i p t i o n  o f  th e  g e n e t i c  program  o n to  mRNA and m a n u fa c tu re  o f  

c e l l u l a r  m ach in ery ,  such  a s  rRNA, n e c e s s a r y  f o r  s y n t h e t i c  a c t i v i t y .

RNA c o n c e n t r a t i o n  th u s  c o n s t i t u t e s  a m ark e r  f o r  o v e r a l l  m e ta b o l i c  

a c t i v i t y .  C o n se q u e n tly ,  t h e  c o n c e n t r a t i o n  and l e v e l  o f  RNA i n c r e a s e s  

d u r in g  th e  l a t e  a s p e r m a to g e n ic  p hase ,  a s  b o th  s p e rm a to g o n ia  and 

t e s t i c u l a r  s o m a t ic  c e l l s  b e g in  p r e p a r a t i o n s  f o r  p r o l i f e r a t i o n .  The 

f a i r l y  r a p i d  i n c r e a s e  o b s e rv e d  i n  F ig u r e s  8 and 9 i s  c o n s i s t e n t  w i t h
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th e  e x i s t e n c e  o f  one o r  more t r i g g e r i n g  e v e n t s  w hich  a c t i v a t e  

s p e r m a to g e n e s i s ;  i . e . .  many c e l l s  c o n te m p o ra n e o u s ly  b e g in  p r e p a r a t i o n s  

f o r  p r o l i f e r a t i o n  o v e r  a  f a i r l y  s h o r t  p e r io d  o f  t im e .  The RNA l e v e l  

would t h e n  r e m a in  h ig h  th ro u g h o u t  t h e  p r o l i f e r a t i v e  phase  and much o f  

th e  d i f f e r e n t i a t i v e  phase  a s  th e  s p e r m a to c y te s  and s p e r m a t i d s  r e m a in  

m e t a b o l i c a l l y  a c t i v e .  As s p e r m io g e n e s i s  p ro c e e d s ,  how ever, n u c l e a r  

c o n d e n s a t io n  o c c u rs .  I n  such  c e l l s ,  no new RNA i s  p roduced , and 

e x i s t i n g  RNA i s  g r a d u a l l y  deg rad ed .  Thus, l a t e  i n  t h e  d i f f e r e n t i a t i v e  

phase ,  an e v e r - i n c r e a s i n g  p o r t i o n  o f  t h e  t e s t i s  c e a s e s  t o  be 

s y n t h e t i c a l l y  a c t i v e ,  and c o n c e n t r a t i o n ,  l e v e l ,  and c o n te n t  o f  RNA i n  

t h e  t e s t i s  a s  a  w hole  b e g in  t o  d e c l i n e .  U n l ik e  th e  i n i t i a t i o n  o f  

p r o l i f e r a t i o n ,  t h e  c o m p le t io n  o f  s p e rm io g e n e s i s  i n  th e  e n t i r e  t e s t i s  

o c c u r s  g r a d u a l l y .  Hence, a v e ra g e  RNA l e v e l  d e c l i n e s  s lo w ly  b u t  

s t e a d i l y  from  a p p r o x im a te ly  March to  May, m erg in g  sm o o th ly  w i t h  t h e  RNA 

l e v e l  s e e n  i n  t h e  ( r e l a t i v e l y )  m e t a b o l i c a l l y  i n a c t i v e  e a r l y  

a s p e r m a to g e n ic  phase .

B ecause  p r o t e i n  s y n t h e s i s ,  and t h e r e f o r e  DNA s y n t h e s i s ,  i s  

d e p e n d en t  on  RNA, one w ould  e x p e c t  RNA s y n t h e s i s  t o  b e g in  som ew hat 

s o o n e r  th a n  e i t h e r  DNA o r  p r o t e i n  s y n t h e s i s ,  a s  i s  s u g g e s te d  by th e  

c o n te n t  o f  t h o s e  com ponents  i n  t h e  e n t i r e  t e s t i s  (F ig s .  7, 10, and 13). 

The i n c r e a s e  i n  p r o t e i n  l e v e l  i n  t h e  l a t e  a s p e r m a to g e n ic  phase  p ro b a b ly  

r e p r e s e n t s  p r e p a r a t i o n  o f  s p e rm a to g o n ia  f o r  m i t o s i s  by g ro w th  i n  G1.

The s u b s e q u e n t  d e c l i n e  s e e n  i n  th e  d i f f e r e n t i a t i v e  phase  p r o b a b ly  has  

two m a jo r  c o n t r i b u t i n g  f a c t o r s .  By t h a t  p o i n t  i n  th e  s p e rm a to g e n ic  

c y c le ,  a l a r g e  num ber o f  p r im a ry  s p e r m a to c y te s  have p a s se d  th ro u g h  p r e -  

m e i o t i c  S p hase ,  t h e r e b y  d o u b l in g  t h e  amount o f  DNA p r e s e n t  i n  t h a t  

c e l l  w i t h o u t  a c o n c o m m ita n t  d o u b l in g  o f  p r o t e i n .  I n  a d d i t i o n ,
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s p e r m io g e n e s i s  p ro d u c e s  a l a r g e  number o f  c e l l s  i n  w h ich  n u c l e a r  

m a t e r i a l  p r e d o m in a te s ,  and t h e  c y to p la s m ic  p r o t e i n s  a r e  r e l a t i v e l y  l e s s  

i m p o r t a n t .  A lthough  e x h a u s t i o n  o f  p re s u m p t iv e  n u t r i e n t  m a t e r i a l  i n  th e  

g e n i t a l  haem al s i n u s  by th e  end o f  p r o l i f e r a t i o n  may a l s o  c o n t r i b u t e  to  

t h e  o b se rv e d  d e c l i n e  i n  p r o t e i n  c o n c e n t r a t i o n ,  I  s u s p e c t  t h a t  any su ch  

c o n t r i b u t i o n  i s  r e l a t i v e l y  m inor .  In  a d d i t i o n ,  p r o t e i n  com ponents  o f  

t h a t  n u t r i e n t  m a t e r i a l  a r e  l i k e l y  t o  be u t i l i z e d  as  p r o t e i n ,  so  t h a t  

t h e  amount o f  p r o t e i n  p r e s e n t  i n  th e  t e s t e s  would  n o t  be d e c re a s e d  a s  

t h e  n u t r i e n t  m a t e r i a l  i s  e x h a u s te d .

F re e  am ino a c i d s  have been  w id e ly  th o u g h t  to  s e r v e  a p re d o m in a n t ly  

o s m o r e g u la to ry  r o l e  i n  a s t e r o i d s ,  a l th o u g h  F erguson  (1975a) p r o v id e s  

e v id e n c e  f o r  o t h e r  f u n c t i o n s ,  e s p e c i a l l y  p r o t e i n  and p u r in e  s y n t h e s i s  

and n i t r o g e n  s t o r a g e .  I f  th e  f r e e  am ino a c i d s  w ere  s e r v i n g  p r i m a r i l y  

f o r  o s m o r e g u la t io n ,  one would e x p e c t  th e  c o n c e n t r a t i o n  o f  amino a c i d s  

p e r  u n i t  m ass  o f  w a t e r  t o  be e s s e n t i a l l y  c o n s ta n t .  However, 

e x a m in a t io n  o f  t h a t  c o n c e n t r a t i o n  (shown i n  F ig u re  15) s u g g e s t s  t h a t  

a l th o u g h  a c o n s t a n t  o s m o r e g u la to r y  c o n c e n t r a t i o n  o f  f r e e  amino a c i d s  

may be c o n t r i b u t o r y  t o  t h e  o b se rv e d  q u a n t i t y ,  i t  does  n o t  a d e q u a te ly  

e x p l a i n  t h e  p a t t e r n  o f  changes  se en .  Two a d d i t i o n a l  p r o c e s s e s  h e l p  

e x p l a i n  t h e  o b s e rv e d  i n c r e a s e  from  th e  minimum c o n c e n t r a t i o n  and l e v e l  

a t t a i n e d  s h o r t l y  a f t e r  spaw n ing . F i r s t ,  amino a c id s ,  p e rh a p s  bound 

t e m p o r a r i l y  i n t o  p e p t i d e s ,  m ust  be m o b i l iz e d  from  n u t r i e n t  s t o r a g e  

s i t e s  t o  s u p p o r t  p r o t e i n  and n u c l e o t i d e  s y n t h e s i s .  T h is  m o b i l i z a t i o n  

o f  n u t r i e n t s  can  a c c o u n t  f o r  t h e  o b s e rv e d  i n c r e a s e  i n  am ino a c id  

c o n c e n t r a t i o n  and l e v e l  d u r in g  th e  p r o l i f e r a t i v e  phase . Second, t h e  

breakdow n o f  p r o t e i n  com ponents  i n  r e s i d u a l  s p e rm a to z o a  d u r in g  t h e  

a s p e r m a to g e n ic  phase  may a c c o u n t  f o r  t h e  h i g h l y  v a r i a b l e  f r e e  amino
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a c i d  i n c r e a s e  o b se rv e d  d u r in g  t h e  a s p e r m a to g e n ic  p hase ,  e s p e c i a l l y  i n  

J u l y  and e a r l y  August.

As w i t h  f r e e  am ino  a c id s ,  t h e  i n c r e a s e  i n  s im p le  r e d u c in g  

c a r b o h y d r a te s  s e e n  i n  t h e  a s p e rm a to g e n ic  phase  (F ig s .  18 and 19) may 

r e p r e s e n t ,  a t  l e a s t  i n  p a r t ,  t h e  d e g r a d a t i o n  o f  r e s i d u a l  s p e rm a to z o a  by 

p h a g o c y t ic  s o m a t ic  c e l l s .  Some o f  t h i s  c a r b o h y d r a te  a p p e a r s  t o  be 

s u b s e q u e n t ly  c o n v e r te d  t o  g ly c o g e n  o r  a  g l y c o g e n - l i k e  s u b s ta n c e ,  

p o s s i b l y  c o n s t i t u t i n g  te m p o r a r y  i n t r a - g o n a d a l  s t o r a g e  f o r  n u t r i t i v e  and 

s t r u c t u r a l  m a t e r i a l .  The r e l a t i v e l y  s l i g h t  i n c r e a s e  i n  s im p le  

c a r b o h y d r a te s  o b se rv e d  i n  S e p tem b e r  and O c to b e r  may r e p r e s e n t  t h e  

a r r i v a l  o f  p e r i o d i c - a c i d  S c h i f f  p o s i t i v e  m a t e r i a l  i n  t h e  g e n i t a l  haem al 

s in u s .  T h is  m a t e r i a l ,  p resum ed  t o  be n u t r i t i v e  i n  c h a r a c t e r  (W alker  

1980), i s  th e n  e i t h e r  d i r e c t l y  u t i l i z e d  o r  c o n v e r te d  i n t o  g ly co g e n .  I f  

t h e  l a t t e r  o c c u rs ,  t h e  i n c r e a s e  i n  g ly co g e n  i s  n o t  a p p a r e n t ,  a s  i t  

would  d i s a p p e a r  i n t o  t h e  l a r g e r  peak r e p r e s e n t e d  by i n c r e a s i n g  gonad 

m ass  w i th  a  f a i r l y  c o n s t a n t  g ly c o g e n  c o n c e n t r a t i o n .  A l though  th e  

i n c r e a s e  i n  s im p le  c a r b o h y d r a te s  w hich  I  am h e r e  a s c r i b i n g  t o  t h e  

a r r i v a l  o f  n u t r i t i v e  m a t e r i a l  i n  t h e  g e n i t a l  h aem a l s i n u s  i s  q u i t e  

s m a l l ,  t h i s  s h o u ld  n o t  be t a k e n  t o  im p ly  a  m in o r  r o l e  f o r  t h a t  

n u t r i t i v e  m a t e r i a l ;  i t  i s  by no means c e r t a i n  t h a t  a l l  o f  t h e  n u t r i t i v e  

m a t e r i a l  p r e s e n t  i n  t h e  g e n i t a l  haem al s i n u s  th ro u g h o u t  t h e  

p r o l i f e r a t i v e  phase  a r r i v e s  s im u l t a n e o u s l y  ( s e e  Beijnink a t  a l .  1984). 

Thus, a d d i t i o n a l  m a t e r i a l  c o u ld  be a r r i v i n g  a t  a c o n t in u o u s  r a t e  and 

s im p ly  n o t  be d e t e c t a b l e  w i t h  th e  t e c h n iq u e s  em ployed  h e re .

A lthough t h e  w e ig h te d  p e r i o d i c  r e g r e s s i o n  o f  l i p i d  l e v e l  a g a i n s t  

t im e  g i v e s  a  v a lu e  f o r  a m p l i tu d e  w hich  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

from  z e r o ,  th e  l a r g e  num ber o f  p o i n t s  i n  F ig u r e  25 w i t h  r e l a t i v e l y  low
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w e i g h t s  l y i n g  above t h e  f i t t e d  r e g r e s s i o n  l i n e  i n  t h e  l a t e  

a s p e r m a to g e n ic  phase  and e a r l y  p r o l i f e r a t i v e  phase  r e q u i r e  

c o n s i d e r a t i o n .  A lthough  th e y  do n o t  p ro v id e  s a t i s f a c t o r y  s t a t i s t i c a l  

e v id e n c e ,  t h e s e  p o i n t s  s u g g e s t  t h a t  l i p i d  l e v e l  may be h i g h e r  d u r in g  

t h e  a s p e r m a to g e n ic  phase ,  w i t h  a  s u b s e q u e n t  d e c r e a s e  d u r in g  th e  

p r o l i f e r a t i v e  phase  t o  t h e  low and c o n s t a n t  l e v e l  s e e n  from  J a n u a r y  t o  

May. I f  t h i s  p a t t e r n  i s  r e a l ,  i t  may be e x p la in e d  by s e v e r a l  

phenomena. The t e s t i c u l a r  c e l l  p o p u l a t i o n  d u r in g  t h e  l a t e  

a s p e r m a to g e n ic  phase  c o n s i s t s  p r e d o m in a n t ly  o f  d i p l o i d  s o m a t ic  c e l l s ,  

w i t h  a  r a t i o  o f  a p p r o x im a te ly  200 s o m a t ic  c e l l s  p e r  g e rm in a l  c e l l  

(W alker  and L a r o c h e l l e  1984). These s o m a t ic  c e l l s  t a k e  t h e  fo rm  o f  

" v e s i c u l a t e d "  c e l l s  in v o lv e d  i n  s y n t h e t i c  a c t i v i t i e s  and c o n ta i n  

e x t e n s i v e  q u a n t i t i e s  o f  sm ooth  e n d o p la s m ic  r e t i c u l u m ,  v a c u o le s ,  and 

w e l l - d e v e lo p e d  G o lg i  a p p a r a t i  (W alker  1980, Schoenm akers  e t  a l .  1977). 

C o n se q u e n tly ,  one m ig h t  e x p e c t  a  som ew hat e l e v a t e d  l i p i d  l e v e l  due 

s im p ly  t o  t h e  l a r g e  am ount o f  i n t e r n a l  membrane p r e s e n t .  As 

p r o l i f e r a t i o n  p ro c e e d s ,  an  i n c r e a s i n g  number o f  g e r m in a l  c e l l s  p a s s  

th ro u g h  p r e - m e i o t i c  S p h a se .  The d o u b l in g  o f  DNA i n  th o s e  c e l l s  would 

a c t  t o  r e d u c e  t h e  lip id :D NA r a t i o ,  even i f  t h e  h ig h  r a t e  o f  p r o t e i n  and 

membrane s y n t h e s i s  i n  a c t i v e l y  p r o l i f e r a t i n g  c e l l s  keeps  t h e  am ount o f  

l i p i d  p e r  c e l l  f a i r l y  h ig h .  F i n a l l y ,  d u r in g  t h e  d i f f e r e n t i a t i v e  phase ,  

a  l a r g e  number o f  v e ry  s m a l l  h a p lo id  c e l l s  a r e  p roduced . A lthough  th e  

am ount o f  DNA p e r  c e l l  d e c r e a s e s  a s  a r e s u l t  o f  m e i o s i s ,  th e  amount o f  

c y to p la s m , n u c l e a r  membrane, and p lasm alem m a i s  a l s o  red u c e d  d u r in g  

s p e r m io g e n e s i s .  Thus, t h e r e  would a l s o  be a  d e c r e a s e  i n  l i p i d  p e r  

c e l l ,  o f f s e t t i n g  th e  d e c r e a s e  i n  DNA.
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The p a t t e r n s  d e s c r i b e d  h e r e  f o r  p r i n c i p a l  b io c h e m ic a l  com ponents  

o f  t h e  t e s t e s  a r e  g e n e r a l l y  c o m p a t ib l e  w i th  th o s e  r e p o r t e d  f o r  o t h e r  

s p e c i e s  o f  a s t e r o i d s .  The v a lu e s  and o v e r a l l  p a t t e r n  o f  changes  shown 

f o r  n u c l e i c  a c i d s  and t o t a l  l i p i d s  a g r e e s  w e l l  w i t h  th o s e  o b s e rv e d  f o r  

P i 3 a s t e r  o c h ra c e u s  ( G r e e n f i e l d  1959). T o ta l  c a r b o h y d r a te  and f r e e  

am ino a c id  com ponents  a r e  v e ry  s i m i l a r  t o  th o s e  o f  E c h i n a s t e r  (F e rg u so n  

1975a, 1975b), a l th o u g h  a n n u a l  v a r i a t i o n  i n  f r e e  am ino a c id s  i n  A. 

v u l g a r i s  a p p e a r s  t o  be l e s s  th a n  t h a t  i n  E c h i n a s t e r . C om parison  o f  t h e  

d a t a  i n  t h i s  p a p e r  w i t h  t h o s e  f o r  f e m a le  A s t e r i a s  ru b e n s  (O udejans  and 

van  d e r  S l u i s  1979) r e i n f o r c e s  t h e  e x p e c te d  d i f f e r e n c e s  i n  g r o s s  

b io c h e m ic a l  c o m p o s i t io n  be tw een  t e s t e s  and o v a r i e s .  A lthough  th e  

c o n c e n t r a t i o n  o f  t o t a l  l i p i d  i n  t h e  p r e - v i t e l l o g e n i c  o va ry  i s  

co m p a rab le  t o  t h a t  i n  t h e  p r e - p r o l i f e r a t i v e  t e s t i s ,  t h e  t e s t i s  shows no 

i n c r e a s e  co m p a rab le  t o  t h a t  s e e n  i n  t h e  o va ry  d u r in g  v i t e l l o g e n e s i s .

I n  a d d i t i o n ,  p r o t e i n  c o n c e n t r a t i o n  f o l l o w s  a s i m i l a r  p a t t e r n  i n  t h e  

gonads o f  b o th  m a le s  and f e m a le s ,  b u t  t h e  an n u a l  v a r i a t i o n  r e p o r t e d  f o r  

o v a r i e s  i s  g r e a t e r  t h a n  t h a t  shown h e r e  i n  th e  t e s t i s .  T h is  d i f f e r e n c e  

i s  p r o b a b ly  a t t r i b u t a b l e  t o  t h e  d e p o s i t i o n  o f  p r o t e i n s  i n  y o lk .

I n  c o n c lu s io n ,  changes  o b s e rv e d  o v e r  th e  s p e rm a to g e n ic  c y c le  f o r  

m a jo r  b io c h e m ic a l  com ponen ts  show c l e a r  and i l l u m i n a t i n g  c o r r e l a t i o n s  

t o  s t r u c t u r a l  changes  i n  t h e  g e r m in a l  e p i t h e l i u m .  The a p p r o p r i a t e  u se  

o f  r e g r e s s i o n  a n a l y s i s  g r e a t l y  a i d s  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  

t h e s e  p a t t e r n s ,  b u t  f u l l  a p p r e c i a t i o n  o f  th e  o b s e rv e d  b io c h e m ic a l  

p a t t e r n s  r e q u i r e s  e x a m in a t io n  o f  c y t o l o g i c a l  and h i s t o l o g i c a l  changes  

i n  t h e  t e s t e s  o f  t h e  same a n im a ls .  J u s t  a s  e x a m in a t io n  o f  t h e  

h i s t o l o g i c a l  s t a t e  o f  t h e  g e r m in a l  e p i t h e l i u m  e l u c i d a t e s  t h e  

c o n tem poraneous  changes  i n  b io c h e m ic a l  c o m p o s i t io n ,  t h e  b io c h e m ic a l
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d a t a  e n h an ce  o u r  u n d e r s t a n d in g  o f  e v e n t s  a t  th e  c e l l u l a r  l e v e l  l e a d i n g  

t o  o b s e rv e d  h i s t o l o g i c a l  changes .  Combining t h e s e  two d i s t i n c t  

a p p ro a c h e s  t h u s  b e g in s  t o  u n i f y  o u r  u n d e r s t a n d in g  o f  t h e  b io c h e m ic a l  

and c y t o l o g i c a l  e v e n t s  i n  s p e r m a to g e n e s i s .
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T a b le  1. Symbol oodes. F ig u r e s  6-26  a l l  show w e ig h te d  r e g r e s s i o n s  
w i t h  95* c o n f id e n c e  bands; p a r e n t h e s i z e d  v a lu e s  a r e  g iv e n  f o r  
e x t r e m e  d a t a  p o i n t s  ( p ro b a b le  o u t l i e r s ) .  A l l  d a t a  a r e  coded on a 
l o g a r i t h m i c ,  s c a l e  by a s s ig n e d  w e i g h t s  r e l a t i v e  t o  maximum w e ig h t  
f o r  t h a t  g ra p h ,  a s  shown below .

Symbol Rarnte o f  W eigh ts

* 1 1 R e l a t i v e  w e ig h t > 0.1

X 0 .1  2 R e l a t i v e  w e ig h t > 0 .01

A 0 .01  > R e l a t i v e  w e ig h t > 0.001

O —
* o
 i OJ R e l a t i v e  w e ig h t > 10"4

O 10-* > R e l a t i v e  w e ig h t



T ab le  2. C i r c u l a r - l i n e a r  c o r r e l a t i o n s  o f  b io c h e m ic a l  com ponents  w i t h  

d a te  and s p e rm a to g e n ic  s ta g e .  L e v e ls  o f  s i g n i f i c a n c e :

•: p < 0 .05  ; • * :  p 

s i g n i f i c a n t  a t  th e  0

< 0 . 0 1 ;  « • * :  

.05 l e v e l .

date

p < 0 .001  ; N. S. : n o t

STAGE

nff2 D U

ISf A c o n c e n t r a t i o n 0 .673 28 .9 0 .3 3 7 11.6 11
c o n te n t 0 .664 2 8 .6 »** 0 .5 8 4 2 0 .2 111

RNA c o n c e n t r a t i o n 0 .1 0 3 4 .4 N. S. 0 .4 5 0 15.5 111
l e v e l 0 .4 1 0 17.6 H * 0 .470 16.2 • ••
c o n te n t 0 .7 5 2 3 2 .3 • ft* 0 .571 19.7 111

P r o t e i n  c o n c e n t r a t i o n 0 .273 11 .7 •  ft 0 .335 11 .6 11

l e v e l 0 .319 13.7 *•* 0 .4 4 9 15.5 ••«
c o n te n t 0 .722 31.1 ftftft 0 .601 2 0 .7 «•«

S u g a rs  c o n c e n t r a t i o n 0 .294 12.1 II 0 .3 8 0 12.4 11
l e v e l 0 .266 10 .7 • ft 0 .4 9 2 16 .0 111

c o n te n t 0 .7 0 0 2 8 .7 III 0 .6 9 0 2 2 .4

G lycogen  c o n c e n t r a t i o n 0 .2 9 8 1 2 .2 II 0 .614 2 0 .0 •••

l e v e l 0 .3 1 3 12.5 II 0 .4 7 5 15.5 • ••

c o n te n t 0 .676 2 7 .7 III 0 .656 21 .4 •••

Amino a c i d s  c o n c e n t r a t i o n 0 .2 2 7 9 .3 • ft 0 .3 7 0 12 .0 ••

aqueous  conc. 0 .1 7 7 7 .3 * 0 .2 5 4 8 .3 •

l e v e l 0 .412 16.5 III 0 .4 4 0 14.3 • ••

c o n te n t 0 .745 3 0 .5 III 0 .653 2 1 .3 •••

L i p i d  c o n c e n t r a t i o n 0 .023 1 .0 N. S. 0 .1 4 8 4 .8 N. S.
l e v e l 0 .358 14 .3 • •• 0 .3 6 0 11 .7 • «

c o n te n t 0 .669 2 7 .4 111 0 .6 7 5 2 2 .0 •••
Gonad w e t  m ass in d e x 0.731 32.1 ill 0 .6 5 6 2 2 .6 •••

Gonad dry m ass in d e x 0 .7 2 2 31.8 111 0 .6 6 8 2 3 .0 •••
P e r c e n t  dry  mass 0 .0 5 3 2 .3 N. S. 0 .0 9 4 3 .3 N. S.



Table 3. P e rio d ic  re g re ss io n  equations. For each component, the f i t t e d  p e r io d ic  re g re ss io n  eq u a tio n  i s  given, along 
w ith  equ a tio n s fo r  low er and upper l im i t s  o f the  95* confidence band, the  c o e f f ic ie n t  o f d e term ina tion  (R2) 
fo r  the  f i t t e d  curve, and tru e  values fo r  mean and acrophase a f t e r  accounting fo r  the  e f f e c ts  o f skewness and 
peakedness.

Component Measure Mesor
(M)

Amplitude
(A)

Acrophase
( t Q)

Skewness Feakedness
< v

R2 Mean
Level

True
Acrophase

T estes wet mass index 
lower l im it  
upper l im i t

0.1845
0.1325
0.2355

0.1534
0.1474
0.1602

76.7403
73.1658
79.9790

-0.351564
-0.436624
-0.273847

0.509901
0.495032
0.507082

0.873 0.1845 96.0458

DNA co n c en tra tio n  
lower l im it  
upper l im it

27.0023
18.1586
35.8506

24.1173
23.7390
24.6263

68.4229
65.3871
71.3319

-0.606037
-0.507339
-0.688106

0
-0.060508

0.060345

0.843 27.0023 98.8951

con ten t 
low er l im it  
upper l im it

25.8026
12.0293
39.1915

26.2898
13.9785
38.8624

73.438
64.0206
76.132

-0.300147
-0.529458
-0.247327

1.047198
1.047198 
1.03721

0.599 25.8026 90.1569

RNA co n c en tra tio n  
low er l im i t  
upper l im it

25.7261
17.0844
34.3785

13.3203 
11.4267 
15.3030

311.598
318.876
306.162

1.31748 
1.42794 
1.187 35

0
-0.371204

0.254551

0.547 25.7261 261.6516

le v e l
low er l im it  
upper l im it

1.19166 
0.18400 
2.1532

1.0383
0.4330
1.8276

293.595
343.117
283.77

0.84936
1.15847
0.72185

0.583271
-0.347662

0.675226

0.499 0.9273 265.5883

con ten t 
low er l im it  
upper l im it

22.5986 
11 .8803 
32.8037

22.3293
12.7396
32.0120

75.9631
70.7478
77.0106

-0.287454
-0.50000
-0.240922

1.047198
1.047198 
0.998597

0.667 22.5986 92.0273

P ro te in co n cen tra tio n  
low er l im it  
upper l im it

323.991 
291.782 
355.530

52.8891
58.0487
48.4963

61.5368
67.2142
54.8186

0
0.063457

-0.054748

0
0.028561

-0.062160

0.485 323.9911 61.5368

le v e l
low er l im it  
upper l im it

13.4375
7.1554

19.6244

8.668
4.5659

13.3729

289.95 
316.014 
281.386

0.767371
0.990165
0.659836

0.574010
0.163669
0.66954

0.558 11.2246 264.082

co n ten t 
low er l im it  
upper l im it

266.301
155.284
369.756

258.228
158.472
356.718

76.7037 
81.0390 
76.4673

0
0.248076

-0.032543

1 .047198 
1 .047198 
0.986661

0.652 148.7992 76.7037

Amino ac id  c o n c en tra tio n  
low er l im it  
upper l im it

100.558
83.0536

117.275

39.6647
42.5029
37.8678

43.8387
44.4970
42.7807

-0.728473
-0.515621
-0.939451

0
-0.075516

0.046709

0.815 100.558 78.7444



f lu id  oonc. 23.3575 9.2593 46.5231
lower l im i t 19.1975 9.5267 51.1741
upper l im i t 27.3577 9.1446 41 .5869
le v e l 4.53643 3.95732 299.872
lower l im it 0.829345 1.65881 47.162
upper l im i t 9.2023 8.1169 287.181
con ten t 72.2925 70.6913 82.1160
lower l im i t 36.4245 39.3005 82.6557
upper l im i t 107.212 102.046 82.1145

Simple sugars concent. 6.2709 3.6267 231.865
lower l im i t 3.8915 2.1051 230.672
upper l im i t 8.7625 5.4286 231 .730
le v e l 0.2538 0.2113 261.858
lower l im i t -0.0348 -0.0953 266.896
upper l im it 0.5454 0.4839 262.082
con ten t 3.0864 3.1012 102.891
lower l im i t 1.9871 2.2961 104.106
upper l im it 4.1611 3.9154 102.782

Glycogen co n c en tra tio n 6.6056 4.4540 275.447
lower l im i t 4.3723 2.9048 279.097
upper l im i t 8.8418 6.0132 273.692
le v e l 0.1321 0.0885 291.218
lower l im it 0.0561 0.0336 331.827
upper l im i t 0.2127 0.1532 283.019
con ten t 2.8561 2.5125 76.7526
lower l im i t 1 .9009 1.8162 79.1461
upper l im it 3.7977 3.236 76.1461

L ipid co n cen tra tio n 101.45 21.0289 113.356
lower l im it 71.9706 40.3797 96.4280
upper l im it 128.755 12.2309 188.170
le v e l 2.2285 0.3307 78.8312
lower l im i t 1 .0654 1.2173 81.3375
upper l im it 3.3873 -0.5612 84.583
con ten t 85.6374 85.6934 86.7529
lower l im i t  48.2259 54.8574 84.6132
upper l im i t  122.892 117.108 87.4573

•1.13105
•0.888318
•1.3588

0.555345
0.612285
0.43283

0.781 21.2640 81.9292

1.01507
■0.189543
0.782161

0.445118
-0.226227

0.759582

0.742 3.7842 265.4234

0
0.174523
■0.058597

1 .047198 
1.047198 
1.01857

0.584 40.1258 82.116

0.728636 
1 .2697 
0.451752

1 .047198 
1.047198 
1 .047198

0.666 4.7330 212.1738

0.589982
•0.469102
0.372572

0.878656 
1 .047198 
0.957668

0.414 0.1734 244.316

0.502065
0.516342
0.514019

1.047198 
1.01268
1.047198

0.795 1.7214 88.9829

0
•0.017560
0.004608

0
-0.042264

0.021339

0.515 6.6056 275.447

0
•0.089610
0.035229

0
0.166244
0.022941

0.328 0.1321 291.218

0
0.146297
■0.055261

0.874533
1.047198
0.772531

0.750 1.8592 76.7526

0
■0.038133
•0.121822

0
-0.054133
-0.176714

0.195 101.45 113.356

0
•0.036728
•0.107458

0
-0.114672
-0.233585

0.044 2.2285 78.8312

0
0.142448
■0.081334

1.047198 
1 .047198 
1.03721

0.689 46.6442 86.7529

u>Ui
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Figure 5. Changes in gonad index during the spermatogenic cycle. Periodic regression with 95% confidence 

band.
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Figure 6. Annual changes in testicular DNA concentration.
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Figure 9. Annual changes in testicular RNA level.
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Figure 10. Annual changes in RNA content in the testes.
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Figure 15. Annual changes in free amino acids in the testes, relative to water content.
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Figure 16. Annual changes in free amino acids in the testes, relative to DNA.
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Figure 17. Annual changes in total free amino acid content in the testes.
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Figure 18. Annual changes in concentration of simple reducing sugars in the testes.
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Figure 19. Annual changes in level of simple reducing sugars.
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Figure 20. Annual changes in content of simple reducing sugars.
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Figure 22. Annual changes in level of glycogen, in glucose-equivalents.
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Figure 23. Annual changes in total content of glycogen in the testes, expressed as equivalent mass of 

glucose. Ln
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Figure 24. Annual changes in concentration of total lipids in the testes.
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Figure 25. Annual changes in lipid level. Amplitude of the fitted curve is not significant, although it 

has been included in the equation graphed here.
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CHAPTER I I

ACTIVITY OF ORNITHINE DECARBOXYLASE AND NUCLEIC ACID SYNTHESIS 

DURING GAMETOGENESIS: PRELIMINARY RESULTS

I n t r o d u c t i o n

The r e l a t i o n s h i p  be tw e en  a c t i v i t y  o f  o r n i t h i n e  d e c a r b o x y la s e ,  t h e  

r a t e - l i m i t i n g  enzyme o f  p o ly a m in e  s y n t h e s i s ,  and s y n t h e s i s  o f  n u c l e i c  

a c i d s  has  been w e l l  e s t a b l i s h e d  i n  a  v a r i e t y  o f  a n im a l  s y s te m s  (e*. 

R u s s e l l  and Snyder 1968; R u s s e l l  and S tam brook  1975; F i l l i n g a m e  e t  a l .  

1975; F u l l e r  e t  a l .  1977; S u n k a ra  and Rao 1981). I t  i s  t h e r e f o r e  

l i k e l y  t h a t  a s i m i l a r  r e l a t i o n s h i p  e x i s t s  d u r in g  g a m e to g e n e s i s  i n  

a s t e r o i d s .  Because  n u c l e i c  a c id  s y n t h e s i s  i s  an e s s e n t i a l  e v e n t  f o r  

b o th  s p e r m a to g e n e s i s  and o o g e n e s i s ,  and b e c au se  p o ly am in e  s y n t h e s i s  may 

be i m p o r t a n t  i n  t h e  r e g u l a t i o n  o f  n u c l e i c  a c id  s y n t h e s i s  ( s e e  C h a p te r  

I I I ) ,  an  e x a m in a t io n  o f  t e m p o r a l  r e l a t i o n s h i p s  among p o ly am in e  

s y n t h e s i s ,  n u c l e i c  a c id  s y n t h e s i s ,  and r e l a t e d  g a m e to g en ic  e v e n t s  i s  

i m p o r t a n t  i n  e n h a n c in g  u n d e r s t a n d in g  o f  g a m e to g en ic  p r o c e s s e s  and 

r e g u l a t i o n  o f  g a m e to g e n ic  e v e n t s .  A lthough a r e l a t i o n s h i p  be tw een  ODC 

a c t i v i t y  and r a t e s  o f  n u c l e i c  a c id  s y n t h e s i s  would be e x p e c te d  from  

r e s e a r c h  i n  o t h e r  a n im a l  s y s te m s ,  i t  i s  n e v e r t h e l e s s  u s e f u l  t o  exam ine  

t h e s e  p r o c e s s e s  i n  some d e t a i l .  Such an e x a m in a t io n  s h o u ld  c o n f i rm  th e  

e x p e c te d  c o r r e l a t i o n  o f  p o ly am in e  s y n t h e s i s  w i t h  n u c l e i c  a c id  

s y n t h e s i s ,  a s  w e l l  a s  p r o v id e  i n f o r m a t i o n  on th e  v a r i a b i l i t y  o f  t h e s e  

m ea su rem e n ts ,  t h e r e b y  f a c i l i t a t i n g  s u b s e q u e n t  d e t a i l e d  e x a m in a t io n  o f  

t h e s e  s y n t h e t i c  p r o c e s s e s  d u r in g  g a m e to g e n e s i s .
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C a r e fu l  e x a m in a t io n  o f  changes  i n  b io c h e m ic a l  c o m p o s i t io n  o f  t h e  

t e s t e s  d u r in g  s p e rm a to g e n e s i s  i n d i c a t e s  d e f i n i t e  p a t t e r n s  o f  n u c l e i c  

a c i d  s y n t h e s i s  d u r in g  s p e r m a to g e n e s i s  ( s e e  C h a p te r  I ) .  More d i r e c t  

e v id e n c e  can  be o b ta in e d  by m e a s u r in g  t h e  s y n t h e t i c  r a t e s  o f  b o th  DNA 

and RNA th ro u g h  th e  i n c o r p o r a t i o n  o f  r a d i o a c t i v e l y  l a b e l l e d  th y m id in e  

and u r i d i n e .  Fo r  a  p r e l i m i n a r y  s tu d y ,  i t  i s  s u f f i c i e n t  t o  exam ine  

r a t e s  o f  n u c l e i c  a c id  s y n t h e s i s  d u r in g  s e v e r a l  s e l e c t e d  p e r i o d s  o f  t h e  

g a m e to g e n ic  c y c le .  Of p a r t i c u l a r  i n t e r e s t  i n  t h e  s tu d y  o f  

s p e r m a to g e n e s i s  a r e  th e  p e r i o d s  o f  t r a n s i t i o n  from  one s p e rm a to g e n ic  

p hase  to  th e  n e x t ;  f o r  exam ple , t h e  i n i t i a t i o n  and c e s s a t i o n  o f  

p r o l i f e r a t i o n  and d i f f e r e n t i a t i o n .  U n f o r tu n a t e ly ,  t h e  s m a l l  amount o f  

t e s t i c u l a r  t i s s u e  a v a i l a b l e  d u r in g  th e  l a t e  a s p e r m a to g e n ic  and e a r l y  

p r o l i f e r a t i v e  p h a ses  g r e a t l y  c o m p l ic a t e s  a n a l y s i s .  T h e r e f o r e ,  f o r  t h i s  

p r e l i m i n a r y  e x a m in a t io n ,  s p e c im e n s  w ere  s e l e c t e d  o v e r  t h e  p e r io d  from  

December t o  A p r i l .  These s p e c im e n s  s h o u ld  i n c l u d e  s e v e r a l  i n t e r e s t i n g  

s p e rm a to g e n ic  p h a s e s :  December —  a c t i v e  s p e r m a to g o n ia l  p r o l i f e r a t i o n ;

F e b ru a ry  —  p e r io d  o f  e x t e n s i v e  o v e r l a p  o f  p r o l i f e r a t i o n  and 

d i f f e r e n t i a t i o n ;  March —  a c t i v e  m e i o s i s  and d i f f e r e n t i a t i o n ;  and A p r i l  

—  l a t e  d i f f e r e n t i a t i v e  phase . O v a r ie s  w ere  o b t a in e d  a t  t h e  same t im e  

o f  y e a r ,  i n  o r d e r  t o  com pare p a t t e r n s  o f  p o ly am in e  s y n t h e s i s  and 

n u c l e i c  a c id  s y n t h e s i s  d u r in g  s p e r m a to g e n e s i s  w i t h  c o n c u r r e n t  changes  

d u r i n g  o o g e n e s i s .

I n  t h i s  pap e r ,  o r n i t h i n e  d e c a r b o x y la s e  a c t i v i t y  th ro u g h o u t  th e  

s p e rm a to g e n ic  c y c le  i s  d e s c r ib e d  and th e  r e l a t i o n s h i p  t o  c o n c u r r e n t  

s p e rm a to g e n ic  e v e n t s  d i s c u s s e d .  In  a d d i t i o n ,  o r n i t h i n e  d e c a r b o x y la s e  

a c t i v i t y  and s y n t h e t i c  r a t e s  o f  RNA and DNA a r e  d e te r m in e d  f o r  bo th
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o v a r i e s  and t e s t e s  d u r in g  th e  p e r io d  December t o  A p r i l  and p r o b a b le  

r e l a t i o n s h i p s  o f  th o s e  p r o c e s s e s  t o  g a m e to g en ic  e v e n t s  a r e  s u g g e s te d .

M a t e r i a l s  and Methods

S pec im ens  o f  A3 t e r i a s  v u l g a r i s  w ere  c o l l e c t e d  from  th e  G u lf  o f  

Maine by d i v e r s  and m a in ta in e d  i n  th e  l a b o r a t o r y  a s  d e s c r i b e d  i n  

C h a p te r  I .  S pec im ens  w ere  n a r c o t i z e d  and d i s s e c t e d  and t h e i r  s e x e s  

d e te r m in e d  a s  d e s c r i b e d  i n  C h ap te r  I .

S e a s o n a l  changes  o f  o r n i t h i n e  d e c a r b o x y la s e  (ODC) a c t i v i t y  w ere  

exam ined  u s in g  l y o p h i l i z e d  t e s t e s  from  th e  same s p e c im e n s  a s  i n  C h a p te r  

I ;  u se  o f  t h e s e  s p e c im e n s  f a c i l i t a t e d  co m p a r iso n  o f  r e s u l t i n g  d a t a  t o  

g r o s s  b io c h e m ic a l  changes  d u r in g  s p e rm a to g e n e s i s .  L y o p h i l i z e d  t e s t e s  

w ere  hom ogenized i n  ODC r e a c t i o n  b u f f e r  (Appendix C). O r n i th i n e  

d e c a rb o x y la s e  a c t i v i t y  was a s sa y e d  by s c i n t i l l a t i o n  c o u n t in g  o f  ^ C 02 

r e l e a s e d  from  r a d i o a c t i v e l y  l a b e l l e d  DL-[ 1 - ^ C ] - o r n i t h i n e  h y d r o c h l o r id e  

(Amersham, 58 mCi/mmol) (Landy-O tsuka  and S c h e f f l e r  1978; Appendix C); 

r e l e a s e d  1^C02 was t r a p p e d  w i t h  200u l  o f  NCS (Amersham) i n  a  su spended  

c e n t e r  w e l l  (K on tes) .  P r o t e i n  c o n c e n t r a t i o n  i n  th e  hom ogenate  was 

d e te r m in e d  by th e  m ethod o f  B ra d fo rd  (1976) w i th  a  bo v in e  serum a lb u m in  

s t a n d a r d .  ODC a c t i v i t y  was e x p re s s e d  a s  d i s i n t e g r a t i o n s  p e r  m in u te  o f  

t r a p p e d  -' 1*C02 p e r  m icrogram  o f  p r o t e i n .  R e s u l t i n g  d a t a  w ere  a n a ly z e d  

by p e r i o d i c  r e g r e s s i o n  and c i r c u l a r - l i n e a r  c o r r e l a t i o n  ( s e e  C h a p te r  I  

and A ppendices  D and E).

For  th e  e x a m in a t io n  o f  n u c l e i c  a c id  s y n t h e t i c  r a t e s ,  f r e s h  gonads  

(b o th  t e s t e s  and o v a r i e s )  w ere  in c u b a te d  f o r  24 h o u rs  i n  a r t i f i c i a l  

c o e lo m ic  f l u i d  ( s e e  C h a p te r  I I I )  c o n ta i n in g  1 p C i /m l  o f  e i t h e r  [ m e th y l -  

3 H ]- th y m id in e  (New England N u c le a r ,  6.7 Ci/mmol) o r  [ 5 - ^ H ] - u r i d i n e  (New 

England N u c le a r ,  26.8  C i/m m ol) .  A f t e r  a  ch a se  p e r io d  o f  16 t o  24
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h o u rs t  gonads w ere  p l a c e d  I n  10J t r i c h l o r o a c e t i c  a c id  and s t o r e d  a t  

- 1 6 °  c. N u c le ic  a c i d s  w ere  s e p a r a t e d  by th e  m ethod o f  S chm id t  and 

T hannhauser  (1945). DNA was a n a ly z e d  w i t h  d ip h e n y la m in e  (B u r to n  1968) 

w i th  a  c a l f  thym us DNA s ta n d a r d ;  RNA was a n a ly z e d  by th e  m o d i f ie d  

o r c i n o l  method o f  Almog and S h i r e y  (1978) w i t h  a T o ru la  y e a s t  RNA 

s ta n d a r d .  I n c o r p o r a t i o n  o f  r a d i o a c t i v e  l a b e l  was d e te rm in e d  by 

s c i n t i l l a t i o n  c o u n t in g  w i t h  a  Beckman LC-7000 l i q u i d  s c i n t i l l a t i o n  

c o u n te r .  Gonads from  t h e  same a n im a ls  w ere  a l s o  hom ogenized  i n  ODC 

r e a c t i o n  b u f f e r  and ODC a c t i v i t y  was a s sa y e d  as  d e s c r i b e d  above (and i n  

A p p e n d ix  C).

ODC a c t i v i t y  and n u c l e i c  a c id  s y n t h e t i c  r a t e s  f o r  b o th  m a le s  and 

f e m a le s  i n  December, F e b ru a ry ,  March, and A p r i l  w ere  a n a ly z e d  by 

a n a l y s i s  o f  v a r i a n c e .  V a r i a n c e - s t a b i l i z i n g  t r a n s f o r m a t i o n s  w ere  

s e l e c t e d  by t h e  m ethod o f  Box and Cox (1964). L o g a r i th m ic  

t r a n s f o r m a t i o n s  w ere  used  f o r  ODC a c t i v i t y  and RNA s y n t h e t i c  r a t e ;  

s q u a re  r o o t  t r a n s f o r m a t i o n  was used  f o r  DNA s y n t h e t i c  r a t e .  E f f e c t s  

a t t r i b u t a b l e  t o  month and se x  w ere  a n a ly z e d  by S tuden t-N ew m an-K eu ls  

m u l t i p l e  r a n g e  t e s t s  a p p l i e d  t o  t r a n s f o r m e d  d a ta .

R e s u l t s

P e r io d i c  r e g r e s s i o n  o f  o r n i t h i n e  d e c a rb o x y la s e  a c t i v i t y  d u r in g  th e  

s p e rm a to g e n ic  c y c le  (F ig .  27) shows t h a t  o r n i t h i n e  d e c a r b o x y la s e  

a c t i v i t y  i s  g r e a t e s t  d u r in g  t h e  p r o l i f e r a t i v e  phase  and e a r l y  

d i f f e r e n t i a t i v e  phase .  The c i r c u l a r - l i n e a r  r a n k  c o r r e l a t i o n  

c o e f f i c i e n t  (M ard ia  1976) be tw een  o r n i t h i n e  d e c a r b o x y la s e  a c t i v i t y  and 

s p e rm a to g e n ic  s t a g e  (d e te rm in e d  by h i s t o l o g i c a l  e x a m in a t io n )  o f  Un = 

6 .1 2  (n  = 2 7 ,  Dn = 0 .2 3 9 )  d i f f e r s  s i g n i f i c a n t l y  f ro m  z e r o  (p< 0 .0 5 ) .
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The o v e r a l l  p a t t e r n  o f  ODC a c t i v i t y  r e l a t i v e  t o  p r o t e i n  s u g g e s t s  an 

i n c r e a s e  d u r in g  th e  l a t e  a s p e r m a to g e n ic  phase  w i th  h ig h  a c t i v i t i e s  

m a in ta in e d  th ro u g h o u t  th e  p r o l i f e r a t i v e  phase . Maximum a c t i v i t y  o f  ODC 

i s  a t t a i n e d  d u r in g  l a t e  F e b ru a ry  o r  e a r l y  March; ODC a c t i v i t y  

s u b s e q u e n t ly  d e c l i n e s  t o  t h e  low v a lu e s  s e e n  f a i r l y  c o n s i s t e n t l y  i n  th e  

a s p e r m a to g e n ic  phase .

DNA s y n t h e t i c  r a t e s  from  December t o  A p r i l  show e x tre m e  

d i f f e r e n c e s  a t t r i b u t a b l e  t o  b o th  s e x  and month (F ig .  28; s q u a r e - r o o t  

t r a n s f o r m e d  d a t a  i n  F ig .  29). A n a ly s is  o f  v a r i a n c e  and m u l t i p l e  ran g e  

t e s t i n g  (T ab le  4) i n d i c a t e  t h a t  t h e  r a t e  o f  DNA s y n t h e s i s ,  e x p re s s e d  

p e r  u n i t  m ass o f  DNA p r e s e n t ,  d e c l i n e s  g r e a t l y  from  December to  

F e b ru a ry  i n  m a le s  and r e m a in s  r e l a t i v e l y  low th ro u g h  A p r i l .  The d a t a  

s u g g e s t  t h a t  DNA s y n t h e s i s  a g a in  i n c r e a s e s  s l i g h t l y  d u r in g  March, b u t  

t h i s  a p p a r e n t  i n c r e a s e  i s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  The p a t t e r n  

o b s e rv e d  f o r  f e m a le s  d u r in g  t h i s  t im e  o f  y e a r  i s  n e a r l y  a  m i r r o r - im a g e  

o f  t h a t  o b se rv e d  f o r  m a le s .  The o v a r i a n  DNA s y n t h e t i c  r a t e  i s  

r e l a t i v e l y  low from  December t o  March, w i th  p o s s ib l y  a  s l i g h t  (non­

s i g n i f i c a n t )  i n c r e a s e  i n  March; DNA s y n t h e s i s  th e n  i n c r e a s e s  g r e a t l y  

d u r in g  A p r i l ,  t o  a p p r o x im a te ly  t h e  same l e v e l  a s  t h a t  o b se rv e d  i n  

t e s t e s  d u r in g  December.

RNA s y n t h e s i s  shows l i t t l e  d i f f e r e n c e  a t t r i b u t a b l e  to  se x  (F ig .

30; l o g a r i t h m i c a l l y  t r a n s f o r m e d  d a t a  i n  F ig .  31). I n  t h e  gonads o f  

b o th  m a le s  and f e m a le s ,  RNA s y n t h e t i c  r a t e  a p p a r e n t l y  d e c r e a s e s  from  

h ig h  v a lu e s  i n  December t o  a  much lo w e r  and n e a r l y  c o n s t a n t  l e v e l  from 

F e b ru a ry  t o  A p r i l ;  m u l t i p l e  r an g e  t e s t i n g  (T ab le  5) shows t h a t  d e c r e a s e  

t o  be h i g h ly  s i g n i f i c a n t  (p<0 .0 1 ).
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S p e c i f i c  a c t i v i t y  o f  o r n i t h i n e  d e c a r b o x y la s e  r e l a t i v e  t o  t o t a l  

p r o t e i n  i s  l e s s  am enab le  t o  i n t e r p r e t a t i o n  (F ig . 32; l o g - t r a n s f o r m e d  

d a t a  i n  F ig .  33). The r e l a t i v e l y  l a r g e  v a r i a b i l i t y  and sm ooth  

t r a n s i t i o n s  r e s u l t  i n  many o f  th e  d a t a  p o i n t s  b e in g  s t a t i s t i c a l l y  

i n d i s t i n g u i s h a b l e  by a 'S tu d en t-N e w m a n -K eu ls  m u l t i p l e  r a n g e  t e s t  (T ab le  

6 ). A n a ly s i s  o f  v a r i a n c e  (T ab le  6 ), how ever, i n d i c a t e s  t h a t  

s i g n i f i c a n t  e f f e c t s  can  be a t t r i b u t e d  t o  month, sex ,  and m o n th -sex  

i n t e r a c t i o n .  For a l l  f o u r  m onths sam pled , mean ODC a c t i v i t y  i s  h ig h e r  

i n  m a le s  th a n  i n  f e m a le s .  In  a d d i t i o n ,  f e m a le s  show s i g n i f i c a n t l y  

g r e a t e r  ODC a c t i v i t y  i n  March th a n  i n  December o r  A p r i l .  A lthough ODC 

a c t i v i t y  i n  t e s t e s  does  n o t  d i f f e r  s i g n i f i c a n t l y  among th e  f o u r  m onths 

sam pled , t h e  Spearm an r a n k  c o r r e l a t i o n  c o e f f i c i e n t  be tw een  ODC a c t i v i t y  

and DNA s y n t h e t i c  r a t e  i s  s i g n i f i c a n t l y  d i f f e r e n t  from  z e r o  ( r s =

0.758; p < 0.02), w hich  s u g g e s t s  t h a t  t h e r e  does  e x i s t  an u n d e r ly in g  

p a t t e r n  o f  ODC a c t i v i t y  o b sc u re d  by l a r g e  v a r i a b i l i t y  and s m a l l  sam p le  

s i z e .

D i s c u s s io n

O r n i th in e  d e c a r b o x y la s e  a c t i v i t y  (F ig .  27) i n c r e a s e s  g r e a t l y  

d u r in g  t h e  p r o l i f e r a t i v e  phase  o f  s p e rm a to g e n e s i s ,  when a l a r g e  

p r o p o r t i o n  o f  t e s t i c u l a r  c e l l s  a r e  a c t i v e l y  d i v id i n g .  T h is  i n c r e a s e  i s  

e n t i r e l y  e x p e c te d ,  g iv e n  th e  r e q u i r e m e n t  o f  p o ly a m in e s  f o r  DNA 

s y n t h e s i s  ( F i l l i n g a m e  e t  a l .  1975; F u l l e r  e t.  a l .  1977) and th e  u s u a l  

p a t t e r n  o f  changes  i n  ODC a c t i v i t y  d u r in g  th e  c e l l  c y c le  ( R u s s e l l  and 

S tam brook 1975; F i l l i n g a m e  e t  a l .  1975: F u l l e r  e t  a l .  1977; S unkara  and 

Rao 1981). T ha t ODC a c t i v i t y  c o r r e l a t e s  w e l l  w i th  s p e rm a to g e n ic  phase  

i s  shown by th e  h ig h  c o e f f i c i e n t  o f  c i r c u l a r - l i n e a r  r a n k  c o r r e l a t i o n .  

ODC a c t i v i t y  r e m a in s  h ig h  d u r in g  t h e  e a r l y  d i f f e r e n t i a t i v e  phase  a s
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p r im a ry  s p e r m a to c y te s  p r e p a r e  f o r  m e i o s i s ;  ODC a c t i v i t y  th e n  d e c l i n e s  

d u r in g  March so  t h a t  l e v e l s  o f  a c t i v i t y  i n  A p r i l  a r e  o n ly  s l i g h t l y ,  i f  

a t  a l l ,  g r e a t e r  th a n  th o s e  s e e n  d u r in g  th e  a s p e r m a to g e n ic  phase . The 

low l e v e l s  o f  ODC a c t i v i t y  s e e n  from  a p p ro x im a te ly  A p r i l  t o  S ep tem b er  

a r e  c o n s i s t e n t  w i t h  t h e  c o n c lu s io n  (C h a p te r  I )  t h a t  p r e - m e i o t i c  DNA 

s y n t h e s i s  i s  e s s e n t i a l l y  c o m p le te  by l a t e  March.

Because o f  t h e  good c o r r e l a t i o n  be tw e en  ODC a c t i v i t y  and 

s p e rm a to g e n ic  s t a g e ,  ODC a c t i v i t y  would a l s o  be e x p e c te d  t o  c o r r e l a t e  

w e l l  w i t h  DNA s y n t h e t i c  r a t e .  For m a le s  d u r in g  t h e  p e r io d  December to  

A p r i l ,  a t  l e a s t ,  t h i s  c o r r e l a t i o n  h o ld s .  D e t a i l s  o f  changes  i n  DNA 

s y n t h e t i c  r a t e s  a r e  d i f f i c u l t  t o  d e te r m in e  from  th e  d a ta  p r e s e n te d  

h e re ;  s a m p le  s i z e  and i n t e r - s a m p l e  v a r i a b i l i t y  o b s c u re  any r e a l  

d i f f e r e n c e s .  N e v e r th e l e s s ,  DNA s y n t h e t i c  r a t e  c l e a r l y  (p<0.001) 

d e c l i n e s  from  December t o  A p r i l ;  t h e  d e c l i n e  s e e n  from  March to  A p r i l  

i s  e x p e c te d  on th e  b a s i s  o f  p r i o r  o b s e r v a t i o n s  (C h a p te r  I ) ,  b u t  i s  n o t  

s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  t h i s  d a t a  s e t .

In  f e m a le s ,  o v a r i a n  DNA s y n t h e t i c  r a t e  i n c r e a s e s  g r e a t l y  i n  A p r i l .  

T h is  p ro b a b ly  c o r r e s p o n d s  t o  t h e  b e g in n in g  o f  S phase  a s s o c i a t e d  w i t h  

o o g o n ia l  p r o l i f e r a t i o n  (Schoenm akers  e t  a l .  1981a). One would  e x p e c t  

t h i s  i n c r e a s e  i n  DNA s y n t h e t i c  r a t e  t o  be a s s o c i a t e d  w i t h  i n c r e a s e d  ODC 

a c t i v i t y  and RNA s y n t h e s i s .  The l a c k  o f  any d e t e c t a b l e  i n c r e a s e  i n  

e i t h e r  ODC a c t i v i t y  o r  RNA s y n t h e s i s  i n  A p r i l  may be a r t i f a c t u a l .  

Because RNA s y n t h e t i c  r a t e  i s  e x p re s s e d  a s  a f u n c t i o n  o f  t o t a l  RNA 

p r e s e n t  and ODC a c t i v i t y  i s  e x p re s s e d  r e l a t i v e  t o  t o t a l  p r o t e i n ,  

s t o r a g e  o f  l a r g e  q u a n t i t i e s  o f  RNA and p r o t e i n  d u r in g  v i t e l l o g e n e s i s  

c o u ld  mask any i n c r e a s e  i n  a c t i v i t y .  The d a t a  s u g g e s t  an  i n c r e a s e  i n  

ODC a c t i v i t y  d u r in g  March, a l th o u g h  t h i s  i n c r e a s e  i s  n o t  s t a t i s t i c a l l y



65

s i g n i f i c a n t .  I f  r e a l ,  t h i s  i n c r e a s e d  ODC a c t i v i t y  may r e p r e s e n t  e i t h e r  

po ly am in e  s y n t h e s i s  i n  p r e p a r a t i o n  f o r  t h e  p e r io d  o f  DNA s y n t h e s i s  i n  

A p r i l  o r  g e n e r a t i o n  o f  i n t r a c e l l u l a r  p o ly am in e  p o o l s  s u f f i c i e n t  f o r  

e a r l y  c le a v a g e .

The r e s u l t s  p r e s e n t e d  h e r e  a r e  p r e l i m i n a r y .  Many a p p a r e n t  

d i f f e r e n c e s  a t t r i b u t a b l e  t o  g a m e to g e n ic  s t a g e  o r  s e x  a r e  s t a t i s t i c a l l y  

o b s c u re d  by v a r i a b i l i t y  among a n im a ls .  The e f f e c t  o f  h ig h  v a r i a b i l i t y  

among a n im a ls  a t  a g iv e n  t im e  o f  y e a r  can  be r e d u c e d  by i n c r e a s i n g  t h e  

sa m p le  s i z e  o r  by u s in g  c y t o l o g i c a l  c o v a r i a t e s  t o  more p r e c i s e l y  

s p e c i f y  g a m e to g en ic  s t a g e .  L a r g e r  sam p le  s i z e s  and p a r a l l e l  

h i s t o l o g i c a l  o r  c y t o l o g i c a l  o b s e r v a t i o n s  would be e s s e n t i a l  f o r  a 

s u b s e q u e n t  s tu d y  i n te n d e d  t o  c o n f i rm  o r  e l u c i d a t e  r e l a t i o n s h i p s  

s u g g e s te d  h e r e  among ODC a c t i v i t y ,  n u c l e i c  a c id  s y n t h e s i s ,  and 

g a m e to g en ic  e v e n ts .  I n  a d d i t i o n ,  i t  would  be e x t r e m e ly  u s e f u l  f o r  su ch  

a s tu d y  t o  e x p r e s s  a l l  d a t a  r e l a t i v e  t o  DNA c o n te n t  r a t h e r  th an ,  o r  i n  

a d d i t i o n  to ,  p r o t e i n  o r  RNA c o n te n t .  E x p r e s s in g  d a t a  r e l a t i v e  t o  DNA 

a l l o w s  t h e  d a t a  t o  be m ore r e a d i l y  i n t e r p r e t e d  i n  t e r m s  o f  c e l l u l a r  

e v e n ts .  T h is  i s  e s p e c i a l l y  i m p o r t a n t  f o r  d a t a  d e r i v e d  from  o v a r i e s ,  i n  

w hich  th e  am oun ts  o f  RNA and p r o t e i n  p e r  c e l l  i n c r e a s e  g r e a t l y  d u r in g  

v i t e l l o g e n e s i s .
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T ab le  4. DNA s y n t h e t i c  r a t e s  from  December t o  A p r i l .  A n a ly s is  o f
v a r i a n c e  and S tuden t-N ew m an-K eu ls  m u l t i p l e  r an g e  t e s t  a p p l i e d  to  
s q u a r e - r o o t  t r a n s fo r m e d  d a t a .

ANALYSIS OF VARIANCE

SOURCE SUM OF SQUARES DF MEAN SQUARE F-VALUE TAIL PROBABILITY

MONTH 250 .6030  3 83 .5343 17.61 <0.0001 • • •
SEX 10 .8338  1 10 .8338  2 .2 8  0.1491 N.S.
INTERACTION 515.1491 3 171.7164 36 .21 <0.0001
ERROR 80 .6249  17 4 .7426

MULTIPLE RANGE TEST

GROUP MEANS ( ra n k e d  h ig h  to  low)
MONTH SEX GROUP MEAN GROUP SIZE

1 . December Male 24 .3 1 0 1
2 . A p r i l Female 21 .763 3
3 . March Female 11 .757 3
4 . March Male 10.301 3
5 . December Female 9 .1 8 0 5
6 . F e b ru a ry Female 8 .988 3
7 . A p r i l Male 6.171 3
8 . F e b ru a ry Male 5 .0 1 8 3

COMPARE a TAIL PROBABILITY COMPARE q TAIL PROB.

v s . 8 10.85 < 0 .001 III 3 v s . 8 5 .3 6 < 0 .0 2 5 *
v s . 7 1 0 .2 0 < 0 .0 0 1 III v s . 7 4 .4 4 < 0 .0 5 •
v s . 6 8.61 < 0 .0 0 1 III v s . 6 2 . 2 0 > 0 . 2 0 N.S
v s . 5 8 .96 < 0 .001
v s . 4 7 .87 < 0 .001 III 4 v s . 8 4 .2 0 > 0 .0 5 N.S
v s . 3 7 .0 6 < 0 .0 0 1 •««
v s . 2 1 .43 > 0 . 2 0 0 N.S. 5 v s . 8 3 .70 > 0 .05 N.S

v s . 8 13 .32 < 0.001 Ill 6 v s . 8 3 .2 0 > 0 .05 N.S
v s . 7 12.40 < 0 .001 •  *«
v s . 6 10.16 < 0 .0 0 1 III 7 v s . 8 0 .917 > 0 .5 0 N.S
v s . 5 11 .19 < 0 .001 III
v s . 4 9 .1 2 < 0 .0 0 1 ill
v s . 3 7 .9 6 < 0 .001 «»»

FEB-M APR-M FEB-F DEC-F MAR-M MAR-F APR-F DEC-F
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T ab le  5. RNA s y n t h e t i c  r a t e s  from  December t o  A p r i l .  A n a ly s i s  o f
v a r i a n c e  and S tuden t-N ew m an-K eu ls  t e s t  a p p l i e d  t o  l o g a r i t h m i c a l l y  
t r a n s fo r m e d  d a t a .

ANALYSIS OF VARIANCE

SOURCE SUM OF SQUARES DF MEAN SQUARE F-VALUE TAIL PROBABILITY

MONTH 6 .7 7 0 2  3 2 .2567  30 .92  <0.0001 «»•
SEX 0 .2925  1 0 .2925  4.01 0 .0615  N .S.
INTERACTION 0 .5017  3 0 .1672  2 .2 9  0 .1 1 4 8  N.S.
ERROR 1.2406 17 0 .0730

MULTIPLE RANGE TEST

GROUP MEANS ( ra n k e d  h ig h  t o  low)
MONTH SEX GROUP MEAN GROUP SIZE (n)

1 .  December Female 3 .359 5
2 . December Male 3 .253 1
3 .  F e b ru a ry Male 2 .2 7 2 3
4 .  March Female 1 .873 3
5 .  March Male 1 .854 3
6 . A p r i l Male 1 .817 3
7 .  F e b ru a ry Female 1 .624 3
8 . A p r i l Female 1 .372 3

COMPARE a TAIL PROBABILITY COMPARE q TAIL PROB.

1 v s . 8 14.24 < 0 .001 i n 3 v s .  8 5 .77 < 0 . 0 1 i i
v s . 7 12.44 < 0 .0 0 1 i n v s .  7 4 .16 > 0 .0 5 N.S
v s . 6 11.05 < 0 .0 0 1 h i
v s . 5 10 .79 < 0 .001 »*• 4 v s .  8 3.21 > 0 . 1 0 N.S
v s . 4 10.65 < 0 .001 i n
v s . 3 7 .7 9 < 0 .0 0 1 i n 5 v s .  8 3 .09 > 0 . 1 0 N.S
v s . 2 0.51 > 0 .5 0 N.S.

6 v s .  8 2 .8 5 > 0 . 1 0 N.S
2 v s . 8 8 .5 3 < 0 .001 i n

v s . 7 7 .3 8 < 0 .0 0 1 i n 7 v s .  8 1 .6 2 > 0 . 2 0 N.S
v s . 6 6.51 < 0 .0 0 5 I*
v s . 5 6 .3 4 < 0 .005 **
v s . 4 6 .2 6 < 0 .0 0 5 i*
v s . 3 4 .4 5 < 0 .0 1 i i

APR-F FEB-F APR-M MAR-M MAR-F FEB-M DEC-M DEC-F
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Figure 32. Activity of ornithine decarboxylase. Bars show group 
means; error bars represent standard errors.



LO
G 

(O
DC

 
AC

TI
VI

TY

7 4
in

+ o

in
o

o
o

M F 
DECEMBER

M F 
FEBRUARY

M F 
MARCH

M F 
APRIL

Figure 33. Log-transformed activity of ornithine decarboxylase.
Bars show group means; error bars represent standard 
errors.



75

T ab le  6 . A c t i v i t y  o f  o r n i t h i n e  d e c a r b o x y la s e  from  December t o  A p r i l .
A n a ly s i s  o f  v a r i a n c e  and S tuden t-N ew m an-K eu ls  m u l t i p l e  r an g e  t e s t
a p p l i e d  t o  l o g a r i t h m i c  t r a n s f o r m a t i o n  o f  a c t i v i t i e s  e x p re s s e d  a s
dpra o f  ev o lv e d  1**C0o   „r  ^ 2  p e r  yg p r o t e i n .

ANALYSIS OF VARIANCE

SOURCE SUM OF SQUARES DF MEAN SQUARE F-VALUE TAIL PROBABILITY

MONTH 0.7236 3 0 .2412 5 .9 5 0 .0 0 7 0  • •
SEX 0.8838 1 0 .8838 21 .79 0 .0003
INTERACTION 0 .4 8 4 5 3 0.1615 3 .9 8 0 .0285  *
ERROR 0.6084 15 0.0406

MULTIPLE RANGE TEST

GROUP MEANS ( ra n k e d  from h ig h  t o  low)
MONTH SEX GROUP MEAN GROUP SIZE (n)

1. December Male 1.279 1
2 .  March Male 1 .154 3
3 .  March Female 0 .986 2
4 . F e b ru a ry Male 0.771 3
5 .  A p r i l Male 0 .709 3
6 . F e b ru a ry Female 0 .5 3 0 3
7 . A p r i l Female 0.451 3
8 . December Female 0 .209 4

COMPARE a TAIL PROBABILITY COMPARE a TAIL PROB.

1 v s . 8 6 .7 2 < 0 .0 0 5 «* 4 v s .  8 5 .1 7 < 0 .0 2 5 «
v s . 7 5 .0 4 < 0 .0 5 « v s .  7 2 .7 5 > 0 . 2 0 N.S
v s . 6 4 .56 > 0 .0 5 N.S.

5 v s .  8 4 .597 < 0 .025 *
2 v s . 8 8 . 6 8 8 < 0 .001 *** v s .  7 2 .2 1 9 > 0 . 2 0 N.S

v s . 7 6 .046 < 0.01 ««
v s . 6 5 .3 6 7 < 0 .025 * 6 v s .  8 2.951 > 0 . 1 0 N.S
v s . 5 3 .8 2 7 > 0 .0 5 N.S.

7 v s .  8 2 .2 2 5 > 0 . 1 0 N.S
3 v s . 8 6 .3 1 7 < 0 .005 «*

v s . 7 4 .115 > 0 .0 5 N.S.

DEC-F APR-F FEB-F APR-M FEB-M MAR-F MAR-M DEC-M



CHAPTER I I I

CONTROL OF SPERMATOGONIAL PROLIFERATION BY POLYAMINES

I n t r o d u c t i o n

The i d e n t i f i c a t i o n  and i n v e s t i g a t i o n  o f  m echan ism s u n d e r l y i n g  th e  

r e g u l a t i o n  o f  c e l l u l a r  p r o l i f e r a t i o n  a r e  f u n d a m e n ta l  t o  u n d e r s t a n d in g  

th e  c e l l  c y c le  o f  c e l l s  u n d e rg o in g  p r e p a r a t i o n  f o r  m i t o s i s .  

S p e c i f i c a l l y ,  m echan ism s r e g u l a t i n g  th e  com m itm ent o f  a c e l l  t o  undergo  

DNA s y n t h e s i s  and s u b s e q u e n t  m i t o s i s  a r e  i n c o m p l e t e l y  known. P a rdee  

(1974) p ro p o sed  t h a t  p r o l i f e r a t i o n  i n  no rm al  ( j ^  .e*, n o n - t r a n s f o r m e d )  

c e l l s  i s  g e n e r a l l y  r e g u l a t e d  by a  r e s t r i c t i o n  p o i n t  i n  G-|* w h ich  l i m i t s  

g ro w th  i n  s u b - o p t im a l  c o n d i t i o n s .  T here  i s  e v id e n c e  t h a t  a c t i v i t y  o f  

o r n i t h i n e  d e c a r b o x y la s e  (ODC), t h e  r a t e - l i m i t i n g  enzyme o f  p o ly am in e  

b i o s y n t h e s i s ,  i s  in d u c e d  i n  G^f n e a r  P a r d e e 's  r e s t r i c t i o n  p o i n t ,  by a 

w id e  v a r i e t y  o f  m i to g e n ic  s t i m u l i  ( f o r  r e v ie w  s e e  Magun and G erner

1981). ODC a c t i v i t y  shows a  t r a n s i e n t  maximum i n  l a t e  G-j and a  second  

peak  i n  G2 ( F u l l e r  e t  a l .  1977). The p o ly a m in e s ,  s p e r m id in e  and 

s p e rm in e ,  and t h e i r  p r e c u r s o r ,  p u t r e s c i n e ,  have f r e q u e n t l y  been 

i m p l i c a t e d  as  s e r v i n g  a  r e g u l a t o r y  r o l e  i n  p r o l i f e r a t i o n  i n  a  w id e  

v a r i e t y  o f  c e l l  s y s te m s  (e^ Dion and Cohen 1972; F i l l i n g a m e  e t  a l .  

1975; F u l l e r  e t  a l .  1977: Kusunoki and Yasumasu 1978; Haddox and 

R u s s e l l  1981; McCann e t  a l .  1981: S u n k a ra  and Rao 1981). Po lyam ine  

s y n t h e s i s ,  w h ich  can be f a i r l y  r e l i a b l y  p r e d i c t e d  from  ODC a c t i v i t y ,  

t h e r e f o r e  c o n s t i t u t e s  an  e a r l y  and c o n s i s t e n t  m a rk e r  f o r  t h e  com m itm ent 

o f  a  c e l l  t o  undergo  m i t o s i s  (Haddox and R u s s e l l  1981). Because  

p o ly am in e  s y n t h e s i s  i s  n e c e s s a r y  f o r  DNA s y n t h e s i s ,  and hence  f o r

76
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m i t o s i s ,  t o  o c c u r  and b e c au se  i t  fo rm s  an e a r l y  m a rk e r  f o r  com m itm ent 

t o  m i t o s i s ,  t h e  p o ly a m in e s  a r e  l i k e l y  c a n d id a t e s  f o r  a r e g u l a t o r y  r o l e .  

I n  t h i s  p a p e r ,  I  i n v e s t i g a t e  th e  p o s s i b i l i t y  t h a t  p o ly a m in e s  s e r v e  a 

r e g u l a t o r y  f u n c t i o n  d u r in g  s p e r m a to g e n e s i s  i n  t h e  s e a s t a r  A s t e r i a s  

v u l g a r i s . P r e l i m i n a r y  e x p e r im e n t s  ( s e e  C h a p te r  IV) i n d i c a t e d  t h a t  

o r n i t h i n e  d e c a r b o x y la s e  a c t i v i t y  and hence  p o ly am in e  s y n t h e s i s  a r e  

c l o s e l y  c o r r e l a t e d  w i t h  t h e  p r o l i f e r a t i v e  phase  o f  s p e r m a to g e n e s i s .

T h is  r e l a t i o n s h i p  s u g g e s t s  t h a t  i n  a s t e r o i d s ,  a s  i n  many o t h e r  a n im a ls ,  

p o ly a m in e s  a r e  r e l a t e d  t o  c e l l  d i v i s i o n .

In  t h e  t e s t e s  o f  A s t e r i a s  v u l g a r i s ,  s p e rm a to g o n ia  form  a 

p o p u l a t i o n  o f  e s s e n t i a l l y  a m i t o t i c  c e l l s  t h a t  c o n te m p o ra n e o u s ly  e n t e r  

t h e  p r o l i f e r a t i v e  phase  o f  s p e r m a to g e n e s i s ,  p ro d u c in g  s e v e r a l  t r i l l i o n  

p r im a ry  s p e r m a to c y te s  i n  a  r e l a t i v e l y  s h o r t  t im e .  Because  i n i t i a t i o n  

o f  p r o l i f e r a t i o n  i s  i n i t i a l l y  s e p a r a t e d  t e m p o r a l ly  from  m e i o s i s  and 

d i f f e r e n t i a t i o n ,  t h e  a s t e r o i d  t e s t i s  fo rm s  a u s e f u l  m odel f o r  ex a m in in g  

c o n t r o l s  o v e r  s p e rm a to g e n ic  p r o l i f e r a t i o n  and a l s o  t h e  i n i t i a t i o n  o f  

m i t o s i s  i n  a  m i t o t i c a l l y  q u i e s c e n t  sy s te m  (W alker  1980). A lthough  

e n v i r o n m e n ta l  ( P e a r s e  and E e r n i s s e  1982; P e a r s e  and W alker, i n  p r e s s ) ,  

ho rm ona l (Voogt et. a l .  1984), and c y t o l o g i c a l  (W alker  1980) c o n d i t i o n s  

have been  i n v e s t i g a t e d ,  p r o x im a te  b io c h e m ic a l  e v e n t s  i n f l u e n c i n g  th e  

i n i t i a t i o n  o f  s p e r m a to g o n i a l  m i t o s i s  i n  t h e s e  a n im a ls  a r e  unknown.

Because  p o ly a m in e s  a r e  bo th  n e c e s s a r y  f o r  c e l l  d i v i s i o n  and a r e  

a l s o  an  e a r l y  m a rk e r  f o r  com m itm ent t o  m i t o s i s ,  th e y  become l i k e l y  

c a n d id a t e s  f o r  a  m i t o t i c  c o n t r o l  p o i n t  ( s e e  Magun and G e rn e r  1981; 

Sunkara  and Rao 1981). P resum ab ly ,  a s  h a s  been shown i n  o t h e r  a n im a ls ,  

p o ly a m in e s  a r e  e s s e n t i a l  f o r  n u c l e i c  a c id  s y n t h e s i s  i n  a s t e r o i d s ;  i n  

o t h e r  w ords , th e y  m ust be p r e s e n t  f o r  DNA s y n t h e s i s ,  and hence  m i t o s i s ,
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t o  o c c u r .  F u r th e rm o re ,  p o ly a m in e s  may be n o t  m e re ly  n e c e s s a r y  b u t  a l s o  

s u f f i c i e n t  f o r  t h e  i n i t i a t i o n  o f  DNA s y n t h e s i s  i n  m i t o t i c a l l y  q u i e s c e n t  

c e l l s .  I f  p o ly am in e  s y n t h e s i s  s e r v e s  a r e g u l a t o r y  r o l e ,  th e n  th e  

p re s e n c e  o f  p o ly a m in e s  s h o u ld  s a t i s f y  a  r e g u l a t o r y  c o n s t r a i n t  and 

p rom ote  an i n c r e a s e d  s p e r m a to g o n i a l  m i t o t i c  r a t e ,  r e g a r d l e s s  o f  w h e th e r  

t h e  p o ly am in e s  a r e  fo rm ed  i n t r i n s i c a l l y  by t h e  no rm al e n z y m a tic  pa thw ay 

o r  a r e  s u p p l i e d  from  an  e x t r i n s i c  s o u rc e .  I m p l i c i t  i n  t h i s  a rg u m e n t  i s  

t h e  a s s u m p t io n  t h a t  exogenous  and endogenous p o ly a m in e s  s i m i l a r l y  

i n f l u e n c e  t h e  c e l l  c y c le  o f  t a r g e t  c e l l s .  Goyns and Hopkins (1982) 

have s u g g e s te d  t h a t  t h e  a c t i o n  o f  exogenous p u t r e s c i n e  may be d i s t i n c t  

f rom  t h a t  o f  endogenous p u t r e s c i n e ;  m ost o t h e r  r e s e a r c h e r s ,  how ever, 

have co n c lu d ed  t h a t  a c t i o n s  o f  exogenous and endogenous p u t r e s c i n e  a r e  

s u f f i c i e n t l y  s i m i l a r  f o r  t h i s  a s s u m p t io n  t o  be c o n s id e r e d  r e a s o n a b le .

S u b je c t  t o  t h e  a s s u m p t io n  m en t io n e d  above, t h e  r o l e  o f  p o ly a m in e s  

i n  r e g u l a t i n g  i n i t i a t i o n  o f  p r o l i f e r a t i o n  can be t e s t e d  by s u p p ly in g  

e x t r i n s i c  p o ly a m id e s  t o  t e s t e s  n e a r  th e  b e g in n in g  o f  t h e  p r o l i f e r a t i v e  

phase , when s p e rm a to g o n ia  a r e  m i t o t i c a l l y  q u i e s c e n t  bu t c o m p e ten t ,  and 

th e n  ex a m in in g  th e  r a t e  o f  DNA s y n t h e s i s  m easu red  by i n c o r p o r a t i o n  of 

3H -th y m id in e .  T e s te s  i n  t h e  l a t e  a s p e r m a to g e n ic  s t a g e ,  a t  o r  n e a r  th e  

b e g in n in g  o f  th e  p r o l i f e r a t i v e  phase  o f  s p e r m a to g e n e s i s ,  p ro v id e  th e  

m ost d e s i r a b l e  c e l l s  t o  be u se d  i n  an i n v e s t i g a t i o n  i n t o  e v e n ts  

r e g u l a t i n g  th e  i n i t i a t i o n  o f  s p e r m a to g o n ia l  m i t o s i s .  In  a  t e s t i s  from  

t h i s  t im e  o f  y e a r  ( a p p r o x im a te ly  th e  month o f  O c to b e r  i n  t h e  G u lf  o f  

M aine), t h e  p o p u l a t i o n  o f  s p e rm a to g o n ia  i s  p re su m a b ly  m i t o t i c a l l y  

c o m p e ten t  and i s  r e a d y  f o r  com m itm en t t o  p r o l i f e r a t i o n ,  e x c e p t  f o r  one 

o r  more r e g u l a t o r y  r e q u i r e m e n t s  w hich  keep t h e  c e l l s  i n  e a r l y  G1 

(W alker and L a r o c h e l l e  1984). T e s te s  w ere  i n c u b a te d  f o r  a t  l e a s t  24
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h o u rs  i n  th e  p re s e n c e  o f  m ixed  p o ly a m in e s  and p u t r e s c i n e  and DNA 

s y n t h e s i s  m easu red  by i n c o r p o r a t i o n  o f  t r i t i a t e d  th y m id in e .

M a t e r i a l s  and Methods

Spec im ens  o f  A s t e r i a s  v u l g a r i s  c o l l e c t e d  from  t h e  G u lf  o f  Maine by 

d i v e r s  d u r in g  S ep tem b er  1983 and O c tober  1984 w ere  m a in ta in e d  i n  th e  

l a b o r a t o r y  a t  a m b ie n t  ocean  t e m p e r a t u r e  and w ere  a l lo w e d  t o  f e e d  ad 

l i b i t u m  on m u s s e l s .  A l l  i n j e c t i o n s  and i n c u b a t io n s  w ere  c a r r i e d  o u t  i n  

a r t i f i c i a l  c o e lo m ic  f l u i d  (ACF) based  on MBL a r t i f i c i a l  s e a  w a t e r  

(Cavanaugh 1956) w i th  s a l t  c o n c e n t r a t i o n s  m o d if ie d  t o  c o r re s p o n d  w i t h  

r e p o r t e d  v a lu e s  from  A*, v u l g a r i s  c o e lo m ic  f l u i d  ( B o o lo o t ia n  1961) and 

w i t h  t h e  a d d i t i o n  o f  am ino a c i d s  and g lu c o s e  i n  c o n c e n t r a t i o n s  s i m i l a r  

t o  th o s e  i n d i c a t e d  by F e rg u so n  (1964, 1975a) a s  c h a r a c t e r i s t i c  o f  

s e a s t a r  c o e lo m ic  f l u i d .  F i n a l  c o n c e n t r a t i o n s  used  ap p e a r  i n  T ab le  7. 

The pH o f  t h i s  i n c u b a t i o n  medium was a d ju s t e d  t o  a p p ro x im a te ly  7.2 w i t h  

h y d r o c h l o r i c  a c id ,  p e n i c i l l i n  and s t r e p to m y c in  (DIFCO L a b o r a to r i e s )  

w e re  added t o  f i n a l  c o n c e n t r a t i o n s  o f  100 u n i t s  o r  pg p e r  ml, and th e  

s o l u t i o n  was s t e r i l i z e d  by f i l t r a t i o n  th ro u g h  a 0.25 pm M i l l i p o r e  

f i l t e r .

I n  t h e  f i r s t  e x p e r im e n t ,  a  t o t a l  o f  23 s p e c im e n s  w ere  d iv id e d  

random ly  i n t o  two g ro u p s .  A nim als  w ere  i n j e c t e d  e v e ry  o t h e r  day f o r  

two weeks ( t o t a l  o f  7 i n j e c t i o n s ) .  C o n tro l  sp e c im e n s  r e c e iv e d  sham 

i n j e c t i o n s  o f  16 P i  a r t i f i c i a l  c o e lo m ic  f l u i d  p e r  gram w e t  m ass; 

a n im a ls  i n  t h e  o t h e r  g ro u p  r e c e iv e d  a s i m i l a r  volume o f  a r t i f i c i a l  

co e lo m ic  f l u i d  c o n t a i n i n g  50 nmol p u t r e s c i n e ,  10 nmol s p e r m id in e ,  and 

10 nmol sp e rm in e  p e r  gram w e t  m ass. These po ly am in e  c o n c e n t r a t i o n s  

w ere  s e l e c t e d  i n  an  a t t e m p t  t o  s i m u l a t e  c o n c e n t r a t i o n s  s u b s e q u e n t ly
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used  i n  o rg a n  c u l t u r e  m ed ia .  A f t e r  two weeks o f  i n j e c t i o n s ,  a n im a ls  

w ere  s a c r i f i c e d  and sexed . I s o l a t e d  t e s t e s  from  each  m ale  sp e c im en  

w ere  i n c u b a te d  f o r  24 h o u rs  a t  11° C i n  bo th  a r t i f i c i a l  c o e lo m ic  f l u i d  

and a r t i f i c i a l  c o e lo m ic  f l u i d  c o n t a i n i n g  50 mM p u t r s c i n e ,  10 mM 

s p e r m id in e ,  and 10 uM s p e rm in e .  A f t e r  an i n i t i a l  2 4 -h o u r  i n c u b a t io n ,  1 

y C i/m l  t r i t i a t e d  th y m id in e  ( [m e th y l -3 H ] - th y m id in e ,  6.7 C i/m m ol, New 

England N u c lea r)  was added and th e  t e s t e s  w ere  in c u b a te d  an a d d i t i o n a l  

24 h o u r s .

For t h e  second e x p e r im e n t ,  i s o l a t e d  t e s t e s  from  15 m ale  s e a s t a r s  

w ere  d iv id e d  i n t o  f o u r  g ro u p s  i n  a random ized  b lo ck  d e s ig n  ( f i f t e e n  

b lo c k s  c ro s s e d  by one w i t h i n - b l o c k  f a c t o r  w i th  f o u r  l e v e l s ) .  Each 

group, c o n t a i n i n g  two o r  t h r e e  t e s t e s  from  a s i n g l e  a n im a l ,  was 

i n c u b a te d  f o r  two days a c c o r d in g  t o  one o f  th e  f o l l o w i n g  p r o t o c o l s :  ACF 

bo th  days ;  ACF w i t h  m ixed p o ly a m in e s  ( c o n c e n t r a t i o n  a s  i n  f i r s t  

e x p e r im e n t )  b o th  days ;  ACF w i t h  p o ly a m in e s  on one o f  t h e  two days and 

ACF w i t h o u t  p o ly am in e s  on t h e  o t h e r .  The t h i r d  day o f  i n c u b a t i o n  u sed  

t h e  same ty p e  o f  medium a s  t h e  second  day, w i th  th e  a d d i t i o n  o f  1 

y C i /m l  t r i t i a t e d  th y m id in e .

A f t e r  i n c u b a t i o n  i n  b o th  e x p e r im e n t s ,  t e s t e s  w ere  t r a n s f e r r e d  to

0.5N p e r c h l o r i c  a c id  and hom ogenized . The r e s u l t i n g  s u s p e n s io n  was 

c e n t r i f u g e d  i n  an  IEC C en tra -7 R  r e f r i g e r a t e d  c e n t r i f u g e  (1650 g), and 

t h e  p e l l e t  washed w i t h  5% p e r c h l o r i c  a c id  f o l lo w e d  by a b s o lu t e  e th a n o l .  

The p r e c i p i t a t e  was th e n  re s u s p e n d e d  i n  0.5 N K0H and h e a te d  a t  37° C 

f o r  one hou r  t o  h y d ro ly z e  RNA. DNA was a g a in  p r e c i p i t a t e d  w i th  

p e r c h l o r i c  a c id  and h y d ro ly z e d  from  th e  r e s u l t i n g  p e l l e t  by h e a t i n g  15 

m in u te s  a t  70° C i n  0.5 N p e r c h l o r i c  a c id .  C o n c e n t r a t i o n  o f  DNA was 

e s t i m a t e d  by th e  d ip h e n y la m in e  r e a c t i o n  (B ur ton  1968) w i th  c a l f  thymus
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DNA a s  a  s t a n d a r d ;  t r i t i a t e d  th y m id in e  i n c o r p o r a t i o n  was d e te r m in e d  by 

s c i n t i l l a t i o n  c o u n t in g  i n  a  Beckman LS-7000 l i q u i d  s c i n t i l l a t i o n  

c o u n te r .

One t e s t i s  from  e a c h  a n im a l  was p re p a r e d  f o r  h i s t o l o g i c a l  

e x a m in a t io n .  T e s te s  f rom  th e  f i r s t  e x p e r im e n t  w ere  f i x e d  i n  B o u in 's  

f l u i d ,  embedded i n  p a r a f f i n ,  and s e c t i o n e d  a t  7 pm on a r o t a r y  

m ic ro to m e. T e s te s  f ro m  th e  second  e x p e r im e n t  w ere  f i x e d  a c c o r d in g  t o  

W alker (1979) w i th  3% g l u t a r a l d e h y d e  i n  0.2 M sodium  c a c o d y la te  b u f f e r  

c o n t a i n i n g  a  b a la n c e d  s a l t  s o l u t i o n ,  p o s t - f i x e d  i n  1^ osmium t e t r o x i d e ,  

embedded i n  E p o n - A r a ld i te ,  and s e c t i o n e d  a t  0.5 t o  1 pm u s in g  g l a s s  

k n iv e s  on  a  R e i c h e r t  0MU3 u l t r a m i c t r o t o m e .

S p e c i f i c  a c t i v i t i e s  o f  ^ H - th y m id in e  l a b e l l e d  DNA w ere  e x p re s s e d  as  

d i s i n t e g r a t i o n s  p e r  m in u te  p e r  m ic rogram  o f  DNA. R e s u l t s  from  th e  

f i r s t  e x p e r im e n t  w ere  a n a ly z e d  by a n a l y s i s  o f  v a r i a n c e  and a  p a i r e d  t -  

t e s t ;  r e s u l t s  from  th e  second  e x p e r im e n t  w ere  s u b j e c t e d  to  tw o-w ay 

a n a l y s i s  o f  v a r i a n c e  i n  a c c o rd a n c e  w i t h  t h e  random ized  b lo c k  d e s ig n  

u s e d  i n  t h a t  e x p e r im e n t .

E x a m in a t io n  o f  r e s i d u a l s  from  a n a l y s i s  o f  v a r i a n c e  f o r  th e  second  

e x p e r im e n t  s u g g e s te d  t h a t  a l o g a r i t h m i c  t r a n s f o r m a t i o n  w ould  h e lp  

a t t a i n  e q u a l  v a r i a n c e s  o v e r  t h e  r a n g e  o f  p r e d i c t e d  th y m id in e  

i n c o r p o r a t i o n  r a t e s .  F in d in g s  o f  s i g n i f i c a n c e  w ere  n o t  a f f e c t e d  by 

t h i s  t r a n s f o r m a t i o n ,  a l th o u g h  p r e c i s e  t a i l  p r o b a b i l i t i e s  changed 

s l i g h t l y .  For c o n s i s t e n c y ,  d a t a  from  th e  f i r s t  e x p e r im e n t  w ere  a l s o  

s u b j e c t e d  t o  l o g a r i t h m i c  t r a n s f o r m a t i o n .  T a i l  p r o b a b i l i t i e s  f o r  b o th  

u n t r a n s fo r m e d  and l o g - t r a n s f o r m e d  d a t a  a r e  g iv e n  below and i n  T a b le s  8 

an d  10.
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R e s u l t s

F i r s t  E x p e r im en t

One o f  t h e  23 a n im a ls  a u to to m iz e d  two r a y s  d u r in g  t h e  i n j e c t i o n  

p e r io d  and was d i s c a r d e d .  Among th e  r e m a in d e r ,  e l e v e n  w ere  m a le s ;  f o u r  

o f  t h e s e  had r e c e iv e d  sham i n j e c t i o n s ,  t h e  o t h e r  s e v e n  had r e c e iv e d  

p o lyam ine  i n j e c t i o n s .  S p e c i f i c  a c t i v i t i e s  o f  t h y m i d i n e - l a b e l l e d  DNA 

a r e  shown i n  T a b le  8. A o n e - t a i l e d  p a i r e d  t - t e s t  com par ing  i n c u b a t i o n  

i n  th e  p re s e n c e  o f  e x t r i n s i c  p o ly a m in e s  t o  i n c u b a t i o n  i n  p o l y a m in e - f r e e  

medium shows a  s i g n i f i c a n t  i n c r e a s e  i n  t h e  r a t e  o f  th y m id in e  

i n c o r p o r a t i o n  i n t o  DNA when p o ly a m in e s  a r e  p r e s e n t  (p=0.0132, f o r  l o g -  

t r a n s f o r m e d  d a t a  p=0.0308). P r i o r  i n j e c t i o n  o f  p o ly a m in e s  shows no 

s i g n i f i c a n t  e f f e c t  (p=0.4393* f o r  l o g - t r a n s f o r m e d  d a t a  p=0.2628). DNA 

s y n t h e t i c  r a t e  shows an  a v e ra g e  i n c r e a s e  o f  a p p ro x im a te ly  50% i n  t h e  

p re s e n c e  o f  p o ly a m in e s .

Second E x p e r im en t

S p e c i f i c  a c t i v i t i e s  and t r a n s f o r m e d  v a lu e s  a r e  shown i n  T ab le  9; 

r e s u l t s  o f  a n a l y s i s  o f  v a r i a n c e  and S tuden t-N ew m an-K eu ls  m u l t i p l e  r a n g e  

t e s t  a r e  shown i n  T a b le  10. A n a ly s i s  o f  f a c t o r  e f f e c t s  by th e  S t u d e n t -  

Newman-Keuls m u l t i p l e  r a n g e  t e s t  i n d i c a t e s  t h a t  none o f  th e  i n c u b a t i o n s  

w i t h  p o ly a m in e s  can  be s t a t i s t i c a l l y  d i s t i n g u i s h e d  from  a n o th e r ,  and 

i n c u b a t i o n  w i t h  p o ly a m in e s  on b o th  days  does  n o t  d i f f e r  s i g n i f i c a n t l y  

from  th e  c o n t r o l  g ro u p  i n c u b a te d  i n  t h e  a b sen c e  o f  p o ly a m in e s ;  how ever, 

bo th  i n c u b a t i o n s  w i t h  p o ly a m in e s  on  o n ly  one o f  t h e  f i r s t  two days  show 

s i g n i f i c a n t l y  g r e a t e r  i n c o r p o r a t i o n  o f  th y m id in e  th a n  t h e  c o n t r o l  

g ro u p .
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D is c u s s io n

A lthough  an i n  v i t r o  e x p e r i m e n t a l  p r o t o c o l  n e c e s s a r i l y  i n t r o d u c e s  

a r t i f i c i a l i t y  t o  th e  c h e m ic a l  m ic ro e n v i ro n m e n t  o f  t h e  t e s t e s #  t h e r e  a r e  

s e v e r a l  o v e r r i d i n g  a d v a n ta g e s .  F i r s t ,  an i n  v i t r o  p r o t o c o l  a l l o w s  use 

o f  d e f in e d  m ed ia .  Exogenous s i g n a l s  can  t h e r e f o r e  be c o n t r o l l e d  

p r e c i s e l y  o r  e l i m i n a t e d ,  t h e r e b y  h e lp i n g  t o  m in im iz e  v a r i a t i o n s  among 

sp e c im en s  a s  w e l l  a s  e n a b l i n g  d e f i n i t i o n  o f  t h o s e  exogenous f a c t o r s  

t h a t  i n f l u e n c e  t h e  g e r m in a l  e p i t h e l i u m .  In  a d d i t i o n ,  r a p i d  and p r e c i s e  

changes  i n  t h e  c o n t e n t s  o f  d e f i n e d  c u l t u r e  m ed ia  a l l o w s  s e l e c t i v e  

a l t e r a t i o n  o f  t h e  c h e m ic a l  m ic ro e n v i ro n m e n t  o f  c u l t u r e d  t i s s u e s ;  t h i s  

s e l e c t i v e  a l t e r a t i o n  f a c i l i t a t e s  i n v e s t i g a t i o n  o f  m echan ism s and 

dynam ics  o f  r e g u l a t o r y  phenomena. Second, an  i n  v i t r o  p r o t o c o l  a l lo w s  

th e  u se  o f  m u l t i p l e  t e s t e s  ( t e n  i n  A s t e r i a s  v u l g a r i s ) i n  a  random ized  

b lo c k  d e s ig n  i n  w hich  d i f f e r e n t  t e s t e s  from  th e  same a n im a l  r e c e i v e  

d i f f e r e n t  e x p e r i m e n t a l  t r e a t m e n t s .  The ran d o m ize d  b lo c k  d e s ig n  i s  

e x t r e m e ly  h e l p f u l  f o r  d e t e c t i n g  d i f f e r e n c e s  a t t r i b u t a b l e  t o  o rg a n  

c u l t u r e  medium. There  i s  o f t e n  c o n s id e r a b l e  v a r i a b i l i t y  among a n im a ls ,  

so  t h a t  c o m p a r is o n s  o f  d i f f e r e n t  a n im a ls  i s  d i f f i c u l t ,  a t  b e s t .  By 

u s in g  some gonads f rom  e ach  sp e c im e n  i n  bo th  e x p e r i m e n t a l  and c o n t r o l  

t r e a t m e n t s ,  e a ch  s p e c im e n  i s  t r e a t e d  a s  a s e p a r a t e  b lo ck ,  t h u s  

a c c o u n t in g  f o r  some o f  th e  v a r i a b i l i t y  among th e  s p e c im e n s .  The 

r e m a in in g  v a r i a b i l i t y  may be a t t r i b u t a b l e  i n  p a r t  to  d i f f e r e n c e s  i n  t h e  

p r e c i s e  s p e rm a to g e n ic  s t a g e  o f  a n  a n im a l ,  o r  even  t o  m in o r  d i f f e r e n c e s  

be tw e en  t e s t e s  o f  a  s i n g l e  a n im a l .  To some e x t e n t ,  v a r i a b i l i t y  

a t t r i b u t a b l e  t o  d i f f e r e n c e s  among o r  w i t h i n  a n im a ls  may by r e d u c e d  by 

p l a c i n g  sp e c im e n s  i n t o  b lo c k s  p r i o r  t o  e x p e r i m e n t a t i o n  on t h e  b a s i s  o f  

c y t o l o g i c a l  o b s e r v a t i o n s ;  t h e s e  o b s e r v a t i o n s  can  be made on f r e s h ,
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l i v i n g  t i s s u e  w i t h  i n t e r f e r e n c e  o p t i c s .  W hether t h e s e  o b s e r v a t i o n s  

c o u ld  be s u f f i c i e n t l y  p r e c i s e  and i n f o r m a t i v e  t o  s i g n i f i c a n t l y  im prove  

e f f i c i e n c y  o f  b lo c k in g  compared t o  t r e a t i n g  each  a n im a l  a s  a s e p a r a t e  

b lo c k  i s  n o t  known a t  t h i s  t im e .

The f i r s t  e x p e r im e n t  combined i n  v iv o  and i n  v i t r o  p r o t o c o l s .  The 

o r i g i n a l  i n t e n t  o f  t h i s  e x p e r im e n t  was t o  exam ine  th e  e f f e c t  on DNA 

s y n t h e s i s  r e s u l t i n g  from  e x p o su re  t o  e x t r i n s i c  p o ly a m in e s  o v e r  b o th  a 

lo n g  p e r io d  ( tw o  weeks) and a s h o r t  p e r io d  ( tw o t o  t h r e e  days).

Because o f  t h e  d i f f i c u l t y  i n v o lv e d  i n  m a i n t a i n in g  a s t e r o i d  t e s t e s  i n  

v i t r o  i n  a  d e f in e d  medium f o r  s e v e r a l  weeks (W alker ,  i n  p r e s s ) ,  

p ro lo n g e d  e x p o s u re  t o  e x t r i n s i c  p o ly a m in e s  was a c c o m p lish e d  by 

i n t r a c o e l o m i c  i n j e c t i o n .  I t  h a s  been shown t h a t  m a t e r i a l  i n j e c t e d  

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

coelom  and i s  t h e r e f o r e  a v a i l a b l e  t o  a l l  i n t e r n a l  o rg a n s  (F e rguson  

1964, 1970). F o r  s h o r t  te rm  e x p o s u re  to  e x t r i n s i c  p o ly a m in e s  i t  was 

p o s s i b l e  t o  u s e  an  i n  v i t r o  p r o to c o l  w i t h  i t s  a s s o c i a t e d  a d v a n ta g e s .

R e s u l t s  from  t h e  i n  v i t r o ,  random ized  b lo c k  p o r t i o n  o f  t h e  f i r s t  

e x p e r im e n t  s t r o n g l y  s u p p o r t  th e  c o n c lu s io n  t h a t  s u p p ly in g  e x t r i n s i c  

p o ly a m in e s  r e s u l t s  i n  an  i n c r e a s e d  r a t e  o f  DNA s y n t h e s i s .  As 

m en t io n e d ,  p r i o r  i n t r a c o e l o m i c  i n j e c t i o n  o f  p o ly a m in e s  showed no 

s u s t a i n e d  e f f e c t  on th y m id in e  i n c o r p o r a t i o n .  A f t e r  24 h o u rs  i n  

p o ly a m in e - f r e e  medium, th y m id in e  i n c o r p o r a t i o n  was i n d i s t i n g u i s h a b l e  

s t a t i s t i c a l l y  from  t h a t  o f  c o n t r o l - i n j e c t e d  a n im a ls .  T h is  l a c k  o f  a 

s u s t a i n e d  e f f e c t  from  p o ly am in e  i n j e c t i o n  h a s  a t  l e a s t  two p o s s i b l e  

c a u se s .  F i r s t ,  p o ly a m in e  c o n c e n t r a t i o n  m ig h t  n o t  have  been m a in ta in e d  

above t h r e s h o l d  l e v e l s .  P o lyam ines  c o u ld  have  been l o s t  by l e a k a g e  

th ro u g h  th e  body w a l l  a f t e r  i n j e c t i o n ,  by r a p i d  d i f f u s s i o n  th ro u g h  th e
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body w a l l ,  o r  by p r e f e r e n t i a l  u p ta k e  by n o n - t e s t i c u l a r  t i s s u e .  Second, 

any e f f e c t  o f  p o ly a m in e s  m ig h t  be t r a n s i e n t  and r e a d i l y  r e v e r s i b l e ,  so  

t h a t  o v e r  th e  p e r io d  o f  a  two t o  t h r e e  week e x p e r im e n t  o n ly  th e  

p r e s e n c e  o r  ab sen c e  o f  p o ly a m in e s  on t h e  f i n a l  day s i g n i f i c a n t l y  

a f f e c t s  th e  DNA s y n t h e t i c  r a t e .  I f  th e  e f f e c t  o f  e x t r i n s i c  p o ly a m in e s  

on DNA s y n t h e s i s  i s  i n  f a c t  t r a n s i e n t  and r e v e r s i b l e ,  t h e n  t h e  p re s e n c e  

o f  p o ly am in e s  h a s  n o t  in d u c e d  a  fu n d a m e n ta l  change i n  th e  g e n e t i c  

"program " o f  s p e rm a to g o n ia :  t h e  s p e rm a to g o n ia  a r e  s t i l l  m i t o t i c a l l y  

q u i e s c e n t  r a t h e r  th a n  a c t i v e l y  p r o l i f e r a t i n g .  I n s t e a d ,  r e v e r s i b i l i t y  

would s u g g e s t  t h a t  t h e  p o ly a m in e s  have  s im p ly  s a t i s f i e d  a  r e g u l a t o r y  

r e q u i r e m e n t  i n  th e  e x i s t i n g  p rogram .

However, t h e  o r i g i n a l  e x p e r i m e n t a l  d e s ig n  was n o t  d e s ig n e d  t o  t e s t  

f o r  r e v e r s i b i l i t y  o f  t h e  p o ly am in e  e f f e c t ;  t h e  second  e x p e r im e n t  was 

co n d u c te d  w i t h  t h e  s p e c i f i c  i n t e n t  o f  t e s t i n g  f o r  a r e v e r s i b l e  e f f e c t  

o f  e x t r i n s i c  p o ly a m in e s  on DNA s y n t h e s i s .  I n  o r d e r  t o  e n s u re  t h a t  a 

known c o n c e n t r a t i o n  o f  p o ly a m in e s  was s u p p l i e d  t o  t h e  t e s t e s  and t o  

t a k e  f u l l  a d v a n ta g e  o f  ran d o m ize d  b lo c k  d e s ig n ,  th e  second  e x p e r im e n t  

u sed  i n  v i t r o  p r o t o c o l s  e n t i r e l y .  A n a ly s i s  o f  v a r i a n c e  and th e  

S tuden t-N eum an-K eu ls  m u l t i p l e  r a n g e  t e s t  c o n f i rm e d  t h a t  r a t e  o f  DNA 

s y n t h e s i s  i n c r e a s e s  i n  t h e  p re s e n c e  o f  e x t r i n s i c  p o ly am in e s .  I n  

a d d i t i o n ,  t h i s  i n c r e a s e  i s  r e t a i n e d  a f t e r  24 h o u rs  i n c u b a t i o n  i n  th e  

a b sen c e  o f  p o ly a m in e s ,  s t r o n g  e v id e n c e  a g a i n s t  t h e  h y p o t h e s i s  o f  r a p i d  

r e v e r s i b i l i t y .  Hence, t h e  f i r s t  e x p l a n a t i o n  f o r  l a c k  o f  e f f e c t  from 

i n j e c t i o n  i s  more l i k e l y ;  t h e  i n j e c t i o n  p ro c e d u re  used  may n o t  have 

d e l i v e r e d  p o ly a m in e s  i n  a d e q u a te  c o n c e n t r a t i o n  t o  t h e  t e s t e s .

The p o i n t  e s t i m a t e  o f  mean th y m id in e  i n c o r p o r a t i o n  i s  h i g h e s t  f o r  

t e s t e s  w hich  w ere  i n c u b a t e d  i n  th e  p r e s e n c e  o f  p o ly a m in e s  on t h e  f i r s t
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day o n ly .  A lthough th e  s t a t i s t i c a l  e v id e n c e  i s  i n c o n c l u s i v e ,  p o i n t  

e s t i m a t e s  o f  mean th y m id in e  i n c o r p o r a t i o n  d e c l i n e  a s  t h e  t o t a l  number 

o f  days  e x p o su re  t o  e x t r i n s i c  p o ly a m in e s  i n c r e a s e s  from  one t o  t h r e e .  

A lthough  t h i s  t r e n d  may s im p ly  r e s u l t  from  s a m p l in g  v a r i a b i l i t y ,  i f  i t  

i s  r e a l ,  i t  may i n d i c a t e  a  s l i g h t  l o n g - t e r m  c y t o t o x i c  e f f e c t  o f  

p o ly am in e s  a t  th e  c o n c e n t r a t i o n s  used . I t  would be u s e f u l ,  t h e r e f o r e ,  

t o  exam ine p o s s i b l e  c y t o t o x i c  e f f e c t s  o f  p o ly a m in e s  on ech inoderm  

c e l l s ;  a s e a s t a r  o o c y te  b io a s s a y  ( S h l r a i  1974) would be an  a p p r o p r i a t e  

m ethod. In  a d d i t i o n ,  e x a m in a t io n  o f  n o rm a l  p h y s i o l o g i c a l  l e v e l s  of 

p o ly a m in e s  i n  p r o l i f e r a t i n g  a s t e r o i d  s p e rm a to g o n ia  would  a l lo w  

s e l e c t i o n  o f  p o s s i b l y  m ore m e a n in g fu l  c o n c e n t r a t i o n s  o f  exogenous 

p o ly am in e s .  C y to c h e m ica l  l o c a l i z a t i o n  o f  p o ly a m in e s ,  b o th  endogenous 

and exogenous, would h e l p  t o  f u r t h e r  c l a r i f y  th e  r o l e  o f  po ly am in e  

s y n t h e s i s  i n  t h e  p h y s io lo g y  o f  a s t e r o i d  s p e rm a to g o n ia .

In  summary, s u p p ly in g  e x t r i n s i c  p o ly a m in e s  r e s u l t s  i n  an i n c r e a s e d  

r a t e  o f  DNA s y n t h e s i s .  S i m i l a r  e n h an cem en ts  o f  p r o l i f e r a t i v e  r a t e  have 

been o b ta in e d  by t h e  a d d i t i o n  o f  p u t r e s c i n e  a lo n e  t o  c u l t u r e s  o f  

C hinese  h a m s te r  k id n e y  c e l l s  (Ham 1964) and human f i b r o b l a s t s  

( P o h ja n p e l to  and R aina  1972). The e f f e c t  o b s e rv e d  h e r e  does  n o t  a p p e a r  

t o  be r e a d i l y  o r  r a p i d l y  r e v e r s i b l e  a f t e r  i n c u b a t i o n  w i th  e x t r i n s i c  

p o ly a m in e s  f o r  24 h o u rs .  The o b s e rv e d  i n c r e a s e  i n  th y m id in e  

i n c o r p o r a t i o n  may be i n t e r p r e t e d  a s  an i n c r e a s e d  r a t e  o f  s p e rm a to g o n ia l  

com m itm ent t o  p r o c e e d in g  th ro u g h  th e  m i t o t i c  c e l l  c y c le .  My f i n d i n g s  

t h u s  s u p p o r t  t h e  h y p o t h e s i s  t h a t  p o ly am in e  s y n t h e s i s  s e r v e s  a 

r e g u l a t o r y  f u n c t i o n :  s u p p ly in g  t h e  p r o d u c t s  o f  t h e  s y n t h e s i s  pa thw ay 

a p p a r e n t l y  s a t i s f i e s  a  c o n s t r a i n t  upon o t h e r w i s e  m i t o t i c a l l y  c o m p e te n t  

c e l l s ,  e n h a n c in g  p r o g r e s s  i n t o  t h e  S phase  o f  t h e  c e l l  c y c le .
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T ab le  7. A r t i f i c i a l  c o e lo m ic  f l u i d .  M ajor com ponents  a r e  added i n  
s o l i d  fo rm ;  t r a c e  com ponents  a r e  f i r s t  d i s s o l v e d  t o  make s to c k  
s o l u t i o n s .  S to c k  s o l u t i o n s  a r e  0.1 M, e x c e p t  f o r  t r y p to p h a n  (10 
mM). I n d i c a t e d  am oun ts  o f  m a jo r  com ponents  and t r a c e  component 
s t o c k  s o l u t i o n s  a r e  com bined  and d i s s o l v e d  i n  d i s t i l l e d  w a t e r  t o  
make a  f i n a l  vo lum e o f  one l i t e r .

A. M ajor  Components

C o n c e n t r a t i o n

mmol/1 f tJ l

NaCl 425.0 24.8323

KC1 8.8 0.6535

C aC l2 .2 H2 0 8.6 1.2630

MgCl2 .6H2 0 18.5 3.7606

MgS01|.7H2 0 25.5 6.2850

NaHCOg 2.13 0.1789

G l y c i n e 1.45 0.1088

B. T race  Components

S to c k
g /100m l

F i n a l  Cone. 
um ol/1

ml S to c k  t o  make 
1 1 o f  ACF

T a u r i n e 1.251 323.5 3.24

S e r i n e 1.051 100.0 1.00

P h e n y l a l a n i n e 1.652 100.0 1.00

A r g i n i n e 2.107 40.0 0.40

G lu c o s e 1.802 40.0 0.40

T r y p to p h a n 0.204 1.0 0.10
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T ab le  8. Thym id ine  i n c o r p o r a t i o n  a f t e r  e x p o su re  t o  e x t r i n s i c
p o ly a m in e s ,  i n  v i v o  and i n  v i t r o .  S p e c i f i c  a c t i v i t y  o f  th y m id in e  
i n c o r p o r a t e d  i n t o  DNA i s  g iv e n  a s  dpm /pg DNA; a l s o  shown a r e  d a t a  
a f t e r  l o g a r i t h m i c  t r a n s f o r m a t i o n  (x* = ln (x ) ) .  A o n e - t a i l e d  
p a i r e d  t - t e s t  i s  shown f o r  b o th  s e t s  o f  d a ta ,  t e s t i n g  f o r  g r e a t e r  
i n c o r p o r a t i o n  o f  th y m id in e  i n  t h e  p re s e n c e  o f  p o ly a m in e s  i n  
i n c u b a t i o n  m edia . A tw o -sa m p le  t - t e s t  com par ing  s p e c im e n s  
i n j e c t e d  w i t h  p o ly a m in e s  t o  th o s e  i n j e c t e d  w i t h o u t  p o ly a m in e - f r e e  
medium i s  a l s o  g iv e n  f o r  b o th  u n t r a n s fo r m e d  and l o g a r i t h m i c a l l y  
t r a n s f o r m e d  d a ta .

UNTRANSFORMED LOGARITHMIC TRANSFORMATION

INJECTION INCUBATION INCUBATION

POLYAMINES POLYAMINES CONTROL POLYAMINES CONTROL

- 8 .85 25 .1 0 2.181 3.223
- 52 .85 34 .50 3 .9 6 8 3.541
- 6 3 .3 3 14.08 4 .1 4 8 2 .6 4 5
- 4 .1 5 4 .4 4 1.424 1.491

+ 5 8 .8 4 33.66 4.075 3.516
+ 6 .4 0 4.12 1.857 1.416
+ 33 .9 9 14.31 3.526 2.661
+ 3 4 .0 0 26.86 3.526 3.291
+ 42 .7 6 20.43 3.756 3.017
+ 4 1 .2 0 30.28 3.718 3.410
+ 21 .2 7 14.31 3.057 2.661

PAIRED T-TEST
Mean D i f f e r e n c e  ( d ) : 13.23 0 .397
S ta n d a r d  D e v ia t i o n  ( s ^ ) : 5 .0 9 0.1 89

T -S co re  ( t ) : 2 .6 0 2 2 . 104
T a i l  P r o b a b i l i t y  ( p ) : 0 .0132  » 0 . 0308 *

SAMPLE T-TEST Mean S.D. Mean S. D.
I n j e c t e d  w i th  p o ly a m in e s : 27 .3 2  15.1 3 .106 0 . 744
C o n t ro l  i n j e c t i o n : 25.91 22 .6 2 .8 2 8 1 . 06

T -S co re  ( t ) : 0 .157 0 .6 5 5
T a i l  P r o b a b i l i t y  ( p ) : 0 .439  ( N . S . ) 0 .2 6 3 (N.S. )
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T ab le  9. T hym idine  i n c o r p o r a t i o n  (dpm/yg DNA) a f t e r  e x p o s u re  to  
e x t r i n s i c  p o ly a m in e s  i n  v i t r o  f o r  one o r  two days .  T re a tm e n ts  a r e :  
(1) C o n t ro l ,  no p o ly a m in e s ;  (2) P o ly a m in es  on day one o n ly ;  (3) 
P o ly a m in es  on day two o n ly ;  (4) P o ly a m in es  on b o th  days  one and two. 
T r i t i a t e d  th y m id in e  added on t h i r d  day, w i t h  p o ly a m in e s  p r e s e n t  o r
a b s e n t a c c o r d in g  t o  medium used  on second day.

A. SPECIFIC ACTIVITY (dpm/ g DNA)

ANIMAL TREATMENT ROW
1 2 3 4 MEANS

1 2048. 1273. 2235. 2655. 2053.
2 421. 817. 1331. 144. 678.
3 312. 906. 364. 573. 539.
4 741. 813. 563. 859. 744.
5 445. 1634. 1961. 934. 1244.
6 288. 956. 667. 610. 630.
7 214. 901. 501. 798. 604.
8 578. 586. 571. 186. 480.
9 327. 1000. 340. 599. 567.

10 240. 367. 701. 174. 370.
11 71. 361. 113. 402. 237.
12 62 . 103. 171. 33. 92.
13 231. 437. 296. 301. 316.
14 104. 193. 182. 245. 181.
15 583. 421. 337. 473. 454.

COL.
MEANS 444. 718. 689. 599. 613.

POOLED ST. DEV. = 310 .

B. LN(SPECIFIC ACTIVITY)

ANIMAL TREATMENT ROW
1 2 3 4 MEANS

1 7 .6 2 4 7 .1 4 9 7.712 7.884 7.592
2 6 .0 4 2 6 .7 0 6 7.194 4.970 6.228
3 5 .743 6 .8 0 9 5.897 6.350 6.200
4 6 .6 0 7 6.701 6.333 6.756 6.599
5 6 .0 9 9 7 .3 9 9 7.581 6.840 6.980
6 5 .6 6 2 6 .8 6 3 6.502 6.414 6.360
7 5 .366 6 .8 0 3 6.218 6.682 6.267
8 6 .3 6 0 6 .3 7 3 6.348 5.227 6.077
9 5 .7 8 9 6 .9 0 7 5.830 6.396 6.231

10 5 .479 5 .9 0 5 6.552 5.158 5.773
11 4.256 5 .8 8 8 4.731 5.997 5.218
12 4.121 4 .6 3 3 5.144 3.506 4.351
13 5 .4 4 2 6 .080 5.691 5.707 5.730
14 4 .648 5 .2 6 4 5.206 5.500 5.154
15 6 .3 6 8 6 .043 5.821 6.160 6.098

COL.
MEANS 5.707 6.368 6.184 5.970 6.057

POOLED ST. DEV. = 0 .5 1 0
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T a b le  10. A n a ly s i s  o f  v a r i a n c e  and S tuden t-N ew m an-K eu ls  m u l t i p l e  r a n g e  
t e s t  o f  d a t a  i n  T ab le  9. M u l t i p l e  r a n g e  t e s t  p e r fo rm e d  o n ly  on 
t r e a t m e n t  l e v e l s  o f  l o g - t r a n s f o r m e d  d a ta .

ANALYSIS OF VARIANCE: UNTRANSFORMED DATA

DUE TO DF SS MS=SS/DF F-VALUE P
ANIMAL 14 13154834. 939631. 9 .7 7 <<0.0005 ***
TREATMENT 3 681722. 227241. 2 .36 0 .05< p< 0 .10  N.S
ERROR 42 4039928. 96189.
TOTAL 59 17876485.

ANALYSIS OF VARIANCE: LOG-TRANSFORMED DATA

DUE TO DF SS MS=SS/DF F-VALUE P
ANIMAL 14 33.353 2.382 9.13 <<0.0005 • • •
TREATMENT 3 3.645 1.215 4.66 0.005<P<0.01 • •
ERROR 42 10.943 0.261
TOTAL 59 47.941

MULTIPLE RANGE TEST: ANALYSIS OF TREATMENT EFFECTS (LN(SPEC. ACT.))

COMPARE DIFFERENCE S .E . d r. T a i l  P rob . ( d )

2 v s .  1 0 .661 0 .1 3 2 5 .015 4 0.001<p<0.005
2 v s .  4 0 .3 9 8 0 .1 3 2 3 .020 3 0 .0 5  <p<0.01 N.S.
2 v s .  3 0 .1 8 4 DO NOT TEST

3 v s .  1 0 .4 7 7 0 .1 3 2 3 .619 3 0 .0 5  <p<0.025 *
3 v s .  4 0 .2 1 4 0 .1 3 2 1.624 2 0 .5  <p<0.2 N.S.

4 v s .  1 0 .2 6 3 0 .1 3 2 1.996 2 0 .2  <p<0.1 N.S.

(w h e re  q i s  t h e  t e s t  s t a t i s t i c ,  r  i s  t h e  number o f  means i n  r an g e  
b e in g  compared)

T re a tm e n ts  ran k e d  low t o  h ig h :  1 4  3 2

Means n o t  s i g n i f i c a n t l y  d i f f e r e n t  a r e  i n d i c a t e d  by l i n e s  b e n e a th .



CHAPTER IV

CONCLUSIONS

The p a t t e r n s  d e s c r i b e d  i n  C h a p te r  I  f o r  p r i n c i p a l  b io c h e m ic a l  

com ponents  o f  th e  t e s t e s  show c l e a r  c o r r e l a t i o n s  t o  s t r u c t u r a l  ch an g es  

i n  th e  g e rm in a l  e p i t h e l i u m  d u r in g  s p e rm a to g e n e s i s .  A num ber o f  

c o n c lu s io n s  a b o u t  changes  i n  b io c h e m ic a l  m ic ro e n v i ro n m e n t  o f  g e r m in a l  

c e l l s  can  be drawn from  e x a m in a t io n  o f  th o s e  p a t t e r n s  ( s e e  C h a p te r  I ) .  

Of p a r t i c u l a r  a p p l i c a b i l i t y  t o  th e  r e g u l a t i o n  o f  p r o l i f e r a t i o n  a r e  t h e  

p a t t e r n s  o b se rv e d  f o r  p r o t e i n  and n u c l e i c  a c id s .  T o ta l  DNA c o n te n t  

s u g g e s t s  t h a t  DNA s y n t h e s i s  b e g in s  a t  o r  n e a r  th e  b e g in n in g  o f  th e  

p r o l i f e r a t i v e  phase  i n  O c to b e r  and i s  e s s e n t i a l l y  c o m p le te  by t h e  end 

o f  March. However, RNA and p r o t e i n  bo th  b e g in  t o  i n c r e a s e  s l i g h t l y  

e a r l i e r ,  r e p r e s e n t i n g  p r i o r  p r e p a r a t i o n  f o r  m i t o s i s .  Changes i n  

a c t i v i t y  o f  o r n i t h i n e  d e c a r b o x y la s e  (C hap te r  I I )  p a r a l l e l  t h e  p resum ed 

p a t t e r n  o f  DNA s y n t h e s i s .  ODC a c t i v i t y  i n c r e a s e s  i n  O c to b e r  and 

r e m a in s  h ig h  u n t i l  l a t e  March, when i t  d e c l i n e s  t o  th e  lo w e r  v a lu e s  

m a in ta in e d  th ro u g h o u t  t h e  a s p e rm a to g e n ic  phase. Thus, p o ly am in e  

s y n t h e s i s  c o r r e l a t e s  w e l l  w i t h  DNA s y n t h e s i s ,  a s  e x p e c te d  from  t h e  

w e l l -d o c u m e n te d  dependence  o f  DNA s y n t h e s i s  on th e  p re s e n c e  o f  

p o ly am in e s  (Haddox and R u s s e l l  1981; Sunkara  and Rao 1981). 

F u r th e rm o re ,  e x p e r im e n t s  p r e s e n t e d  i n  C h ap te r  I I I  i n d i c a t e  t h a t  

p o ly a m in e s  a r e  s u f f i c i e n t  s t i m u l u s  t o  enhance  com m itm ent t o  

p r o l i f e r a t i o n  i n  t e s t e s  a t  o r  n e a r  th e  b e g in n in g  o f  th e  p r o l i f e r a t i v e  

phase  o f  s p e r m a to g e n e s i s .  T h e re fo re ,  i t  i s  l i k e l y  t h a t  p o ly a m in e s  a r e  

i n v o lv e d  i n  r e g u l a t i n g  s p e rm a to g o n ia l  m i to s e s .
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The e v id e n c e  t h a t  p o ly a m in e s  s e r v e  a r o l e  i n  r e g u l a t i n g  th e  

i n i t i a t i o n  o f  m i t o t i c  p r o l i f e r a t i o n  i n  t h e  a s t e r o i d  t e s t i s  can  be 

com bined w i t h  s e v e r a l  o t h e r  l i n e s  o f  e v id e n c e  f o r  o t h e r  r e g u l a t o r y  

e v e n t s  t o  f o r m u la t e  an  o v e r a l l  model- The model p roposed  h e re  f o r  

r e g u l a t i o n  o f  s p e r m a to g o n ia l  p r o l i f e r a t i o n  i s  l a r g e l y  s p e c u l a t i v e  a t  

t h i s  t im e ;  i n  p a r t i c u l a r ,  t h e r e  i s  c u r r e n t l y  no e v id e n c e  show ing  c a u s a l  

l in k a g e  be tw een  t h e s e  e v e n ts .  N e v e r th e le s s ,  t h i s  h y p o th e s iz e d  

mechanism p r o v id e s  u s e f u l  g u id an c e  f o r  s u b s e q u e n t  r e s e a r c h  i n t o  th e  

r e g u l a t i o n  o f  s p e rm a to g e n e s i s .

E n t r a in m e n t  o f  g a m e to g e n ic  c y c le  i s  p resu m a b ly  a c c o m p lish e d  by 

some e n v i r o n m e n ta l  cue such  as  l i g h t  c y c le ,  t e m p e r a tu r e ,  o r  s a l i n i t y .

I n  P i s a s t e r  o c h ra c e u s  (P e a r s e  and E e r n i s s e  1982) and A s t e r i a s  v u l g a r i s  

(P e a r s e  and W alker i n  p r e s s ) ,  day l e n g t h  h a s  been shown t o  be a t  l e a s t  

one o f  t h e  f u n c t i o n a l  e n v i r o n m e n ta l  cues  r e s p o n s i b l e  f o r  t h e  

e n t r a in m e n t  o f  g a m e to g e n e s i s  th ro u g h o u t  th e  p o p u la t io n .  Such an 

e n v i r o n m e n ta l  cue, p e rh a p s  m o d u la ted  by o t h e r s  (such  as  t e m p e ra tu re )  

may th e n  be t r a n s d u c e d  i n t o  a  m e t a b o l i c a l l y  i n t e r p r e t a b l e  s i g n a l  by way 

o f  an  u n i d e n t i f i e d  neurohorm one w hich  a c t s  upon s o m a t ic  c e l l s  o f  t h e  

gonad (Voogt, p e r s o n a l  com m un ica t ion ) .  A l t e r n a t i v e l y ,  s u f f i c i e n t  l i g h t  

may p a s s  th ro u g h  th e  body w a l l  t o  d i r e c t l y  i n f l u e n c e  s t e r o i d  s y n t h e s i s .

There  a r e  d i s t i n c t  changes  i n  p r o g e s t e r o n e  and e s t r o g e n  l e v e l s  i n  

th e  t e s t i s  a s s o c i a t e d  w i t h  t h e  b e g in n in g  o f  t h e  p r o l i f e r a t i v e  p e r io d  

(Voogt and D ie lem an  1984). Newly s y n th e s i z e d  s t e r o i d s ,  o r  th e  change 

i n  r e l a t i v e  am oun ts  o f  p r o g e s t e r o n e  and e s t r o n e ,  may a c t  upon 

s p e rm a to g o n ia  i n  th e  l a t e  a s p e r m a to g e n ic  phase, a c t i v a t i n g  some 

m e ta b o l i c  pathw ay. I t  i s  known t h a t  l a t e r  i n  t h e  p r o l i f e r a t i v e  phase, 

e s t r o g e n  in d u c e s  o r  a c c e l e r a t e s  f u r t h e r  m i t o t i c  d i v i s i o n s  (T akahash i
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1982); i t  may a c t  s i m i l a r l y  a t  th e  b e g in n in g  o f  th e  p r o l i f e r a t i v e  

phase . S t e r o i d s  may in d u c e  p o ly am in e  s y n th e s i s *  e i t h e r  d i r e c t l y  o r  

i n d i r e c t l y *  a s  h a s  been shown t o  o c c u r  i n  o t h e r  s y s te m s  (Cohen .e t  a j ,  

1970; Kaye et. a l .  1971). S y n t h e s i s  o f  p o ly am in e s  th e r e b y  s a t i s f i e s  an 

e x i s t i n g  r e g u l a t o r y  c o n s t r a i n t  upon th e  s p e rm a to g o n ia ,  and th e y  p ro ce e d  

th ro u g h  S phase  and, u l t i m a t e l y ,  m i t o s i s .

The p h en o ty p es  e x p re s s e d  by s o m a t ic  o r  g e rm in a l  c e l l s  i n  th e  

g e rm in a l  e p i t h e l i u m  may be i n f l u e n c e d  by t h e  r e l a t i v e  num bers and 

a s s o c i a t i o n s  among th o s e  c e l l s  (W alker  1980; W alker  and L a r o c h e l l e  

19810. The i n d u c t i o n  o f  s p e rm a to g o n ia l  m i t o s e s  r e s u l t s  i n  an  i n c r e a s e d  

number o f  g e r m in a l  c e l l s ;  c o n s e q u e n t ly ,  s o m a t ic  a c c e s s o ry  c e l l s  may 

change from  th e  pheno type  i n  w hich  th e y  s u r ro u n d  s p e rm a to g o n ia ,  f o rm in g  

" f o l l i c l e s " ,  t o  t h e  fo rm  i n  w hich  th e y  a c t  a s  t h e  a x i a l  c e l l  o f  a 

s p e rm a to g e n ic  column, and th e y  th e n  b e g in  to  o r g a n iz e  t h e  p r im a ry  

s p e r m a to c y te s  i n t o  co lum ns. R e le a s e  from  c o n ta in m e n t  w i t h i n  f o l l i c l e s  

may in d u c e  o r  a l lo w  s p e rm a to g o n ia  t o  undergo  s u b s e q u e n t  m i t o s e s ,  w hich  

th e y  c o n t in u e  t o  do u n t i l  n u t r i e n t  s t o r e s  i n  th e  g e n i t a l  h aem al s i n u s  

a r e  e x h a u s te d .  The o r g a n i z a t i o n  o f  p r im a ry  s p e r m a to c y te s  i n t o  co lum ns 

may be s u f f i c i e n t  s t i m u l u s  t o  i n i t i a t e  p r e - m e i o t i c  i n t e r p h a s e ,  l e a v i n g  

th e  p r im a ry  s p e r m a to c y te s  su spended  i n  p ro p h ase  o f  th e  f i r s t  m e i o t i c  

d i v i s i o n  u n t i l  some s i g n a l  a l l o w s  them t o  p roceed .

T h is  model t h u s  r e q u i r e s  o n ly  a  t r i g g e r i n g  e v e n t  t o  i n i t i a t e  

p r o l i f e r a t i o n  and i s  s u b s e q u e n t ly  s e l f - m a i n t a i n i n g .  T h is  i s  c o m p a t ib le  

w i th  t h e  o b s e r v a t i o n  (Voogt and D ie lem an  1984) t h a t  th e  s t e r o i d  s i g n a l  

w hich  may be th e  i n t r a - g o n a d a l  t r i g g e r  i s  t r a n s i e n t ,  w i t h  no e v id e n c e  

o f  p ro lo n g e d  h ig h  s t e r o i d  l e v e l s  needed t o  m a i n t a i n  g a m e to g e n e s i s .



APPENDIX A

THE THEORETICAL BASIS OF AND STATISTICAL ALTERNATIVES 

TO ORGAN INDICES

The o rg an  in d e x ,  d e f i n e d  a s  100 t im e s  t h e  r a t i o  o f  o rg a n  m ass  t o  

w hole  a n im a l  mass ( u s in g  e i t h e r  w e t  o r  d ry  m asses)  (G iese  1966), h as  

been f r e q u e n t l y ,  p e rh a p s  even u n i v e r s a l l y ,  u sed  i n  s t u d i e s  o f  

b io c h e m ic a l  c o m p o s i t i o n  o f  i n v e r t e b r a t e  body com ponents  f o r  a t  l e a s t  

t h e  l a s t  tw e n ty  y e a r s  (je^ F a rm a n fa rm a ia n  et. a l .  1958; G ie se  e t  a l .  

1959; B o o lo o t ia n  1966; Law rence  1973; Jangoux  and V lo eb e rg h  1973; 

Jangoux  and van Impe 1977; O udejans  and van d e r  S l u i s  1979; van d e r  

P la s  and Voogt 1982). I t  i s  a  c o m p u t a t i o n a l l y  s t r a i g h t - f o r w a r d  and 

i n t u i t i v e l y  s a t i s f y i n g  m eans o f  c o r r e c t i n g  f o r  t h e  e f f e c t  o f  a n im a l  

s i z e  on o rg a n  s i z e ;  i t  t h e r e b y  p u r p o r t e d l y  a l l o w s  d i r e c t  c o m p a r iso n  

among a n im a ls  o f  d i f f e r e n t  s i z e s .  G iven th e  v a r i a b i l i t y  o f  a n im a l  

s i z e s  i n  a sam p le  o f  c o n s p e c i f i c s  t a k e n  from  t h e  f i e l d ,  c o r r e c t i o n  f o r  

d i f f e r e n c e  i n  s i z e  i s  u l t i m a t e l y  e s s e n t i a l .  F u r th e rm o re ,  o rg an  i n d i c e s  

seem t o  have worked q u i t e  w e l l .  Fo r  exam ple, i n  s e v e r a l  s t u d i e s ,  

p r e d i c t i o n s  a b o u t  r e p r o d u c t i v e  p a t t e r n s  have  been made on th e  b a s i s  o f  

p a t t e r n s  o b se rv e d  i n  gonad i n d i c e s ,  and t h e s e  p r e d i c t i o n s  have been  

s u p p o r te d  by o b s e r v a t i o n s  u s in g  o t h e r  m ethods  (e±, g&j th e  o b s e r v a t i o n  

by Schoenm akers  and G o e d h a r t  (1979) t h a t  o va ry  in d e x  i s  a  good 

p r e d i c t o r  o f  r e p r o d u c t i v e  s t a t e ) .

Use o f  o rg an  i n d i c e s  i s  based  upon s e v e r a l  a s s u m p t io n s  w hich , 

a l th o u g h  r e a s o n a b le ,  a r e  n o t  c e r t a i n  a p r i o r i .  Hence, th e  n e c e s s a r y  

a s su m p t io n s  s h o u ld  be t e s t e d  b e f o r e  o rg an  i n d i c e s  a r e  used  a s  a m easu re
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o f  o rg an  s i z e  i n  an  a t t e m p t  t o  c o r r e c t  f o r  d i f f e r e n c e s  i n  a n im a l  s i z e .  

So f a r  a s  I  am a b le  t o  d e te rm in e ,  e v e ry  a u th o r  ( a t  l e a s t  i n  t h e  

ech inoderm  l i t e r a t u r e )  w i t h  t h e  e x c e p t io n  o f  Gonor (1972) e i t h e r  

t a c i t l y  a c c e p t s  th o s e  a s s u m p t io n s  o r  does  n o t  e x p l i c i t l y  t e s t  them — 

i t  i s  o f t e n  v e ry  d i f f i c u l t  t o  t e l l  which. In  a d d i t i o n ,  many a u th o r s  

have th e n  p ro ce e d e d  t o  c a l c u l a t e  and g raph  95% c o n f id e n c e  i n t e r v a l s  

around  th e  mean o rg an  in d e x .  A lthough, a g a in ,  i t  i s  v e ry  d i f f i c u l t  t o  

d e te r m in e  p r e c i s e l y  how th o s e  c o n f id e n c e  i n t e r v a l s  w ere  c a l c u l a t e d ,  i t  

i s  p o s s i b l e  (and seem s e x t r e m e ly  l i k e l y )  t h a t  th e y  w ere  c a l c u l a t e d  

u s in g  th e  w e l l-k n o w n  e q u a t io n :  mean ± t * s t a n d a r d  e r r o r .  However, t h i s  

e q u a t io n  is .  n o t  v a l i d  f o r  p e rc e n ta g e s .  P e r c e n ta g e s  m ust  f i r s t  be 

t r a n s fo r m e d  by th e  v a r i a n c e - s t a b i l i z i n g  f u n c t i o n  a r c s i n ( / x )  b e f o r e  any 

p a r a m e t r i c  s t a t i s t i c s  a r e  c a l c u l a t e d ;  t h i s  t r a n s f o r m a t i o n  i s  e s p e c i a l l y  

i m p o r t a n t  f o r  p e r c e n ta g e s  n e a r  0% o r  10016. Thus i t  may be t h e  c a se ,  

b u t  i s  c l e a r l y  n o t  c e r t a i n ,  t h a t  o rgan  i n d i c e s  have  a t  l e a s t  

o c c a s i o n a l l y  been used  when th e y  a r e  n o t  j u s t i f i e d ,  o r  have been 

t r e a t e d  by i n v a l i d  s t a t i s t i c a l  m ethods. I t  s h o u ld  be n o te d ,  

n e v e r t h e l e s s ,  and i n  d e fe n s e  o f  th o s e  a u th o r s  who have done so, t h a t  

even i f  o rgan  i n d i c e s  a r e  n o t  j u s t i f i e d  o r  a r e  a n a ly z e d  i n c o r r e c t l y ,  

th e  r e s u l t s  o b t a in e d  may be a p p ro x im a te ly  c o r r e c t  i f  c e r t a i n  o t h e r  

r e q u i r e m e n t s  a r e  met.

My p u rp o se  i n  t h i s  a p p en d ix  i s  t o  c a r e f u l l y  and c r i t i c a l l y  exam ine  

th e  t h e o r e t i c a l  background o f  t h e  o rg an  in d e x  and th e  p r i n c i p a l  

a s s u m p t io n s  u n d e r ly in g  i t s  use . I  w i l l  a l s o  p ro p o se  s p e c i f i c  

t e c h n iq u e s  w h ich  may be used  i n  p la c e  o f  o rg an  i n d i c e s  i f  th e  l a t t e r  

a r e  found to  be u n j u s t i f i e d  and p ro v id e ,  a s  an  exam ple , an a n a l y s i s  o f  

gonad d ry  m ass u s in g  d a t a  d e r iv e d  from  a n im a ls  u sed  i n  C h a p te r  I .



96

The fu n d a m e n ta l  r a t i o n a l e  f o r  u s in g  an o rg an  in d e x  i s  t h a t  o rgan  

s i z e  i s  a s t r i c t l y  i n c r e a s i n g  m on o to n ic  f u n c t i o n  o f  a n im a l  s i z e ;  t h a t  

i s .  t h e  b ig g e r  t h e  a n im a l ,  t h e  b ig g e r  i t s  o rg an s ,  o t h e r  t h i n g s  b e in g  

e q u a l .  Because any s a m p le  o f  a n im a ls  w i l l  i n c lu d e  a ran g e  o f  an im a l  

s i z e s  ( w i th  v a r i a b i l i t y  d ep en d in g  on t h e  s p e c i e s  and method o f  

c o l l e c t i o n ) ,  c o m p a r iso n  o f  o rg a n s  w i t h i n  a sam ple  o r  among s e v e r a l  

sa m p le s  i s  much e a s i e r  i f  th e  d a t a  a r e  n o rm a l iz e d  r e l a t i v e  t o  a n im a l  

s i z e .  I n  t h e  l i t e r a t u r e ,  t h i s  c o n s i d e r a t i o n  o f t e n  l e a d s  t o  d i s c u s s i o n  

o f  a  " h y p o th e t i c a l "  a n im a l  o f  a  g iv e n  s i z e  ( se e ,  f o r  exam ple , O udejans 

and van  d e r  S l u i s  1979; van  d e r  P l a s  and Voogt 1982). (These 

h y p o t h e t i c a l  a n im a ls  a r e  r e a l l y  j u s t  o rg an  i n d i c e s  i n  d i s g u i s e ,  so  a l l  

comments c o n c e rn in g  o rg a n  i n d i c e s  a p p ly  e q u a l l y  t o  " h y p o t h e t i c a l  

a n im a ls " . )  However, t h e  u se  o f  an o rg a n  in d e x  f u r t h e r  r e q u i r e s  t h a t  

th e  in d e x  be c o n s t a n t  o v e r  t h e  e n t i r e  r an g e  o f  a n im a l  s i z e s  

i n v e s t i g a t e d ,  o t h e r  t h i n g s  b e in g  e q u a l .  I n  o t h e r  w ords, o rgan  s i z e  

m ust n o t  m e re ly  i n c r e a s e  w i t h  a n im a l  s i z e ,  b u t  m ust be s t r i c t l y  

p r o p o r t i o n a l .  I f  o rg an  s i z e  i s  n o t  p r o p o r t i o n a l  t o  body s i z e ,  th e n  th e  

o rg a n  i n d i c e s  o f  a n im a ls  o f  d i f f e r e n t  s i z e s  w i l l  n o t  be e q u a l .  As t h e  

r e l a t i o n s h i p  be tw e en  o rg a n  and a n im a l  s i z e s  d e p a r t s  f u r t h e r  from  s t r i c t  

p r o p o r t i o n a l i t y ,  an  o rg a n  in d e x  becomes a p r o g r e s s i v e l y  p o o re r  

a p p ro x im a t io n  o f  " r e a l i t y " .  Use o f  an  o rg an  in d e x  when i t  i s  n o t  

j u s t i f i e d  c o u ld  i n c r e a s e  th e  p e r c e iv e d  v a r i a b i l i t y  o f  th e  d a ta ,  th e r e b y  

h i d i n g  an  e x i s t i n g  e f f e c t ,  o r  p ro d u ce  a s p u r i o u s  e f f e c t  w hich  sh o u ld  

be, b u t  p r o b a b ly  would n o t  be, a s c r i b e d  s o l e l y  to  d i f f e r e n c e s  i n  a n im a l  

s i z e  ( se e  Gonor 1972).

The s i m p l e s t  v a r i a t i o n  from  s t r i c t  p r o p o r t i o n a l i t y  a r i s e s  i f  o rgan  

s i z e  i s  an a f f i n e  f u n c t i o n  o f  body s i z e :  t h a t  i s ,  t h e  g raph  o f  o rg an
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s i z e  a g a i n s t  body s i z e  i s  a s t r a i g h t  l i n e  b u t  does  n o t  p a s s  th ro u g h  th e  

o r i g i n .  I n  t h i s  c a se ,  an o rgan  in d e x  i s  n o t  j u s t i f i e d ,  and t h e  amount 

o f  e r r o r  i n t r o d u c e d  depends upon th e  r e l a t i v e  m a g n i tu d e  o f  th e  Y- 

i n t e r c e p t .  C o n s id e r  t h e  f o l l o w i n g  h y p o t h e t i c a l  c a s e :  o rg a n  mass i s  an  

a f f i n e  f u n c t i o n  o f  body m ass and ' can  be a c c u r a t e l y  d e s c r i b e d  by th e  

e q u a t i o n

o rg an  = 1 + 0.1 * body (A.1)

Two a n im a ls  a r e  exam ined :  one  w i t h  a m ass  o f  50, th e  o t h e r  w i t h  a  m ass 

o f  100; b o th  a n im a ls  p r e c i s e l y  f i t  E q u a t io n  A.1 (no sa m p l in g  

v a r i a b i l i t y ) .  Then t h e  a n im a ls  w i l l  have o rg a n  m asse s  o f  6 and 11, 

r e s p e c t i v e l y ,  g i v i n g  o rg a n  i n d i c e s  o f  12% and 115S —  a s i z a b l e  

d i f f e r e n c e ,  e s p e c i a l l y  c o n s id e r in g  t h a t  bo th  a n im a ls  can be p r e c i s e l y  

d e s c r i b e d  by th e  same e q u a t io n .  Thus, u se  o f  an o rg a n  in d e x  i n  t h i s  

c a s e  i n t r o d u c e s  v a r i a b i l i t y  w here  none a c t u a l l y  e x i s t s .

The a c t u a l  r e l a t i o n s h i p  be tw een  o rgan  and body s i z e  c a n n o t  be 

p r e d i c t e d  .& p r i o r i : i t  may o r  may n o t  be a s t r i c t  p r o p o r t i o n a l i t y .

T ha t  r e l a t i o n s h i p  p ro b a b ly  i s  a sm ooth  f u n c t i o n ,  b o th  c o n t in u o u s  and 

c o n t i n u o u s ly  d i f f e r e n t i a b l e ,  a l th o u g h  i t  i s  c e r t a i n l y  c o n c e iv a b le  t h a t  

t h e  r e l a t i o n s h i p  m ig h t  n o t  be c o n t in u o u s ly  d i f f e r e n t i a b l e .  For 

exam ple , an  a n im a l 's  gonads m ig h t  be e x t r e m e ly  s m a l l  i n  im m atu re  

sp e c im en s ,  and l a r g e  i n  m a tu re  s p e c im e n s ;  i f  s e x u a l  m a t u r i t y  i s  

a t t a i n e d  by a l l  a n im a ls  i n  th e  p o p u l a t i o n  a t  a d i s t i n c t  t h r e s h o ld  body 

s i z e ,  one m ig h t  e x p e c t  a  sudden  change i n  th e  r e l a t i o n s h i p  be tw een  

gonad and body s i z e  a t  t h a t  t h r e s h o l d ,  w i th  a  d i s c o n t in u o u s  d e r i v a t i v e  

a t  t h a t  p o in t .  However, i f  t h e  o rg an -body  r e l a t i o n s h i p  i s  c o n t in u o u s ly  

d i f f e r e n t i a b l e  o v e r  th e  r a n g e  o f  body s i z e s  c o n s id e r e d ,  and i f  t h a t  

r a n g e  i s  s u f f i c i e n t l y  na rrow , t h e  a c t u a l  r e l a t i o n s h i p  w i l l  n o t  d i f f e r



98

s i g n i f i c a n t l y  ( i n  a s t a t i s t i c a l  s e n se )  from  th e  a f f i n e  f u n c t i o n  t a n g e n t  

t o  t h e  t r u e  r e l a t i o n s h i p  a t  th e  mean body s i z e .  Hence, p ro v id e d  t h a t  

t h e  r a n g e  o f  body s i z e s  i s  s u f f i c i e n t l y  s m a l l ,  one can  a p p ro x im a te  th e  

o rg an -b o d y  r e l a t i o n s h i p  w i t h  an a f f i n e  f u n c t io n .  N e v e r th e le s s ,  i f  th e  

Y - i n t e r c e p t  o f  t h a t  a f f i n e  f u n c t i o n  d i f f e r s  s i g n i f i c a n t l y  from  z e ro ,  

u se  o f  a  s im p le  o rg a n  in d e x  would  be an  a p p ro x im a t io n  o f  an 

a p p ro x im a t io n ,  a t  b e s t ,  and c o u ld  i n t r o d u c e  u n a c c e p ta b l e  e r r o r .

The q u e s t i o n  th e n  a r i s e s :  how can  one d e te r m in e  w h e th e r  o r  n o t  t h e  

d a t a  b e in g  exam ined  a l lo w  u se  o f  an o rgan  in d ex ,  and i f  th e y  do n o t ,  

w ha t  a l t e r n a t i v e  a p p ro a c h  w i l l  a l lo w  v a l i d  a n a l y s i s  o f  t h e  d a ta .

F i r s t ,  c o n s id e r  th e  s im p le  c a se  i n  w h ich  v a r i a t i o n  i n  gonad s i z e  can  

l e g i t i m a t e l y  be a s c r i b e d  e n t i r e l y  t o  v a r i a t i o n  i n  a n im a l  s i z e  p lu s  

s a m p l in g  v a r i a b i l i t y ;  t h a t  i s ,  a l l  sp e c im e n s  a r e  c o l l e c t e d  from th e  

same p o p u l a t io n ,  and i f  t h e  o rg an  i n  q u e s t i o n  i s  s u b j e c t  t o  s e a s o n a l  

v a r i a t i o n ,  a l l  s p e c im e n s  a r e  c o l l e c t e d  a t  th e  same t im e  o r  th e  same 

s e a s o n a l  s t a t e .  A n im als  from  m u l t i p l e  p o p u l a t i o n s  o r  s a m p l in g  d a t e s  

can be s e p a r a t e d  i n t o  s i z e  c l a s s e s  and c o m p a r iso n s  o f  o rg an  s i z e  made 

w i t h i n  s i z e  c l a s s e s  t o  d e te r m in e  w h e th e r  o r  n o t  s a m p l in g  l o c a t i o n  o r  

t im e  s i g n i f i c a n t l y  a f f e c t  o rgan  s i z e .  Then, th e  r e l a t i o n s h i p  be tw een  

o rg a n  s i z e  and body s i z e  can  be exam ined  th ro u g h  r e g r e s s i o n  te c h n iq u e s .  

I n i t i a l l y ,  t h e  d a t a  can be f i t t e d  t o  a s im p le  l i n e a r  ( a f f i n e )  f u n c t i o n ,  

i . e . ,  o rg a n  = a  + b * body. T here  a r e  f o u r  p o s s i b l e  ou tcom es  f o r  t h i s  

r e g r e s s i o n :

POSSIBLE OUTCOME 
I  I  I I I  IV

S i g n i f i c a n t  a b a , b
Not S i g n i f i c a n t  b a -  a, b

I n  a d d i t i o n ,  i f  t h e  d a t a  s e t  a l l o w s  ( i . e . ,  i f  t h e r e  a r e  m u l t i p l e  

s a m p le s  f o r  a t  l e a s t  some body s i z e s ) ,  one can t e s t  f o r  l i n e a r i t y  o f
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th e  r e l a t i o n s h i p .  I f  one i s  p e r m i t t e d  t o  assum e l i n e a r i t y ,  th e n  e a c h  

c o m b in a t io n  o f  s i g n i f i c a n t  r e g r e s s i o n  c o e f f i c i e n t s  has  a  s l i g h t l y  

d i f f e r e n t  i n t e r p r e t a t i o n :

I .  Y - i n t e r c e p t  s i g n i f i c a n t ,  s lo p e  n o t  s i g n i f i c a n t .  Organ s i z e  i s

e s s e n t i a l l y  c o n s t a n t  r e g a r d l e s s  o f  body s i z e ,  and may be u sed  

d i r e c t l y .

I I .  S lope  s i g n i f i c a n t ,  Y - i n t e r c e p t  n o t  s i g n i f i c a n t .  Organ s i z e  i s

d i r e c t l y  p r o p o r t i o n a l  t o  body s i z e .  An o rg an  in d e x  i s  u s a b l e  and 

i s  e q u a l  t o  t h e  v a lu e  d e te rm in e d  f o r  s lo p e .  I f  an o rg an  in d e x  i s

u sed  f o r  s t a t i s t i c a l  m a n ip u la t io n s ,  v a lu e s  m ust  f i r s t  be

t r a n s f o r m e d  by an a r c s i n  t r a n s f o r m a t i o n .  However, t h e r e  a r e  

s p e c i f i c  s t a t i s t i c a l  t e s t s  w hich  can  be a p p l i e d  t o  s lo p e s  o f  

r e g r e s s i o n  l i n e s ;  e^  one can r e a d i l y  com pare s lo p e s  o f  two o r  

more r e g r e s s i o n  l i n e s  ( s e e  Zar 1974, C h ap te r  17).

I I I .  Both s lo p e  and y - i n t e r c e p t  s i g n i f i c a n t .  R e l a t i o n s h i p  i s  a f f i n e ,  

and o rg a n  i n d i c e s  a r e  i n a p p r o p r i a t e .  C om parisons  among sa m p le s  

a r e  p o s s i b l e  by a n a l y s i s  o f  c o v a r ia n c e .

IV. N e i th e r  s lo p e  n o r  y - i n t e r c e p t  a r e  s i g n i f i c a n t .  Organ s i z e ,  th e n  

i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from z e ro .  E i t h e r  so m e th in g  v e ry  

s t r a n g e  i s  h a p p e n in g ,  o r  t h e r e  i s  a  v e ry  l a r g e  sa m p l in g  

v a r i a b i l i t y .  I n  e i t h e r  c a se ,  t h e r e  may n o t  be much t h a t  can  be 

done o t h e r  t h a n  i n c r e a s e  sam p le  s i z e  i n  t h e  hope o f  d e c r e a s in g  th e  

e f f e c t  o f  v a r i a b i l i t y .

I f  th e  o rg an -b o d y  r e l a t i o n s h i p  d i f f e r s  s i g n i f i c a n t l y  from 

l i n e a r i t y ,  two a p p ro a c h e s  a r e  p o s s i b l e .  F i r s t ,  a s  n o te d  above, a 

s u f f i c i e n t l y  r e s t r i c t e d  r a n g e  o f  body s i z e s  w i l l  r e s u l t  i n  t h e  o b se rv e d  

r e l a t i o n s h i p  n o t  d i f f e r i n g  s t a t i s t i c a l l y  from  a  s t r a i g h t  l i n e .
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T h e re fo re ,  t h e  r an g e  o f  o b se rv e d  body s i z e s  c o u ld  be r e s t r i c t e d  by 

e l i m i n a t i o n  o f  e x tre m e  v a lu e s  u n t i l  d e v i a t i o n s  from  l i n e a r i t y  become 

n o n - s i g n i f i c a n t .  I n  e f f e c t ,  one th ro w s  o u t  d a t a  so  t h a t  a s t r a i g h t  

l i n e  becomes " c lo s e  enough". The d i s a d v a n ta g e s  sh o u ld  be r e a d i l y  

a p p a re n t ,  b u t  even w i th  th o s e  d i s a d v a n ta g e s ,  i t  may be th e  t e c h n iq u e  o f  

c h o ic e .  A l t e r n a t i v e l y ,  one can  a t t e m p t  t o  a p p ro x im a te  t h e  c u r v i l i n e a r  

r e l a t i o n s h i p  by u s in g  some o t h e r  f u n c t i o n .  Choice o f  f u n c t i o n ,  u n l e s s  

g u id ed  by some a. p r i o r i  t h e o r e t i c a l  c o n s i d e r a t i o n ,  i s  l a r g e l y  a m a t t e r  

o f  a e s t h e t i c s .  Depending upon th e  o b se rv e d  form  o f  th e  d a ta ,  one m ig h t  

choose  t o  t r y  p o ly n o m ia ls ,  l o g a r i t h m i c ,  e x p o n e n t i a l ,  power, o r  any 

o t h e r  s u i t a b l e  f u n c t i o n .  A n a ly s is  based  on t h e o r e t i c a l  d e s c r i p t i o n s  o f  

a l l o m e t r i c  g ro w th  (P e rk k io  and K esk inen  1985) c o u ld  be p a r t i c u l a r l y  

e f f e c t i v e .  A nother  p o t e n t i a l l y  u s e f u l  a p p ro ach  would be t o  f i t  a 

v a r i e t y  o f  f u n c t i o n s  and s e l e c t  th e  one w hich  p r o v id e s  th e  b e s t  f i t  

w i t h o u t  i n t r o d u c i n g  num erous p r e d i c t o r  v a r i a b l e s .  I f  one i s  a t t e m p t i n g  

t o  com pare two o r  more sa m p le s ,  one c o u ld  f i n d  a c l a s s  o f  f u n c t i o n  

w hich  a d e q u a te ly  d e s c r i b e s  each  sam p le  and th e n  p roceed  by a n a l y s i s  o f  

c o v a r ia n c e .  A l t e r n a t i v e l y ,  one c o u ld  use  a n a l y s i s  o f  v a r i a n c e  o f  th e  

d a t a  s p l i t  i n t o  s i z e  c l a s s e s  t o  t e s t  f o r  d i f f e r e n c e s  among sa m p le s  

w i t h o u t  s p e c i f y i n g  th e  form  o f  t h e  o rgan -body  r e l a t i o n s h i p .

A f r e q u e n t  u se  o f  o rg an  i n d i c e s  h a s  been th e  d e s c r i p t i o n  o f  

s e a s o n a l  changes  i n  o rg an  s i z e .  I n  t h i s  i n s t a n c e ,  w here  th e  

i n v e s t i g a t o r  i s  a t t e m p t i n g  t o  e x p la i n  v a r i a t i o n s  i n  o rg an  s i z e  by some 

f a c t o r  i n  a d d i t i o n  to  a n im a l  s i z e ,  a n a l y s i s  i s  c o m p l ic a te d  by th e  

r e q u i r e m e n t  t o  s im u l t a n e o u s l y  a c c o u n t  f o r  v a r i a t i o n s  r e s u l t i n g  from  

b o th  t im e  and a n im a l  s i z e .  I f  t h e  i n v e s t i g a t o r  i s  i n t e r e s t e d  o n ly  i n  

d e t e c t i n g  d i f f e r e n c e s  among t im e  p e r io d s  a n d /o r  s i z e  c l a s s e s ,  a n a l y s i s
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o f  v a r i a n c e  o r  c o v a r ia n c e  i s  a d e q u a te .  However, d e t a i l e d  q u a n t i t a t i v e  

d e s c r i p t i o n  r e q u i r e s  m u l t i v a r i a t e  r e g r e s s i o n  t e c h n iq u e s ,  w i th  o rgan  

s i z e  d e s c r i b e d  a s  a  f u n c t i o n  o f  b o th  t im e  and body s i z e .

A p o t e n t i a l l y  v a lu a b l e  m ethod o f  d e s c r i b i n g  c y c l i c  changes  i n  

o rg an  s i z e  o v e r  t im e  w i t h o u t  r e c o u r s e  t o  o rg an  i n d i c e s  e n t a i l s  an 

a d a p t a t i o n  o f  p e r i o d i c  r e g r e s s i o n  a s  used  e x t e n s i v e l y  i n  C h a p te r  I I .

For a g iv e n  body s i z e ,  c y c l i c  changes  i n  o rgan  s i z e  can o f t e n  be 

d e s c r i b e d  v e ry  p r e c i s e l y  by p e r i o d i c  r e g r e s s i o n ;  a t  a g iv e n  t im e  i n  t h e  

c y c le ,  o rgan  s i z e  can o f t e n  be a d e q u a te ly  d e s c r ib e d  by a r e l a t i v e l y  

s im p le  f u n c t i o n ,  such  a s  a p o ly n o m ia l  o f  low d e g re e .  These two 

r e l a t i o n s h i p s  can  be e a s i l y  com bined by c o n s id e r in g  each  p a ra m e te r  o f  

one r e l a t i o n s h i p  t o  be a  f u n c t i o n  o f  th e  o t h e r  v a r i a b l e .  T h is  app roach  

makes u se  o f  t h e  f a c t  t h a t  n o n - l i n e a r  r e l a t i o n s h i p s  can  o f t e n  be 

a p p ro x im a te d  q u i t e  w e l l  by p o ly n o m ia ls  o f  r e l a t i v e l y  low d e g re e ;

a n a l y s i s  i s  f a c i l i t a t e d  by th e  s i m p l i c i t y  o f  th e  f u n c t i o n s .  For

exam ple , i f  o rg an  s i z e  c a n  be d e s c r i b e d  by th e  s im p le  p e r i o d i c  f u n c t i o n

0 = M + A*cos(a)t -  <j>), (A.2)

th e  p a r a m e te r s  M, A, and <f> ( p o s s i b l y  even w) can  a l l  be c o n s id e r e d  

f u n c t i o n s  o f  body s i z e .  A compound r e g r e s s i o n  f u n c t i o n  c o u ld  th e n  be 

d e te r m in e d  by f o rw a r d  s e l e c t i o n  o f  p r e d i c t o r s ,  u s in g  p o ly n o m ia l  

r e g r e s s i o n s  f o r  p a r a m e te r s  o f  th e  p e r i o d i c  r e g r e s s i o n .  For exam ple , 

one m ig h t  f i n d  t h a t  o rg a n  s i z e  i s  w e l l  d e s c r i b e d  by an e q u a t i o n  o f  t h e  

form

0 = Mq + m -|B + M2B2 + (Ag  + Ai B) c os ( wt  -  $) (A.3)

A lthough  n o t  d i f f i c u l t ,  p ro p e r  a p p l i c a t i o n  o f  t h i s  t e c h n iq u e  c o u ld  be 

e x t r e m e ly  t e d i o u s  and t im e -c o n s u m in g ,  e s p e c i a l l y  i f  th e  f u l l  p e r i o d i c  

f u n c t i o n  ( w i t h  p a r a m e te r s  o f  skew n ess  and peakedness)  i s  u sed . In
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a d d i t i o n ,  th e  number o f  p r e d i c t o r s  c o u ld  r a p i d l y  i n c r e a s e ;  

c o n s e q u e n t ly ,  a l a r g e  d a t a  s e t  may be e s s e n t i a l .  However, t h e  r e s u l t s  

c o u ld  be v e ry  i n t e r e s t i n g ,  and th e  p a r a m e te r s  b i o l o g i c a l l y  m e a n in g fu l .  

Fo r  exam ple, i n  an a n a l y s i s  o f  gonad s i z e s  one cou ld  f i n d  t h a t  

a c ro p h a s e  v a r i e s  w i th  body s i z e ,  p o s s i b l y  s u g g e s t i n g  t h a t  c e r t a i n  s i z e  

c l a s s e s  b reed  e a r l i e r  th a n  o t h e r s .

As a r e l a t i v e l y  s im p le  exam ple  o f  t h i s  p ro c e d u re ,  t e s t i c u l a r  dry  

m ass f o r  a n im a ls  from  C h a p te r  I  ( s e e  d a ta  i n  Appendix F) was a n a ly z e d  

by r e g r e s s i o n  on b o th  d a t e  and a n im a l  m ass. The s im p le  s i n u s o i d a l  

f u n c t i o n  o f  E q u a t io n  A.2 was a l g e b r a i c a l l y  t r a n s f o r m e d  i n t o  a fo rm  

s u i t a b l e  f o r  l i n e a r  r e g r e s s i o n  (E q u a t io n  D.29). The t h r e e  p a r a m e te r s ,  

M, X, and Y, w ere  e x p re s s e d  a s  q u a d r a t i c  f u n c t i o n s  o f  a n im a l  m ass, 

y i e l d i n g  th e  r e g r e s s i o n  f u n c t i o n :

y = bQ+biM+b2M2 + (b 3+b4 M+b5 M2 ) c o s ( wt )  + (bg+b7 M+bgM2 )s in (u ) t ) ,  (A.4) 

w here  M = a n im a l  m ass. T h is  f u n c t i o n  was f i t t e d  by s t e p w i s e  r e g r e s s i o n  

(F t o  e n t e r  and F t o  remove b o th  s e t  e q u a l  t o  4 .0). F iv e  p a r a m e te r s  

d i f f e r e d  s i g n i f i c a n t l y  from  z e r o :  bg, bij, b5 » bg, and bg- The f i n a l  

model has  an R2 o f  97.14%, an e x t r e m e ly  good f i t .  (For co m p ar iso n ,  

s im p le  p e r i o d i c  r e g r e s s i o n  o f  t e s t i c u l a r  d ry  m ass in d e x  h a s  an R^ o f  

o n ly  72.2?.)  C o n se q u e n tly ,  gonad mass i s  n o t  s t r i c t l y  p r o p o r t i o n a l  t o  

a n im a l  m ass, a t  l e a s t  a t  some t im e s ,  and a gonad in d e x  may n o t  be 

a c c e p t a b l y  a c c u r a te .  Gonad m ass can be much b e t t e r  d e s c r i b e d  a s  a 

f u n c t i o n  o f  b o th  a n im a l  m ass and d a te :

y = 0 .3 3 9  + (0 .00564*M -4 .363E -5*M 2 )co s (a ) t )  + ( 0 .2 3 3 + 7 .43E-5*M2 ) s in ( o ) t ) .  

A more d e t a i l e d  a n a l y s i s  co u ld ,  p o s s ib l y ,  d e te r m in e  a f u n c t i o n a l  

dependence  o f  t e s t i c u l a r  mass on a n im a l  m ass and d a t e  even more p r e c i s e
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th a n  t h i s  r e l a t i v e l y  s im p l e  one. However, t h e  im provem en t g a in e d  by 

t h i s  s im p le  m o d i f i c a t i o n  o f  t h e  a n a l y s i s  i s  s t r i k i n g .

Because fo rw a rd  s e l e c t i o n  o f  r e g r e s s i o n  p a r a m e te r s  can be r e a d i l y  

a u to m a te d  i n  a c o m p u te r iz e d  r e g r e s s i o n  program  ( a l th o u g h  th e  BMDP 

program  l i b r a r y  does  n o t  i n c l u d e  a u to m a t i c  s e l e c t i o n  o f  p a r a m e te r s  f o r  

n o n - l i n e a r  r e g r e s s i o n s ) ,  t h e  l e n g t h y  p r o c e s s  o f  a n a ly z in g  d a t a  by th e  

t e c h n iq u e  s u g g e s te d  h e r e  i s  n o t  a m a jo r  d i s a d v a n ta g e .  A s u i t a b l e  

program  c o u ld  be a l lo w e d  t o  r u n  u n a t t e n d e d  ( o v e r n ig h t ,  p e rh a p s? )  and 

t h e  f i n a l  r e g r e s s i o n  f u n c t i o n  p roduced  f o r  l a t e r  e x a m in a t io n .

Organ i n d i c e s  have a l s o  o f t e n  been used  t o  r e l a t e  changes  i n  t o t a l  

c o n te n t  o f  a component among a n im a ls  i n  a r a n g e  o f  s i z e s .  T h is  u se  i s  

o f t e n  se en  as  t h e  r e p r e s e n t a t i o n  o f  amount o f  com ponent i n  th e  o rg an  of 

a  " h y p o th e t i c a l  a n im a l"  o f  s p e c i f i e d  s i z e .  P ro v id e d  o rg an  i n d i c e s  a r e  

a p p r o p r i a t e  f o r  th e  o rg an  i n  q u e s t i o n ,  t h i s  t e c h n iq u e  can  be v a lu a b le .  

However, i f  o rgan  i n d i c e s  a r e  n o t  a p p r o p r i a t e ,  any i n t e r p r e t a t i o n  o f  

r e s u l t s  becomes p r o b l e m a t i c a l .  An a l t e r n a t i v e  app roach  would be to  use  

t h e  r e g r e s s i o n  a n a l y s i s  d e s c r i b e d  above. For a g iv e n  a n im a l ,  t h e  

d i s c r e p a n c y  be tw een  o b s e rv e d  o rg a n  s i z e  and p r e d i c t e d  o rg a n  s i z e  would 

be n o te d  and used  t o  a d j u s t  th e  p r e d i c t e d  o rg an  s i z e  o f  a " h y p o t h e t i c a l  

a n im a l" .  Thus, a n im a ls  o f  d i f f e r e n t  s i z e s  can  be com pared by 

c o r r e c t i n g  o rg an  s i z e  i n  a c c o rd a n c e  w i t h  th e  r e l a t i o n s h i p  be tw een  o rgan  

and body s i z e  t h a t  was e m p i r i c a l l y  d e te r m in e d .  For exam ple, suppose  a 

50 g a n im a l  c o l l e c t e d  i n  J a n u a r y  h a s  gonads w i t h  a t o t a l  m ass o f  12 g. 

R e g r e s s io n  a n a l y s i s  o f  t h e  p o p u l a t i o n  from  w hich  t h a t  a n im a l  was ta k e n  

i n d i c a t e s  t h a t  a t y p i c a l  50 g a n im a l  h a s  a t o t a l  gonad m ass o f  10 g i n  

J a n u a ry ,  w h ereas  a t y p i c a l  100 g a n im a l  h a s  a  t o t a l  gonad m ass o f  25 g 

a t  t h e  same t im e  o f  y e a r .  Note t h a t  i n  t h i s  c a s e ,  th e  gonad in d e x



104

a p p ro ach  i s  c l e a r l y  i n a p p r o p r i a t e ;  gonad m ass i s  n o t  p r o p o r t i o n a l  to  

a n im a l  m ass. However, t h e  a n im a l  i n  q u e s t i o n  h a s  a  gonad m ass 1.2 

t im e s  t h a t  o f  a t y p i c a l  a n im a l  o f  i t s  s i z e ;  a r e a s o n a b le  a s s u m p t io n  

m ig h t  th e n  be t h a t  i f  t h e  a n im a l  had had a body mass o f  100 g, i t s  

gonads would have w e ighed  1.2 t im e s  a s  much a s  th o s e  o f  a  t y p i c a l  100 g 

a n im a l ,  o r  30 g. S u b seq u en t  c a l c u l a t i o n s  c o u ld  be based  on t h i s  

e s t i m a t e  o f  gonad s i z e  i n  a c o m p a rab le  " h y p o th e t i c a l "  100 g a n im a l .

The m u l t i p l i c a t i v e  r e l a t i o n s h i p  used  i n  t h i s  exam ple  seems m ost l i k e l y  

t o  me; how ever, th e  r e l a t i o n s h i p  be tw een  o b se rv e d  and e x p e c te d  o rg an  

s i z e  c o u ld  j u s t  a s  e a s i l y  be a d d i t i v e ,  i n  w hich  c a se  t h e  " h y p o t h e t i c a l  

100 g a n im a l"  c o r r e s p o n d in g  t o  t h e  o b se rv e d  50 g a n im a l  would  have  a 

gonad m ass o f  27 g ( e x p e c te d  gonad mass o f  100 g a n im a l  + d i f f e r e n c e  

be tw een  o b se rv e d  and e x p e c te d  50 g a n im a l) .  A d d i t iv e  and 

m u l t i p l i c a t i v e  e f f e c t s  o f  body s i z e  can be r e a d i l y  d i s t i n g u i s h e d  by 

e x a m in a t io n  o f  r e s i d u a l s  from  th e  r e g r e s s i o n  a n a l y s i s .  An a d d i t i v e  

e f f e c t  would show c o n s t a n t  v a r i a n c e  o f  o rgan  s i z e  o v e r  t h e  r an g e  o f  

body s i z e s ,  w h e reas  a  m u l t i p l i c a t i v e  e f f e c t  would show v a r i a n c e  o f  

o rg an  s i z e  p r o p o r t i o n a l  t o  body s i z e .  In  t h e  l a t t e r  c a se ,  l o g a r i t h m i c  

t r a n s f o r m a t i o n  o f  o rgan  s i z e s  p r i o r  t o  r e g r e s s i o n  would be a p p r o p r i a t e .  

I n  g e n e r a l ,  r e s i d u a l s  s h o u ld  be c a r e f u l l y  exam ined  t o  e n s u re  

h o m o s c e d a s c t i c i t y  and an  a p p r o p r i a t e  v a r i a n c e - s t a b i l i z i n g  

t r a n s f o r m a t i o n  a p p l i e d  i f  n e c e s s a ry .  E f f e c t s  on o rg an  s i z e  

a t t r i b u t a b l e  t o  body s i z e  w i l l  g e n e r a l l y  be a d d i t i v e  a f t e r  

t r a n s f o r m a t i o n  p ro d u ces  v a r i a n c e s  c o n s t a n t  o v e r  th e  range  o f  body 

s i z e s .

D e s p i te  t h e i r  e x t e n s i v e  use  i n  c o m p a r iso n  o f  o rg a n s  f o r  a n im a ls  

o v e r  a r a n g e  o f  body s i z e s ,  o rg an  i n d i c e s  m ust be used  w i th  c a u t io n .
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T h e i r  a p p l i c a b i l i t y  i s  d e p e n d en t  upon s e v e r a l  r e s t r i c t i v e  a s s u m p t io n s  

w hich  s h o u ld  be exam ined  f o r  t h e  s p e c i e s  o r  p o p u l a t i o n  i n  q u e s t i o n .  I f  

t h o s e  a s s u m p t io n s  a r e  v i o l a t e d ,  o rg a n  i n d i c e s  a r e  n o t  j u s t i f i e d  

m a th e m a t ic a l l y .  I n a p p r o p r i a t e  u se  o f  o rg a n  i n d i c e s  may s u g g e s t  

d i f f e r e n c e s  w here  none a c t u a l l y  o c c u r  o r  o b s c u re  d i f f e r e n c e s  w hich  a r e  

p r e s e n t .  R e g r e s s io n  a n a l y s i s  a s  d e s c r i b e d  i n  t h i s  a p p en d ix  s e r v e s  bo th  

t o  v e r i f y  t h e  a s s u m p t io n s  u n d e r l y i n g  t h e  use  o f  o rg an  i n d i c e s  and 

p r o v id e s  a  r e a s o n a b le  and s t a t i s t i c a l l y  v a l i d  a l t e r n a t i v e  i f  th o s e  

a s s u m p t io n s  do n o t  ho ld .  The p r i n c i p a l  d i s a d v a n ta g e  o f  t h e  t e c h n iq u e  

d e s c r i b e d  h e r e  i s  t h e  need  f o r  a  f a i r l y  e x t e n s i v e  d a t a  s e t  r e l a t i n g  

o rgan  s i z e  t o  body s i z e  and any o t h e r  p r e d i c t o r s  d e s i r e d .



APPENDIX B

BIOCHEMICAL SEPARATIONS

E s t i m a t i o n  o f  b io c h e m ic a l  com ponents  o f t e n  r e q u i r e s  s e p a r a t i o n  o f  

t h o s e  com ponents  so  t h a t  o t h e r  m a t e r i a l s  do n o t  i n t e r f e r e  w i t h  th e  

a s s a y  o f  a p a r t i c u l a r  b io c h e m ic a l  c l a s s .  I  used  two in d e p e n d e n t  

s e p a r a t i o n  p r o c e d u r e s .  The f i r s t ,  based  on S chm id t and T hannhauser  

(1945), i s o l a t e s  p r o t e i n ,  DNA, and RNA. The o t h e r  s e p a r a t i o n  p ro c e d u re  

i s  b ased  on B l ig h  and Dyer (1959) and Van Handel (1965) and p ro d u ces  

t h r e e  f r a c t i o n s  c o n t a i n i n g  ( 1) t o t a l  l i p i d s ,  (2 ) g ly co g en ,  and (3 ) 

s im p le  r e d u c in g  s u g a r s  and f r e e  amino a c id s .  The use  o f  bo th  

s e p a r a t i o n  p ro c e d u re s  on  two a l i q u o t s  o f  t i s s u e  p ro v id e  s i x  f r a c t i o n s  

w i t h  good s e p a r a t i o n  o f  t h e  se v en  m a jo r  b io c h e m ic a l  c l a s s e s  I  exam ined. 

The two com ponents  w h ich  a p p e a r  i n  th e  same f r a c t i o n ,  s im p le  r e d u c in g  

s u g a r s  and f r e e  amino a c i d s ,  do n o t  s i g n i f i c a n t l y  i n t e r f e r e  w i t h  one 

a n o th e r  by th e  a s s a y  m ethods used.

In  t h e  p r o c e d u r a l  d e s c r i p t i o n s  w hich  f o l lo w ,  s u g g e s te d  vo lum es f o r  

r e a g e n t s  a r e  g iv e n .  These vo lum es a r e  s u i t a b l e  f o r  sam p le  a l i q u o t s  up 

t o  a p p r o x im a te ly  0.1 g d ry  mass. S i g n i f i c a n t l y  l a r g e r  sam p le  a l i q u o t s  

may r e q u i r e  t h a t  some o r  a l l  r e a g e n t  vo lum es be i n c r e a s e d  by th e  same 

f a c t o r .  I n  a d d i t i o n ,  b o th  s e p a r a t i o n  p ro c e d u re s  r e q u i r e  t h r e e  s e t s  o f  

t e s t  tu b e s  c a l i b r a t e d  t o  known vo lum es b e fo r e  U3e; volum es o f  2, 3, 5, 

10, and 15 ml a r e  e s p e c i a l l y  u s e f u l .

S c h m id t-T h a n n h a u se r  S e p a r a t io n

The s e p a r a t i o n  p r o c e d u re  p roposed  by S chm id t  and T hannhauser

1 0 6



107

(1945) makes use  o f  d i f f e r e n t i a l  s u s c e p t i b i l i t y  t o  h y d r o l y s i s  o f  

p r o t e i n ,  DNA, and RNA. In  t h e i r  p o ly m e r iz e d  fo rm , a l l  t h r e e  com ponents  

a r e  i n s o l u b l e  i n  c o ld ,  d i l u t e  t r i c h l o r o a c e t i c  a c id  (TCA) o r  p e r c h l o r i c  

a c id  (PCA). RNA u n d e rg o e s  h y d r o l y s i s  w i t h  m ild  h e a t i n g  i n  p o ta s s iu m  

h y d ro x id e ,  c o n d i t i o n s  u n d e r  w hich  DNA and p r o t e i n  a r e  s t a b l e .  Both 

n u c l e i c  a c i d s  w i l l  h y d ro ly z e  i n  h o t  TCA o r  PCA. The p ro c e d u re  th u s  

e n t a i l s  s e p a r a t i n g  p r o t e i n s  and n u c l e i c  a c id s  from s m a l l e r ,  more 

s o l u b l e  m o le c u le s  by p r e c i p i t a t i o n  i n  TCA o r  PCA, h y d r o l y s i s  o f  RNA i n  

KOH w i t h  s u b s e q u e n t  p r e c i p i t a t i o n  o f  DNA and p r o t e i n  by th e  a d d i t i o n  o f  

TCA o r  PCA, and f i n a l l y  h y d r o l y s i s  o f  DNA i n  PCA. P e r c h l o r i c  a c id  i s  

chosen  f o r  th e  f i n a l  h y d r o l y s i s  o f  DNA because  t h e  p re s e n c e  o f  

p e r c h l o r i c  a c id  en h a n ce s  t h e  s e n s i t i v i t y  o f  t h e  d ip h e n y la m in e  a s sa y  f o r  

DNA ( B u r to n  1 9 6 8 ) .

R e fe re n c e :  Schm id t  and T hannhauser  (1945).

R e a g e n t s :

I .  100% T r i c h l o r o a c e t i c  a c id
S to c k  s o l u t i o n  o f  TCA c o n ta i n in g  100 g t r i c h l o r o a c e t i c  a c id  i n  100 
ml aqueous s o l u t i o n  may be s t o r e d  a t  room t e m p e r a t u r e .  D i l u t e  
s o l u t i o n s  s h o u ld  be made up s h o r t l y  b e f o r e  use .

I I .  10% T r i c h l o r o a c e t i c  a c id
10.0 ml 100% T r i c h l o r o a c e t i c  a c id  s to c k  

100 ml T o ta l  volume w i th  d i s t i l l e d  w a te r

I I I .  5% T r i c h l o r o a c e t i c  a c id
5.0 ml 100% T r i c h l o r o a c e t i c  a c id  s to c k  

100 ml T o ta l  volume w i t h  d i s t i l l e d  w a te r

IV. 0.5 N P e r c h l o r i c  a c id
4.3 ml P e r c h l o r i c  a c id ,  conc.

100 m l T o ta l  volume w i th  d i s t i l l e d  w a te r

V. 1 M P o ta ss iu m  h y d ro x id e
6.6  g P o ta ss iu m  h y d ro x id e  p e l l e t s  (c. 85% KOH)

100 ml T o ta l  volume w i th  d i s t i l l e d  w a te r

VI. 0.3 N P o ta ss iu m  h y d ro x id e
2.0 g P o ta ss iu m  h y d ro x id e  p e l l e t s  (c . 85% KOH)

100 ml T o ta l  volume w i t h  d i s t i l l e d  w a te r
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V I I .  P h o s p h a t e  b u f f e r ,  pH 7 .2 ,  0 .0 0 5  M

V I I I .A b s o lu t e  e th a n o l

IX. 95% e th a n o l

X. H y d ro c h lo r ic  a c id ,  c o n c e n t r a t e d

P ro c e d u re :

(1) Homogenize a l i q u o t  o f  l y o p h i l i z e d  o r  f r e s h  t i s s u e  (up t o  

a p p r o x im a te ly  100 mg d ry  mass) i n  1 ml p h o sp h a te  b u f f e r  a t  0 °C. 

T r a n s f e r  hom ogenate  i n t o  t e s t  tu b e  A; r i n s e  h o m o g en ize r  t h r e e  

t im e s  w i t h  1 ml p h o sp h a te  b u f f e r .  Pool r i n s e s  w i th  hom ogenate .

(2) Add 100% TCA t o  f i n a l  c o n c e n t r a t i o n  o f  10%. I f  hom ogenate  volume

a f t e r  (1) i s  a p p r o x im a te ly  4 m l, add 0.444 ml 100$ TCA. C h i l l  a t

0°C f o r  a t  l e a s t  one hour.

(3) C e n t r i f u g e ,  d i s c a r d  s u p e r n a t a n t .  ( I  g e n e r a l l y  used  an IEC C e n t r a -  

7R r e f r i g e r a t e d  bench to p  c e n t r i f u g e  a t  1650G.)

(4) Wash p r e c i p i t a t e  p e l l e t  by s u s p e n d in g  p e l l e t ,  c e n t r i f u g i n g ,  and 

d i s c a r d i n g  s u p e r n a t a n t .  Wash w i t h :

2 ml 10$ TCA, tw ic e .

2 ml a b s o l u t e  e th a n o l  ( c o ld ) ,  tw ic e .  T h is  s t e p  rem oves bo th

re m a in in g  TCA and e x c e s s  l i p i d .

C a u t io n :  TCA p e l l e t s  te n d  t o  be e x t r e m e ly  f r a g i l e .  I t  may be

n e c e s s a r y  t o  rem ove th e  s u p e r n a t a n t  w i t h  a p a s t e u r  p i p e t  r a t h e r  th a n  by

p o u r in g .

(5) Suspend p r e c i p i t a t e  i n  1 ml 0.3 N KOH. A dequate  s u s p e n s io n  o f  t h e  

p r e c i p i t a t e  may r e q u i r e  s o n i c a t i o n  o r  m e c h a n ic a l  d i s r u p t i o n .  Heat 

a t  37°C f o r  60 m in u te s .

( 6 ) N e u t r a l i z e  w i t h  c o n c e n t r a t e d  HC1: 40 Ml c o n c e n t r a t e d  HC1 f o r  1 ml

0.3  N KOH. Add 100$ TCA t o  a  f i n a l  c o n c e n t r a t i o n  o f  5$ : c . 53 y l
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100% TCA. C h i l l  a t  0 °C f o r  a t  l e a s t  one hour.

(7) C e n t r i f u g e .  T r a n s f e r  s u p e r n a t a n t  t o  tu b e  B.

( 8 ) Wash p r e c i p i t a t e  i n  tu b e  A w i t h  1 ml c o ld  5% TCA. Pool

s u p e r n a t a n t  from  t h i s  s t e p  w i t h  t h a t  from  (7 ).

(9 )  Suspend p r e c i p i t a t e  i n  tu b e  A i n  1 m l 0.5 N HC10j|* S o n i c a t io n  i s

u s u a l l y  s u f f i c i e n t  f o r  s m a l l  s a m p le s ;  l a r g e r  s a m p le s  may r e q u i r e

m e c h a n ic a l  d i s r u p t i o n  o f  th e  p e l l e t .

(10) H eat a t  70°C f o r  15 min. Cool t o  0°C o r  lo w e r  f o r  a t  l e a s t  one 

h o u r .

(11) C e n t r i f u g e ;  t r a n s f e r  s u p e r n a t a n t  t o  tu b e  C. Wash p r e c i p i t a t e  w i t h  

1 m l 0.5 N HCIO4 ; p o o l  s u p e r n a t a n t s  i n  tu b e  C.

(12) R inse  p e l l e t  i n  tu b e  A w i t h  1 ml 95% e t h a n o l ;  d i s c a r d  s u p e r n a t a n t .

(1 3 )  S u s p e n d  p e l l e t  i n  t u b e  A i n  1 M KOH.

(14) B r in g  a l l  t e s t  t u b e s  t o  known volum e.

R e s u l t :

Tube A c o n t a i n s  p r o t e i n ,  tu b e  B c o n t a i n s  h y d ro ly z e d  RNA, and tu b e  

C c o n ta i n s  h y d ro ly z e d  DNA.

B l ig h  and Dver/Van Handel S e p a r a t io n  

T h is  p ro c e d u re  i s  b ased  on a c o m b in a t io n  o f  th e  m onophasic  

c h lo r o f o rm -m e th a n o l  m ethod o f  B l ig h  and Dyer (1959) and th e  g ly co g e n  

i s o l a t i o n  p ro c e d u re  p ro p o sed  by Van H andel (1965). B l ig h  and D yer 's  

te c h n iq u e  p ro d u ce s  l a r g e  y i e l d s  o f  l i p i d  by f i r s t  s u s p e n d in g  th e  sam p le  

i n  a  m onophasic  m ix tu r e  o f  c h lo ro fo rm ,  m e th a n o l ,  and w a te r ,  and th e n  

s e p a r a t i n g  th e  c h lo ro fo rm  phase  from  th e  m e th a n o l - w a te r  phase  by th e  

a d d i t i o n  o f  c h lo ro fo rm  and w a te r .  The i n i t i a l  m onophasic  s o l u t i o n  

r e s u l t s  i n  v e ry  e f f i c i e n t  e x t r a c t i o n  o f  l i p i d s .  The Van Handel
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p ro c e d u re  s e p a r a t e s  g ly c o g e n  from  s im p le  s u g a r s  and f r e e  amino a c id s  by 

t h e  a d s o r p t i o n  o f  g ly c o g e n  o n to  sodium s u l f a t e  i n  an a l c o h o l i c  

s u s p e n s io n ;  b o th  g ly c o g e n  and sodium s u l f a t e  a r e  i n s o l u b l e  i n  a l c o h o l ,  

w h e reas  s im p le  s u g a r s  and f r e e  amino a c i d s  a r e  s o lu b l e .

R e fe re n c e s ;  B l ig h  and Dyer (1959); Van Handel (1965)

R e a g e n ts :

I .  Sodium s u l f a t e
S a t u r a t e d  aqueous  s o l u t i o n .

I I .  3 OH P o ta ss iu m  h y d ro x id e
30 g KOH p e l l e t s

100 ml T o ta l  volume w i th  d i s t i l l e d  w a t e r

I I I .  A b so lu te  m e th a n o l

IV. C hloroform

V. 95% e t h a n o l  

P ro c e d u re :

(1 )  Homogenize sam p le  w i t h  d ry  m ass up t o  a p p ro x im a te ly  100 mg i n  375 

Pi d i s t i l l e d  w a t e r  + 50 Ml s a t u r a t e d  sodium  s u l f a t e .  T r a n s f e r  

hom ogenate  t o  tu b e  A. R in se  h om ogen ize r  tw ic e  w i th  175 Ml w a te r  

each  t im e ;  po o l  r i n s e s  w i t h  hom ogenate  i n  tu b e  A.

(2) R inse  h o m o g en ize r  t h r e e  t im e s  w i th  a t o t a l  o f  2.0 ml a b s o l u t e  

m e t h a n o l  (1 .0  m l,  0 .5  m l ,  0 .5  m l) ;  p o o l  i n t o  t u b e  A.

(3) Add 1.0 ml c h lo ro fo rm  t o  tu b e  A. V or tex .  M ix tu re  s h o u ld  be 

m onophasic  w i t h  Na2S0 j| p r e c i p i t a t e ;  i f  th e  m ix tu r e  i s  b i p h a s i c ,  

add enough m e th a n o l  t o  make i t  m onophasic . L e t  th e  m ix t u r e  s ta n d  

f o r  a t  l e a s t  one hou r  t o  e n s u re  p r e c i p i t a t i o n  o f  g ly c o g e n  and 

e x t r a c t i o n  o f  l i p i d .

(4 )  C e n t r i f u g e .  T r a n s f e r  s u p e r n a t a n t  t o  tu b e  B.

(5 )  R inse  p e l l e t  tw ic e  w i th  1 ml c h lo ro fo rm ;  poo l  r i n s e s  i n  tu b e  B. 

Note: th e  p e l l e t  w i l l  p r o b a b ly  f l o a t  on th e  c h lo ro fo rm  l a y e r ,  so
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t h e  r i n s e  m ust be draw n o f f  w i th  a p a s t e u r  p i p e t .

( 6 ) Suspend p e l l e t  i n  tu b e  A i n  0.3 ml w a te r .  Add 0.7 ml 95% e th a n o l

( to  o b t a i n  1 m l o f  6 6 ? e th a n o l ) .  L e t  s t a n d  i n  f r e e z e r  o v e r n ig h t  

t o  p r e c i p i t a t e  g ly co g e n ,  th e n  c e n t r i f u g e .  T r a n s f e r  s u p e r n a t a n t  t o  

t u b e  C.

(7 )  G e n t ly  warm p e l l e t  i n  tu b e  A t o  remove t r a c e s  o f  e th a n o l .  Add 1.0 

m l 30? KOH; h e a t  a t  100°C f o r  a t  l e a s t  t e n  m in u te s .  Add 2.0 ml 

e th a n o l  and l e t  s t a n d  i n  f r e e z e r  o v e r n ig h t .

( 8 ) C e n t r i f u g e  tu b e  A. D is c a rd  s u p e r n a t a n t .  I f  t h e  s u p e r n a t a n t  i s

p a r t i c u l a r l y  d a rk ,  r i n s e  th e  p e l l e t  a g a in  w i t h  6 6 ? e th a n o l .  (T h is

s t e p  rem oves  p r o t e i n  and n u c l e i c  a c id s . )

(9) Add 1 -  2 ml w a t e r  t o  tu b e  B; v o r te x .  N ote: s t r i c t  a d h e re n c e  to  

t h e  B l ig h  and Dyer p ro c e d u re  r e q u i r e s  t h e  a d d i t i o n  o f  1 ml 

c h lo ro fo rm  t o t a l  i n  (5) and 1 ml w a t e r  h e re .  Because I  u sed  a 

t o t a l  o f  2 ml c h lo r o f o rm  i n  t h e  r i n s e s  i n  (5), I  a l s o  used  2 ml 

w a t e r  i n  t h i s  s t e p ;  t h e  f i n a l  outcom e s h o u ld  be a p p ro x im a te ly  t h e  

same.

(10) C e n t r i f u g e  tu b e  B t o  b re a k  t h e  e m u ls io n .  T r a n s f e r  m e thano l  l a y e r  

t o  t u b e  C.

(11) I f  t h e  m e th a n o l  l a y e r  c a n n o t  be q u a n t i t a t i v e l y  (o r  n e a r l y  

q u a n t i t a t i v e l y )  t r a n s f e r r e d ,  r e - e x t r a c t  th e  c h lo ro fo rm  l a y e r  i n  

tu b e  B w i th  1 ml w a te r ;  poo l i n  tu b e  C.

(12) B r in g  a l l  tu b e s  t o  known volume.

R e s u l t :

Tube A c o n t a i n s  g ly c o g e n  a d so rb e d  on sodium s u l f a t e ,  tu b e  B

c o n t a i n s  l i p i d  d i s s o l v e d  i n  c h lo ro fo rm ,  and tu b e  C c o n t a i n s  bo th  s im p le

re d u c in g  s u g a r s  and f r e e  amino a c id s .



APPENDIX C

BIOCHEMICAL ASSAYS

The f o l l o w i n g  b io c h e m ic a l  a s s a y s  may be r e a d i l y  m o d if ie d  by 

i n c r e a s i n g  o r  d e c r e a s in g  r e a g e n t s  and sa m p le s  by th e  same f a c t o r ;  v e ry  

good r e a s o n s  f o r  a l t e r i n g  th e  amount o f  r e a g e n t  u sed  in c l u d e :  l i m i t e d  

amount o f  sam p le  a v a i l a b l e ,  minimum f i n a l  volume r e a d a b l e  i n  th e  

s p e c t r o p h o to m e te r ,  and a  need o r  d e s i r e  t o  c o n s e rv e  r e a g e n t s .  In  some 

c a s e s ,  i t  may be p o s s i b l e  and d e s i r a b l e  t o  a l t e r  r e l a t i v e  q u a n t i t i e s  o f  

s am p le  and r e a g e n t ,  u s u a l l y  i n c r e a s i n g  th e  amount o f  sam p le  r e l a t i v e  t o  

r e a g e n t  i n  o r d e r  t o  i n c r e a s e  a s s a y  s e n s i t i v i t y .  Any such  changes  m ust 

be i n v e s t i g a t e d  on a  c a s e - b y - c a s e  b a s i s ;  w here  I  have  i n f o r m a t i o n  on 

t h e  f e a s i b i l i t y  o f  p r o c e d u r a l  changes , e i t h e r  a s  a r e s u l t  o f  my own 

e f f o r t s  o r  from  p u b l i s h e d  s o u rc e s ,  I  have in c lu d e d  t h a t  i n f o r m a t i o n  i n  

th e  d e t a i l e d  p ro c e d u re s  below.

Each t im e  an a s s a y  i s  p e rfo rm e d ,  one s h o u ld  i n c l u d e  a s eq u en ce  o f  

s t a n d a r d s  c o v e r in g  e i t h e r  t h e  r a n g e  o f  c o n c e n t r a t i o n s  i n  th e  s a m p le s  

o r ,  i f  t h e  r a n g e  o f  sa m p le  c o n c e n t r a t i o n s  i s  unknown, t h e  e f f e c t i v e  

r a n g e  o f  t h e  a s sa y .  M inor and i n e v i t a b l e  v a r i a t i o n s  i n  t e c h n iq u e  o r  

r e a g e n t s  can i n t r o d u c e  s i g n i f i c a n t  v a r i a t i o n s  i n  th e  s t a n d a r d  c u rv e s  

t h a t  r e s u l t ;  h ence ,  i t  i s  i m p o r t a n t  t h a t  a s t a n d a r d  c u rv e  be g e n e r a te d  

f o r  each  p e rfo rm a n c e  o f  an a s sa y  a t  t h e  t im e  t h e  a s s a y  i s  pe rfo rm ed .  

S u b s e q u e n t ly ,  s t a n d a r d  c u rv e s  w hich  do n o t  d i f f e r  s i g n i f i c a n t l y  may be 

p o o le d .
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Lowrv Assay f o r  P r o t e i n  

The use  o f  t h e  F o l i n - C i o c a l t e a u  pheno l  r e a g e n t  f o r  t h e  

s p e c t r o p h o t o m e t r i c  d e t e r m i n a t i o n  o f  p r o t e i n  was f i r s t  p roposed  by Wu 

(1922), b u t  i s  commonly a t t r i b u t e d  t o  Lowrv e t  a l .  (1951), who 

d e s c r i b e d  i t s  a d v a n ta g e s  and l i m i t a t i o n s  i n  d e t a i l .  The p ro c e d u re  

d e s c r i b e d  h e r e  u s e s  t h e  r e a g e n t  m o d i f i c a t i o n s  s u g g e s te d  by Oyama and 

E a g l e  ( 1 9 5 6 ) .

The Lowry a s s a y  i s  v e ry  s e n s i t i v e  ( t o  1 ug  p r o t e i n  o r  l e s s ) ,  i s  

r e l a t i v e l y  s im p le  t o  p e rfo rm ,  and i s  n o t  s u b j e c t  t o  e x tre m e  

i n t e r f e r e n c e  by m ost s u b s t a n c e s  e n c o u n te re d  i n  b i o l o g i c a l  work (Lowry 

e t  a l .  1951). M ajor d i s a d v a n ta g e s  t o  t h e  Lowry a s s a y  i n c l u d e :  (1) 

am ount o f  c o l o r  p roduced  by a  g iv e n  m ass o f  p r o t e i n  v a r i e s  w i t h  

d i f f e r e n t  p r o t e i n s ;  ( 2 ) o p t i c a l  d e n s i t y  i s  n o t  s t r i c t l y  p r o p o r t i o n a l  t o  

p r o t e i n  c o n c e n t r a t i o n ,  r e q u i r i n g  u se  o f  n o n - l i n e a r  s t a n d a r d  c u rv e s ;  (3 ) 

a s s a y  s e n s i t i v i t y  can  be a f f e c t e d  by p u r e ly  m e c h a n ic a l  d e t a i l s  o f  

p ro c e d u re ,  such  as  t im e  from  a d d i t i o n  o f  pheno l r e a g e n t  t o  m ix in g  

(Oyama and E ag le  1956).

R e f e r e n c e s : Lowry e t  a l .  (1951); Oyama and E ag le  (1956)

E f f e c t i v e  Range: c. 10 -  250 yg; s e n s i t i v i t y  can be g r e a t l y

i n c r e a s e d  by p r o c e d u r a l  m o d i f i c a t i o n s  ( s e e  Lowry 

e t  a l .  1 951 ) .

R e a g e n ts :

I .  P r o t e i n  s t a n d a r d .
Aqueous s o l u t i o n s  o f  a p p r o x im a te ly  250 y g /m l  a r e  u s e f u l ,  b u t  
h i g h e r  c o n c e n t r a t i o n s  (up t o  a b o u t  1 mg/m l) can be used . For 
a s s a y  o f  t o t a l  p r o t e i n ,  e i t h e r  bov ine  serum  a lb u m in  o r  bov ine  
gamma g l o b u l i n  a r e  f r e q u e n t l y  u sed  s t a n d a r d s ;  I  used  bov ine  serum 
a lb u m in  c o n s i s t e n t l y .  S t o r e  f ro z e n .

I I .  A lk a l in e  t a r t r a t e
20.0  g  NapCOo

4.0  g NaOH
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0.2 g Sodium p o ta s s iu m  t a r t r a t e
1.0 1 F i n a l  volume i n  d i s t i l l e d  w a t e r

I I I .  0.5il C upric  s u l f a t e
5 .0  g CuSO^HpO
1.0 1 F i n a l  volume i n  d i s t i l l e d  w a t e r

IV. A lk a l in e  co p p e r  t a r t r a t e
50.0 ml A lk a l in e  t a r t r a t e  s o l u t i o n  (R eagen t I I )

1.0 ml 0.5% C upric  s u l f a t e  (R eagen t I I I )
Make on  day  o f  u s e .

V. F o l i n - C i o c a l t e a u  r e a g e n t
D i l u t e  c o m m e rc ia l  F o l i n - C i o c a l t e a u  ph en o l  r e a g e n t  (2N) w i t h  
an e q u a l  volume o f  d i s t i l l e d  w a te r .

P r o c e d u r e :

(1) Sam ples  and s t a n d a r d s  d i l u t e d  i f  n e c e s s a r y  t o  1 ml t o t a l  volum e.

(2) Add 5 ml o f  a l k a l i n e  copper  t a r t r a t e  (R eagen t IV) and m ix  w e l l .

(3) Add 0.5 ml o f  F o l i n - C i o c a l t e a u  r e a g e n t  (R eagen t V) and im m e d ia te ly  

m ix  w e l l .  A c o n v e n ie n t  way t o  do t h i s  c o n s i s t e n t l y  i s  t o  add th e  

pheno l  r e a g e n t  w h i l e  th e  sam p le  i s  b e in g  v o r te x e d .  I n c o n s i s t e n c y  

i n  t h i s  s t e p  can  l e a d  t o  v a r i a b l e  (and u n p r e d i c t a b l e )  a s s a y  

r e s u l t s .

(4) L e t  s t a n d  a t  room t e m p e r a t u r e  f o r  30 m in u te s .  C o lo r  i s  s t a b l e  f o r  

a p p ro x im a te ly  two ho u rs .

(5) Read ab so rb a n c e  i n  s p e c t r o p h o to m e t e r  a t  e i t h e r  550 run o r  750 nm. 

( S e n s i t i v i t y  i s  s l i g h t l y  g r e a t e r  a t  th e  l a t t e r  w a v e le n g th ,  w h ich  

i s  t h e  ab so rb a n c e  maximum.)

B ra d fo rd  Assay f o r  P r o t e i n  

The p r o t e i n  a s s a y  d e s c r i b e d  by B ra d fo rd  (1976) i s  based  on th e  

c o l o r  change o f  C oom assie  B r i l l i a n t  B lue G-250 upon b in d in g  o f  t h e  dye 

t o  p r o t e i n .  The s e n s i t i v i t y  o f  t h i s  a s s a y  i s  c o m p a rab le  t o  t h a t  o f  th e  

Lowry a s sa y .  In  a d d i t i o n ,  t h e  B ra d fo rd  a s s a y  h a s  s e v e r a l  d i s t i n c t  

a d v a n ta g e s .  (1) I t  i s  b o th  f a s t e r  and e a s i e r  t o  p e rfo rm  th a n  t h e  Lowry



115

a s s a y .  (2) I t  i s  l e s s  s u b j e c t  t o  i n t e r f e r e n c e  from  n o n - p r o t e i n  

s u b s ta n c e s  th a n  th e  Lowry method. (3) A c o m m e rc ia l  r e a g e n t  i s  

a v a i l a b l e  (B io-R ad L a b o r a t o r i e s ) ,  i n c r e a s i n g  c o n s i s t e n c y  among a s s a y s .  

I t s  p r i n c i p a l  d i s a d v a n ta g e  i s  v a r i a b i l i t y  i n  r e s p o n s e  t o  d i f f e r e n t  

p r o t e i n s .  L ike  t h e  Lowry a s s a y ,  th e  o p t i c a l  d e n s i t y  produced  by a

g iv e n  c o n c e n t r a t i o n  o f  p r o t e i n  v a r i e s  c o n s id e r a b ly  among p r o t e i n s .  In

p a r t i c u l a r ,  t h e  c o lo r  dev e lo p m en t i s  c o n s id e r a b ly  g r e a t e r  w i t h  bo v in e  

serum a lb u m in  th a n  w i t h  m ost o t h e r  p r o t e i n s  (Bio-Rad 1981), so  t h a t  

e i t h e r  a c o r r e c t i o n  f a c t o r  m ust be in c lu d e d  o r  an a l t e r n a t i v e  s t a n d a r d  

m ust be used  f o r  d e t e r m i n a t i o n  o f  a b s o l u t e  p r o t e i n  c o n c e n t r a t i o n s .

(Any p u r i f i e d  p r o t e i n  i s  u s e a b le  i f  o n ly  r e l a t i v e  v a lu e s  o f  p r o t e i n  

c o n c e n t r a t i o n  a r e  r e q u i r e d . )

R e f e re n c e : B ra d fo rd  (1976)

E f f e c t i v e  R ange: c . 20  -  140 yg by s t a n d a r d  p r o c e d u r e ;  c . 1 -  20 yg

by m ic r o a s s a y  p ro ce d u re .

R e a g e n ts :

I .  P r o t e i n  s t a n d a r d
Aqueous s o l u t i o n  o f  p u r i f i e d  p r o t e i n  a t  a  c o n c e n t r a t i o n  o f  
a p p r o x im a te ly  1.4 mg/ml. S to r e  f ro z e n .

I I .  B ra d fo rd  dye r e a g e n t  c o n c e n t r a t e
A v a i l a b l e  c o m m e rc ia l ly  from Bio-Rad L a b o r a t o r i e s .  The 
c o m m e rc ia l  dye c o n c e n t r a t e  u s e s  m e th a n o l  r a t h e r  th a n  e th a n o l .  
100 mg Coom assie  B r i l l i a n t  Blue G-250
50 ml 95* e th a n o l

D is s o lv e  dye i n  a lc o h o l ,  th e n  add:
100 ml 85* (w/v) p h o s p h o r ic  a c id
D i l u t e  w i t h  d i s t i l l e d  w a t e r  to  a f i n a l  volum e o f  200 ml.

I I I .  D i lu te d  B ra d fo rd  dye r e a g e n t
1 p a r t  B ra d fo rd  dye r e a g e n t  c o n c e n t r a t e  (R eagen t I I )
4 p a r t s  d i s t i l l e d  w a te r  

F i l t e r  (Whatman No. 1 o r  e q u iv a l e n t )  b e f o r e  u se .  May be 
s t o r e d  a t  room t e m p e r a t u r e  f o r  up t o  two weeks.
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P ro c e d u re :  S ta n d a rd  a s s a y  (c. 20 ^  140 n.g. p r o t e i n )

(1) S am ples  and s t a n d a r d s  d i l u t e d  w i t h  d i s t i l l e d  w a t e r  o r  sam ple  

b u f f e r  t o  0.1 ml t o t a l  volume.

(2) Add 5 .0  ml d i l u t e d  dye r e a g e n t  (R eagen t  I I I ) .

(3) V or tex ,  a v o id in g  e x c e s s i v e  foam ing , o r  m ix s e v e r a l  t im e s  by 

i n v e r s i o n .

(4) L e t  s t a n d  a t  room t e m p e r a t u r e  f o r  a t  l e a s t  f i v e  m in u te s .  C o lo r  i s  

s t a b l e  f o r  a p p ro x im a te ly  one hour.

(5 )  Read a b so rb a n c e  i n  s p e c t r o p h o to m e te r  a t  595 ran.

P ro c ed u re :  M ic ro a s s a v  (c . 1 -  20 u«  p r o t e i n ,  < 25 ]ig /m l)

(1) Sam ples  and s t a n d a r d s  d i l u t e d  w i t h  d i s t i l l e d  w a t e r  o r  sam ple  

b u f f e r  t o  0.8  ml t o t a l  volume.

(2) Add 0.2 ml dye r e a g e n t  c o n c e n t r a t e  (R eagen t I I ) .

(3) V o r tex  g e n t l y  o r  m ix  by i n v e r s i o n .

(4) L e t  s t a n d  a t  room t e m p e r a t u r e  f o r  a t  l e a s t  f i v e  m in u te s .  C o lo r  i s  

s t a b l e  f o r  a p p r o x im a te ly  one hour .

(5) Read a b so rb a n c e  i n  s p e c t r o p h o to m e te r  a t  595 nm.

D iphenvlam ine  Assay f o r  DNA 

F i r s t  d e s c r ib e d  by D ische  (1930), t h e  r e a c t i o n  be tw een  

d ip h e n y la m in e  and d e o x y r ib o s e  i s  commonly u sed  f o r  s p e c t r o p h o t o m e t r i c  

d e t e r m i n a t i o n  o f  DNA; t h e  a n a l y s i s  i s  r e l a t i v e l y  s im p le  t o  pe rfo rm  and 

s p e c i f i c  f o r  d e o x y r ib o s e .  The o r i g i n a l  a s s a y  p ro c e d u re  was m o d if ie d  

(B u r to n  1956) t o  o b t a i n  g r e a t e r  s e n s i t i v i t y  by ad d in g  p e r c h l o r i c  a c id  

and a c e ta ld e h y d e  and d e v e lo p in g  th e  c o lo r  f o r  17 h o u rs  a t  30°C. The 

p ro c e d u re  d e s c r ib e d  h e r e  ( T i l l i n g h a s t ,  p e r s o n a l  com m un ica t ion )  d i f f e r s  

from  B u r to n 's  (1956) m o d i f i c a t i o n  o n ly  i n  t h e  c o n c e n t r a t i o n  o f
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acetaldehyde used, which i s  four tim es that in  Burton's diphenylamine 

reagent.

A p p a re n t ly ,  r e l a t i v e l y  few s u b s ta n c e s  s e r i o u s l y  i n t e r f e r e  w i th  

c o l o r  d e v e lo p m en t  o r  p roduce  s p u r i o u s  c o l o r  (B u r to n  1956). P r o t e i n  may 

s i g n i f i c a n t l y  i n h i b i t  d e v e lo p m en t  o f  c o lo r ,  e s p e c i a l l y  i f  t h e  p r o t e i n

h a s  been t r e a t e d  w i t h  a l k a l i  (B u r to n  1968). T h is  may be th e  c au se  o f

one o f  t h e  more f r u s t r a t i n g  f e a t u r e s  o f  t h e  d ip h e n y la m in e  a s s a y :  a t  low 

c o n c e n t r a t i o n s  o f  DNA, i t  i s  n o t  u n u s u a l  t o  o b t a i n  o p t i c a l  d e n s i t i e s  

l e s s  th a n  t h a t  o f  t h e  b la n k ,  even  i f  p r o t e i n  p r e c i p i t a t e  h as  been 

c o m p le te ly  rem oved.

R e f e r e n c e :  B u r to n  (1956, 1968)

E f f e c t i v e  Range: c. 10 -  200 Mg/ml

R e a g e n ts :

I .  DNA S ta n d a rd .  A p p ro x im a te ly  200 Mg/ml.
D is s o lv e  DNA a t  a p r e c i s e l y  known c o n c e n t r a t i o n  o f  a p p ro x im a te ly  
400 Mg/ml i n  0.005 N NaOH. S o n i c a t i o n  i s  u s e f u l  f o r  r a p i d  
s o l u t i o n  o f  DNA. Add an  e q u a l  volume o f  1 N HCIO4 and h e a t  a t
70°C f o r  15 min. S t o r e  f ro z e n .

I I .  0.005 N Sodium h y d ro x id e
20 mg Sodium h y d ro x id e  

100 ml T o t a l  volum e w i th  d i s t i l l e d  w a te r

I I I .  1 N P e r c h l o r i c  a c id
8.6 ml P e r c h l o r i c  a c id  (HCIO^), c o n c e n t r a t e d  (c. 70%)

100 ml T o ta l  volume w i th  d i s t i l l e d  w a te r

IV. 0.5 N P e r c h l o r i c  a c id
4.3 ml P e r c h l o r i c  a c id ,  c o n c e n t r a t e d  

100 ml T o t a l  volum e w i th  d i s t i l l e d  w a te r

V. A c e ta ld e h y d e ,  32 mg/ml
2 .0  ml A c e ta ld e h y d e  ( c o l d :  0 -  4°C)

5 0 .0  ml D i s t i l l e d  w a te r  
Add a c e t a ld e h y d e  t o  w a t e r  w i th  a  co o le d  p i p e t .  S o l u t i o n  i s
s t a b l e  f o r  s e v e r a l  m onths  a t  4°C i n  a w e l l - s t o p p e r e d  b o t t l e .

V I. D ipheny lam ine  r e a g e n t .  A d ju s t  q u a n t i t i e s  t o  p ro v id e  a d e q u a te  
amount f o r  a s s a y s .
Mix i n  o r d e r :

100 ml G l a c i a l  a c e t i c  a c id
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1.5 g D ip heny lam ine
1.5 ml S u l f u r i c  a c id ,  c o n c e n t r a t e d
1.0 ml A c e ta ld e h y d e ,  32 mg/ml aqueous s o l u t i o n  

Make on day on u se ,  add  a c e ta ld e h y d e  j u s t  b e f o r e  use .

P ro c e d u re :

(1 )  S am ples  and s t a n d a r d s  up t o  1 ml volume, d i l u t e d  w i t h  0.5 N 

p e r c h l o r i c  a c id  t o  1 ml.

(2) Add 2 ml d ip h e n y la m in e  r e a g e n t .

(3) S e a l  w i t h  s to p p e r  o r  p a r a f i l m .

(4) I n c u b a te  a t  30°C f o r  a p p ro x im a te ly  18 h o u rs  ( a l th o u g h  a c i d - t r e a t e d

DNA a c h ie v e s  maximum c o lo r  i n  a b o u t  7 h o u rs ) .

(5) Read i n  s p e c t r o p h o to m e t e r  a t  600 nm.

O r c in o l  Assay f o r  RNA 

D ische  and Schwarz (1937) f i r s t  a p p l i e d  t h e  o r c i n o l  r e a c t i o n  f o r  

d e t e r m i n a t i o n  o f  RNA. The s t a n d a r d  p ro c e d u re  f o r  t h e  a s sa y ,  a s  

d e s c r i b e d  by Munro and F le c k  (1966), i s  s u b j e c t  t o  i n t e r f e r e n c e  from 

s im p le  s u g a r s  and DNA; t h e r e f o r e ,  t h e s e  s u b s t a n c e s  m ust f i r s t  be 

rem oved from  t h e  sam p le  (ej_ by t h e  S c h m id t -T h a n n h a u se r  m ethod 

d e s c r i b e d  i n  Appendix B). Almog and S h i r e y  (1978) d e s c r i b e d  a 

m o d i f i c a t i o n  o f  th e  s t a n d a r d  a s s a y  w hich  i s  much l e s s  s e n s i t i v e  to  

i n t e r f e r e n c e  by DNA. The m o d if ie d  o r c i n o l  p ro c e d u re  r e l i e s  upon 

d i f f e r e n c e  i n  r e a c t i o n  p r o d u c t s  when DNA and RNA a r e  in c u b a te d  i n  a c id .  

Under a c i d i c  c o n d i t i o n s ,  r i b o s e  s u g a r  i n  RNA i s  c o n v e r te d  t o  f u r f u r a l ,  

w hich  r e a c t s  w i t h  o r c i n o l ;  u n d e r  s i m i l a r  c o n d i t i o n s ,  d e o x y r ib o s e  s u g a r  

i n  DNA i s  c o n v e r te d  m a in ly  t o  l e v u l i n i c  a c id ,  w hich  does  n o t  

s u b s e q u e n t ly  r e a c t  w i t h  o r c i n o l .

Both t h e  s t a n d a r d  o r c i n o l  a s s a y  and t h e  m o d i f ie d  p ro c e d u re  o f  

Almog and S h i r e y  (1978) a r e  d e s c r i b e d  h e re .  The s t a n d a r d  o r c i n o l  a s s a y



119

was u se d  f o r  a n a l y s i s  o f  RNA i n  C h ap te r  I I ;  t h e  m o d i f ie d  p ro c e d u re  was 

u sed  f o r  RNA a n a l y s i s  i n  C h a p te r  IV. The p r i n c i p a l  a d v a n ta g e  o f  t h e  

m o d i f ie d  p ro c e d u re  i s  t h a t  RNA and DNA need n o t  be s e p a r a t e d  f o r  

a n a l y s i s .  Thus, a  s i m p l e r  s e p a r a t i o n  p ro c e d u re  can  be used . However, 

t h e  m o d i f ie d  p ro c e d u re  r e q u i r e s  an a d d i t i o n a l  2 4 -h o u r  i n c u b a t io n .  

R e fe re n c e ;  Munro and F le c k  (1966); Almog and S h i r e y  (1978)

E f f e c t i v e  Range; S ta n d a rd  p ro c e d u re :  c. 5 -  100 y g / m l

M o d if ied  p r o c e d u re :  c .  1 0 - 3 0 0  yg/m l

R e a g e n t s :

I .  0.5 N P o ta ss iu m  h y d ro x id e
3.3  g KOH p e l l e t s ,  c . 85* K0H 

100 ml T o t a l  volum e w i th  d i s t i l l e d  w a t e r

I I .  85* S u l f u r i c  a c id
15 .0  ml D i s t i l l e d  w a te r
85 .0  ml S u l f u r i c  a c id ,  c o n c e n t r a t e d

I I I .  F e r r i c  c h l o r i d e  s to c k
10 g FeC l3*6 H2°

100 ml T o ta l  volum e w i th  d i s t i l l e d  w a t e r

IV. Acid f e r r i c  c h l o r i d e
0.5 ml F e r r i c  c h l o r i d e  s to c k  

100 ml H y d ro c h lo r ic  a c id ,  conc.

V. A lc o h o l i c  o r c i n o l
0.6 g O r c in o l

10 ml 95* e th a n o l

V I. 6 * o r c i n o l ,  aqueous s o l u t i o n
0 .6  g O r c in o l

10 .0  ml D i s t i l l e d  w a te r

V II . S ta n d a r d  o r c i n o l  r e a g e n t
O p t io n a l ;  can  e i t h e r  combine r e a g e n t s  f i r s t ,  o r  add t o  sam p le  
s e p a r a t e l y .  ( I  u s u a l l y  d id  t h e  l a t t e r . )  60 ml
Acid f e r r i c  c h l o r i d e

4 ml A lc o h o l i c  o r c i n o l

V I I I .  M o d if ied  o r c i n o l  r e a g e n t
0 .3 5  ml 6 * o r c i n o l ,  aqueous s o l u t i o n
5 .0 0  ml H y d r o c h lo r ic  a c id ,  c o n c e n t r a t e d
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IX. RNA s t a n d a r d
D is s o lv e  known q u a n t i t y  o f  RNA i n  0.5 N KOH a t  a 
c o n c e n t r a t i o n  o f  a p p r o x im a te ly  100  P g /m l  ( f o r  m o d i f ie d  
o r c i n o l  p ro c e d u re ,  a  h i g h e r  c o n c e n t r a t i o n  i s  d e s i r e a b l e ,  up 
t o  c. 500 P g /m l) .  Allow h y d r o l y s i s  t o  p ro ce e d  a t  room 
t e m p e r a tu r e  f o r  24 -  48 h o u rs .

S ta n d a rd  P r o c e d u r e :

(1) S am ples  and s t a n d a r d s  up t o  1 ml, d i l u t e d  t o  1 ml t o t a l  volum e 

w i th  d i s t i l l e d  w a te r .

(2 )  Add 2 ml a c id  f e r r i c  c h l o r i d e  and 0.133 ml a l c o h o l i c  o r c i n o l  ( o r  

2.133 ml o r c i n o l  r e a g e n t ) .  N ote: s t a n d a r d  p ro c e d u re  a s  d e s c r i b e d  

by Almog and S h i r e y  (1978) u s e s  6% aqueous s o l u t i o n  o f  o r c i n o l  

r a t h e r  th a n  a l c o h o l i c  o r c i n o l .

(3) H e a t  a t  1 00°C f o r  20 m in .  C o o l .

(4) Read a b so rb a n c e  i n  s p e c t r o p h o to m e t e r  a t  660 nm.

M o d if ied  P r o c e d u r e :

(1 )  S am ples  and s t a n d a r d s  up t o  1.0 m l, d i l u t e d  t o  1.0 ml w i t h  

d i s t i l l e d  w a te r .

(2) Add 4 .0  ml 85* s u l f u r i c  a c i d .  I n c u b a te  a t  40°C f o r  24 h .

(3 )  Add 0.1  ml o f  m o d if ie d  o r c i n o l  r e a g e n t .  Mix th o ro u g h ly .

(4) I n c u b a te  a t  100°C f o r  30 min.

(5 )  Read a b so rb a n c e  i n  s p e c t r o p h o to m e te r  a t  500 nm.

A nthrone  Assay f o r  S u g a rs  ( Glvcogen and S im p le  Sugars)  

C o n d i t io n s  and p ro c e d u re s  n e c e s s a r y  f o r  th e  s im p le  and 

r e p r o d u c ib l e  d e t e r m i n a t i o n  o f  c a r b o h y d r a te s  w i t h  a n th r o n e  w ere  

d e s c r ib e d  by S e i f t e r  e t  a l .  (1950). The m ost  i m p o r t a n t  r e q u i r e m e n t  i s  

t h a t  a l l  a s s a y  tu b e s  be h e a te d  u n i fo r m ly .  T h is  c o n d i t i o n  can  be 

c o n v e n ie n t ly  m et by ad d in g  r e a g e n t  t o  sam p le  and s t a n d a r d  s o l u t i o n s  

w h i l e  t h e  a s s a y  tu b e s  a r e  i n  an  i c e - w a t e r  b a th ,  and m ix in g  r e a g e n t  and
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t e s t  s o l u t i o n s  c o m p le te ly  w h i l e  k e e p in g  th e  tu b e s  c o ld .  The second 

m a jo r  c o n d i t i o n  d e s c r i b e d  by S e i f t e r  e t  a l .  (1950) i s  t h a t  i n c u b a t i o n  

i n  b o i l i n g  w a t e r  p roceed  f o r  o n ly  9-10  min., w i t h  th e  tu b e s  p ro m p t ly  

r e t u r n e d  t o  i c e - w a t e r  a t  t h e  end o f  in c u b a t io n .

I f  g lu c o s e  i s  u sed  a s  a  s t a n d a r d ,  a s sa y e d  c a r b o h y d r a te s  w i l l  be 

g iv e n  as  " g l u c o s e - e q u i v a l e n t s . "  I f ,  f o r  exam ple, a b s o l u t e  am ounts  o f  

g ly c o g e n  a r e  d e s i r e d ,  i t  i s  n e c e s s a r y  t o  c o n v e r t  t h i s  " g lu c o s e -  

e q u iv a l e n t "  m ass  t o  g ly c o g e n  m ass. The a p p r o p r i a t e  c o n v e r s io n  f a c t o r  

(M o r r is  19-48) i s  1.11; A*, e u  g ly co g e n  m ass e q u a l s  e s t i m a t e d  g lu c o s e  

e q u i v a l e n t  d iv id e d  by 1. 11 .

I n  some a n a ly s e s  f o r  s im p le  s u g a r s ,  I  n o t i c e d  t h a t  th e  no rm al 

b r i g h t  g r e e n  p roduced  by r e a c t i o n  o f  c a rb o h y d r a te  w i t h  a n th ro n e  was 

r e p l a c e d  w i t h  d u l l  o l i v e  o r  o c c a s i o n a l l y  o r a n g e - r e d .  Both o f  t h e s e  

u n u s u a l  c o l o r s  can  be a t t r i b u t e d  t o  th e  p re s e n c e  o f  t ry p to p h a n  i n  th e  

sa m p le  ( S e i f t e r  e t  a l .  1950): o l i v e  c o l o r a t i o n  p ro b a b ly  r e s u l t s  from  

c o m b in a t io n  o f  o r a n g e - r e d  c o l o r  a t t r i b u t e d  t o  t ry p to p h a n  w i t h  th e  u s u a l  

g r e e n  c a rb o h y d r a te  p ro d u c t .  The o r a n g e - r e d  c o l o r  p roduced  by r e a c t i o n  

o f  t r y p to p h a n  w i t h  a n th r o n e  h a s  maximum a b so rb a n c e  a t  515 nm and 

n e g l i g i b l e  a b s o rb a n c e  a t  620 nm ( S e i f t e r  e t  a l .  1950). Hence, p r e s e n c e  

o f  t ry p to p h a n  p r o b a b ly  does  n o t  s e r i o u s l y  i n t e r f e r e  w i t h  d e t e r m i n a t i o n  

o f  c a r b o h y d r a t e s .

R e f e r e n c e :  S e i f t e r  e t  a l .  (1950)

E f f e c t i v e  Range: c. 5 -  300 Mg/ml

R e a g e n ts :

I .  95? S u l f u r i c  a c id .
5 ml D i s t i l l e d  w a t e r

95 ml S u l f u r i c  a c id ,  conc.
Add a c id  t o  w a t e r  s lo w ly ,  i n  an  i c e  b a th .
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I I .  A nthrone r e a g e n t
0.2  g A nthrone 

100 ml 95* s u l f u r i c  a c id

I I I .  G lucose  s t a n d a r d
P re p a re  g lu c o s e  s t a n d a r d  i n  w a t e r  a t  a  c o n c e n t r a t i o n  o f  
a p p r o x im a te ly  0.3 mg/ml.

P ro c e d u re :

(1 )  S am ples  and s t a n d a r d s  up t o  1 ml, d i l u t e d  w i t h  w a te r  t o  a  t o t a l  

volume o f  1 ml.

(2 )  Cool a l l  a s s a y  tu b e s  and a n th r o n e  r e a g e n t  t o  0°C i n  an  i c e  b a th .  

Leave a s s a y  tu b e s  i n  an  i c e  b a th  w h i le  r e a g e n t  i s  added.

(3) Add 2 ml a n th r o n e  r e a g e n t .

(4) S w i r l  a s s a y  tu b e s  i n  an  i c e  b a th  t o  mix. C om plete  m ix in g  by

v o r t e x i n g .

(5 )  H eat a t  100°C f o r  10 m in u te s .  Cool i n  an  i c e  b a th  t o  below room 

t e m p e r a tu r e .

( 6 ) Read i n  s p e c t r o p h o to m e te r  a t  620 nm.

N ote : P r e c i s i o n  o f  t h e  a s s a y  depends upon c o n s i s t e n t  h e a t i n g  among a l l

a s s a y  tu b e s .  Because o f  t h e  h ig h  h e a t  o f  s o l u t i o n  f o r  t h e  95* s u l f u r i c  

a c id  r e a g e n t ,  th e  tu b e s  s h o u ld  be l e f t  i n  an  i c e  b a th  w h i l e  th e  

a n th r o n e  r e a g e n t  i s  added and th e  c o n te n t s  a r e  mixed.

N in h v d r in  Assay f o r  Amino A cids 

N in h y d r in  i s  commonly u sed  a s  a  r e a g e n t  f o r  th e  s p e c t r o p h o to m e t r i c  

d e t e r m i n a t i o n  o f  amino a c i d s ;  t h e  a s s a y  i s  e x t r e m e ly  s e n s i t i v e .

C o lo red  r e a c t i o n  p r o d u c t s  a r e  fo rm ed  n o t  on ly  from  amino a c id s ,  b u t  

f rom  any s u b s ta n c e s  c o n t a i n i n g  f r e e  amino g roups .  Thus, a s s a y  o f  f r e e  

am ino a c id s  r e q u i r e s  t h e  rem ova l  o f  p r o t e i n s  from  th e  sam ple .

A p o t e n t i a l l y  t ro u b le s o m e  d i s a d v a n ta g e  f o r  q u a n t i t a t i v e  w ork i s  

t h a t  t h e  c o lo r  y i e l d  v a r i e s  f o r  d i f f e r e n t  amino a c id s .  F o r tu n a t e ly ,
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t h e  c o l o r  y i e l d s  f o r  m ost  amino a c i d s  f a l l s  i n t o  a  f a i r l y  na rrow  r a n g e  

(Moore and S t e i n  1949). C o n se q u e n tly ,  u n l e s s  t h e  am ino a c id  

c o m p o s i t io n  i s  s u b j e c t  t o  c o n s id e r a b l e  v a r i a t i o n ,  d i f f e r e n c e s  i n  c o lo r  

y i e l d  w i l l  n o t  g r e a t l y  a f f e c t  r e l a t i v e  c o n c e n t r a t i o n s .  L euc ine  i s  

o f t e n  u sed  a s  th e  s t a n d a r d ;  I  u sed  g l y c i n e  because  i t  i s  th e  m a jo r  

am ino  a c id  p r e s e n t  i n  a s t e r o i d  t i s s u e s  (F e rguson  1975a).

R e fe re n c e :  Moore and S t e i n  (1949); Moore (1968)

Ef f e c t i v e  Range: c. 1 -  20 Mg

R e a g e n ts :

I .  N in h y d r in  r e a g e n t
A v a i l a b l e  c o m m e rc ia l ly  (S igm a C hem ica l  Company); t h e  
c o m m e rc ia l  r e a g e n t  u s e s  d im e th y l  s u l f o x i d e  a s  an o r g a n ic  
s o l v e n t  (Moore 1968). S t o r e  u n d e r  n i t r o g e n  a t  0 -  4 °C.

I I .  D i lu e n t
Mix e q u a l  volum es o f  n -p ro p a n o l  and d i s t i l l e d  w a te r .

I I I .  Amino a c id  s t a n d a r d
Aqueous s o l u t i o n  o f  d e s i r e d  am ino a c id  a t  a  c o n c e n t r a t i o n  o f  
a p p r o x im a te ly  200 Mg/ml.

P ro c e d u re :

(1) S am ples  and s t a n d a r d s  d i l u t e d  a s  n e c e s s a r y  t o  a  f i n a l  volum e o f

0.1  m l.

(2) Add 0 .5  ml n in h y d r in  r e a g e n t .

(3 )  P la c e  i n  w a te r  b a th  a t  100°C f o r  20 m in.

(4) Cool a s s a y  tu b e s  i n  room t e m p e ra tu re  w a te r .

(5 )  Add 2 .5  ml d i l u e n t .

( 6 ) L e t  s ta n d  a t  room te m p e r a tu r e  f o r  15 min.

(7 )  Read o p t i c a l  d e n s i t y  a t  600 nm i n  s p e c t r o p h o to m e te r .  C o lo r  i s  

s t a b l e  f o r  a p p r o x im a te ly  one hour.

N ote: s a m p le s  w i t h  h i g h e r  c o n c e n t r a t i o n s  can be e a s i l y  h a n d le d  by

i n c r e a s i n g  a l l  vo lum es , t h e r e b y  a l l o w i n g  g r e a t e r  d i l u t i o n  w i t h o u t  l o s s
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o f  p r e c i s i o n .  Sam ples  w i t h  lo w e r  c o n c e n t r a t i o n s  c o u ld  p ro b a b ly  be 

a s s a y e d  by i n c r e a s i n g  th e  r e l a t i v e  amount o f  sa m p le  t o  n in h y d r in  

r e a g e n t  ( e .g.. u s in g  0.2 ml sa m p le  w i t h  0.5 ml n in h y d r in )  p ro v id e d  

s t a n d a r d s  a r e  t r e a t e d  s i m i l a r l y .  Assay tu b e s  w i th  o p t i c a l  d e n s i t i e s  

g r e a t e r  th a n  a b o u t  1.0 may be d i l u t e d  w i th  a d d i t i o n a l  d i l u e n t ;  a g a in ,  

s t a n d a r d s  s h o u ld  be t r e a t e d  s i m i l a r l y  t o  p r o v id e  an  a p p r o p r i a t e  

s t a n d a r d  cu rv e .  A lthough  I  have  n o t  t r i e d  i t ,  I  s u s p e c t  t h a t  o p t i c a l  

d e n s i t i e s  c o u ld  be r e a d  a g a i n s t  a d i l u e n t  b lank . A l l  a s s a y s ,  i n c l u d i n g  

a s s a y  b la n k s ,  would  th e n  have  h i g h e r  o p t i c a l  d e n s i t i e s .  However, 

a d d i t i o n  o f  d i l u e n t  t o  s a m p le s  w i t h  h ig h  o p t i c a l  d e n s i t i e s  s h o u ld  

r e d u c e  a b so rb a n c e  i n  p r e c i s e  p r o p o r t i o n  t o  th e  a d d i t i o n a l  d i l u t i o n ;  

th u s ,  t h e  same s t a n d a r d  c u rv e  c o u ld  be used  f o r  b o th  d i l u t e d  and 

u n d i l u t e d  sam ples  w i th o u t  i n t r o d u c i n g  s i g n i f i c a n t  e r r o r .

O r n i th i n e  D e c a rb o x y la se  Assay

As th e  r a t e - l i m i t i n g  enzyme i n  po ly am in e  s y n t h e s i s ,  o r n i t h i n e  

d e c a r b o x y la s e  (ODC) i s  commonly a s sa y e d  a s  a means o f  e s t i m a t i n g  

r e l a t i v e  r a t e s  o f  p o ly am in e  s y n t h e s i s .  O r n i th in e  l a b e l e d  w i th  a t  

t h e  c a rb o x y l  g roup  i s  t h e  s u b s t r a t e ;  c a rb o n  d io x id e  f r e e d  by th e  enzyme 

i s  t r a p p e d  by a s t r o n g  b a se  and t h e  amount o f  l a b e l e d  CO2 i s  d e te r m in e d  

by s c i n t i l l a t i o n  c o u n t in g .  V a r i a t i o n s  o f  t h e  p ro c e d u re  d i f f e r  m a in ly  

i n  th e  p r e c i s e  f o r m u l a t i o n  o f  r e a c t i o n  b u f f e r  and t h e  base  u sed  f o r

t r a p p i n g  COg. The r e a c t i o n  b u f f e r  d e s c r ib e d  below i s  based  on Landy- 

O tsuka  and S c h e f f l e r  (1978). A c t i v i t y  o f  o r n i t h i n e  d e c a r b o x y la s e  i s  

d e p e n d en t  on th e  p re s e n c e  o f  p y r id o x a l  p h o sp h a te  a s  a c o f a c to r .

P r e l i m i n a r y  e x p e r im e n t s  ( w i th  a  v e ry  s m a l l  sam ple  s i z e )  u s in g  

l y o p h i l i z e d  t e s t e s  from  t h e  p r o l i f e r a t i v e  phase ,  w i t h  0.2 M NaOH f o r
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C02~ t r a P P inS» i n d i c a t e d  t h a t :

(1) Enzyme r e a c t i o n ,  a s  m easu red  by ev o lv e d  C02 , i s  a p p r o x im a te ly  

l i n e a r  f o r  a t  l e a s t  90 m in u te s .

(2 ) ODC i s  n o t  s e n s i t i v e  t o  t e m p e r a tu r e ,  a t  l e a s t  i n  t h e  r an g e  10 -  

37°C. CO2 e v o l u t i o n  i n c r e a s e s  e x p o n e n t i a l l y  w i t h  t e m p e r a t u r e ,  a s  would  

be p r e d i c t e d  by s im p le  r e a c t i o n  k i n e t i c s .  T h e re fo re ,  i n  o r d e r  to  

o p t im iz e  CO2 e v o lu t io n ,  and hence  s e n s i t i v i t y  o f  t h e  a s s a y ,  r e a c t i o n s  

w ere  a l lo w e d  t o  p ro ce e d  f o r  one hour a t  37°C.

(3) Three C02- t r a p p i n g  a g e n t s  w ere  t r i e d :  0.2 M NaOH, hyam ine 

h y d ro x id e  (New England N u c le a r ) ,  and NCS (Amersham). H ig h e s t  

e f f i c i e n c y  was o b ta in e d  w i t h  NCS, so i t  was used  i n  s u b s e q u e n t  a s s a y s .  

O the r  C O g -trap p in g  a g e n t s ,  such  a s  p h e n e th y la m in e ,  c o u ld  a l s o  be used  

and may be more e f f i c i e n t .

A m a jo r  prob lem  w hich  can  a r i s e  i n  t h i s  a s s a y  i s  c h e m ilu m in e sc e n c e  

r e s u l t i n g  from  i n t e r a c t i o n  be tw een  th e  base  used  f o r  C02 - t r a P P inS anc* 

e m u l s i f i e r s  i n  t h e  l i q u i d  s c i n t i l l a t i o n  c o c k t a i l .  T h is  e f f e c t  can  be 

m in im iz e d  by u s in g  non -aqueous  s c i n t i l l a t i o n  c o c k t a i l s  ( w i th o u t  

e m u l s i f i e r s )  and l e a v i n g  t h e  s c i n t i l l a t i o n  v i a l s  i n  t h e  d a rk  o v e r n i g h t  

b e fo r e  c o u n t in g ;  s u b s e q u e n t  e x p o su re  t o  l i g h t  s h o u ld  be a v o id e d  a s  much 

a s  p o s s ib l e .  I  u sed  Beckman R eady-Solv  NA s c i n t i l l a t i o n  c o c k t a i l ,  bu t  

any e m u l s i f i e r - f r e e  c o c k t a i l  s h o u ld  s e r v e  a d e q u a te ly .

R e f e r e n c e : L andy-O tsuka  and S c h e f f l e r  (1978)

R e a g e n ts :

I .  R e a c t io n  B u f f e r
0 .7 8 8 8  g T r is -H C l (50mM)
0.0771 g D i t h i o t h r e i t o l  (5mM)
5.844 mg EDTA (a s  f r e e  a c id ;  a d j u s t  i f  s a l t s  a r e  used) 

(0.2mM)
1.326 mg p y r id o x a l  5 -p h o s p h a te  m onohydra te  (50 mM) 

D is s o lv e  i n  s l i g h t l y  l e s s  th a n  100 ml d i s t i l l e d  w a te r .
A d ju s t  pH t o  7.1 w i th  h y d r o c h l o r i c  a c id .  B r in g  volum e up t o
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100 ml. D iv id e  i n t o  p o r t i o n s  ( a p p r o x im a te ly  10-15 ml each) 
and s t o r e  f r o z e n .

I I .  10K T r i c h l o r o a c e t i c  Acid

I I I .  D L -[1-14 c ] O r n i th i n e  h y d r o c h lo r id e
I  used  l a b e l l e d  o r n i t h i n e  from  Amersham I n t e r n a t i o n ,  L td .,  
w i th  a s p e c i f i c  a c t i v i t y  o f  58 mCi/mmol.

P r o c e d u r e :

(1 )  Homogenize t i s s u e  i n  r e a c t i o n  b u f f e r  ( a t  l e a s t  5:1 (v/w) 

b u f f e r : t i s s u e ) .  Most a u th o r s  ( i n c l u d i n g  L andy-O tsuka  and 

S c h e f f l e r  1978) c e n t r i f u g e  hom ogena tes  a t  10,000 t o  50,000 G

and use  s u p e r n a t a n t  o n ly ;  I  g e n e rs i l ly  j u s t  f i l t e r e d  th e  hom ogenate  

th ro u g h  N i te x  c l o t h  t o  rem ove l a r g e  p i e c e s  o f  unhom ogenized 

t i s s u e .

(2 )  P la c e  i n  c o n ic a l - b o t to m e d  t e s t - t u b e :

150 P I  hom ogenate

5 Ml o r n i t h i n e  (= 5 uCi)

In c lu d e  s e v e r a l  p r o c e s s  b la n k s  t o  d e te r m in e  background and 

c o u n t in g  e f f i c i e n c y .

(3 )  P la c e  200 p i  NCS o r  o t h e r  C C ^ -ab so rb e r  i n t o  c e n t e r  w e l l  suspended  

from  d o u b l e - s e a l  r u b b e r  s t o p p e r  (b o th  from  K ontes).  S e a l  a l l  

r e a c t i o n  tu b e s  w i th  c e n t e r  w e l l  -  s t o p p e r  c o m b in a t io n .

(4 )  I n c u b a te  a t  37° C f o r  60 m in u te s .

(5) S to p  r e a c t i o n  by i n j e c t i n g  0.5 ml 10)6 TCA th ro u g h  t h e  s to p p e r .  

(Note: a v o id  c o n ta m in a t in g  t h e  c e n t e r  w e l l  w i th  a c i d ) .

( 6 ) C on tinue  i n c u b a t i o n  a t  37° C o v e r n ig h t ,  t o  e n s u re  a b s o r p t i o n  o f

a l l  CO2 •

(7 )  Cut c e n t e r  w e l l  d i r e c t l y  i n t o  m i n i - s c i n t i l l a t i o n  v i a l s ;  add  4 ml 

non-aqueous  c o u n t in g  f l u i d .

( 8 ) Leave o v e r n ig h t  i n  d a rk ;  c o u n t  i n  s c i n t i l l a t i o n  c o u n te r  as



127

a p p r o p r i a t e  f o r  C sa m p le s  ( e. g.» on  Beckman LC—7000» 

program  4 w i th  20  m in u te  c o u n t in g  t im e ) .

I  u sed



APPENDIX D

DATA REDUCTION AND STATISTICAL ANALYSIS

A f t e r  t i s s u e  s a m p le s  have been s e p a r a t e d  i n t o  component 

b io c h e m ic a l  c l a s s e s  ( s e e  Appendix B) and th o s e  b io c h e m ic a l  c l a s s e s  have 

been q u a n t i t a t i v e l y  a n a ly z e d  ( s e e  Appendix C), t h e  r e s u l t i n g  raw d a t a  

m ust  be re d u c e d  t o  a  m anageab le  and i n t e r p r e t a b l e  form  and s u b j e c t e d  to  

a p p r o p r i a t e  s t a t i s t i c a l  a n a l y s i s .  T h is  ap p e n d ix  d e s c r i b e s  th e  m ethods 

o f  d a t a  r e d u c t i o n  and s t a t i s t i c a l  a n a l y s i s  u sed  f o r  i n t e r p r e t a t i o n  o f  

d a t a  on b io c h e m ic a l  c o m p o s i t i o n  o f  t h e  t e s t e s  (C h a p te r  I ) ,  t o g e t h e r  

w i t h  some o f  th e  u n d e r l y i n g  a s s u m p t io n s  and r e a s o n s  f o r  p a r t i c u l a r  

c h o ic e s  o f  t e c h n iq u e s .  S p e c i f i c  p r o c e d u r a l  d e t a i l s  and program m ing 

code used  f o r  d a t a  r e d u c t i o n  and s t a t i s t i c a l  a n a l y s i s  a r e  g iv e n  i n  

A ppend ix  E.

The a n a l y s i s  d i s c u s s e d  h e r e  o c c u rs  i n  s e v e r a l  d i s c r e t e  s t e p s ,  each  

o f  w hich  w i l l  be d e s c r i b e d  i n  d e t a i l .  F i r s t ,  s t a n d a r d  c u rv e s  f o r  

s p e c t r o p h o t o m e t r i c  a s s a y s  m ust be d e r iv e d  by r e g r e s s i o n  a n a l y s i s .

These s t a n d a r d  c u rv e s  a r e  th e n  used  f o r  q u a n t i t a t i v e  e s t i m a t i o n  o f  

b io c h e m ic a l  com ponents  from  o b se rv e d  o p t i c a l  d e n s i t i e s .  From t h e s e  

e s t i m a t e s ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  component c o n c e n t r a t i o n  ( i n  

Pg/mg d ry  m ass) ,  g e n e r a t i n g  an  e s t i m a t e  o f  e r r o r  (o r  u n c e r t a i n t y )  a t  

t h e  same t im e .  E s t i m a t e s  o f  component c o n c e n t r a t i o n  i n  te r m s  o f  d ry  

m ass can be com bined t o  p r o v id e  e s t i m a t e s  o f  component l e v e l  (mg/mg 

DNA) and t o t a l  c o n te n t .  The o v e r a l l  p a t t e r n  o f  changes  i n  a p a r t i c u l a r  

component can  th e n  be d e s c r i b e d  by r e g r e s s i o n  a n a l y s i s ;  r e s u l t s  from 

r e g r e s s i o n  can t h e n  be u sed  t o  c a l c u l a t e  c o n f id e n c e  bands around  th e

1 2 8
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f i t t e d  r e g r e s s i o n  f u n c t i o n .  The f u n c t i o n ,  c o n f id e n c e  bands, and d a t a  

a r e  th e n  p l o t t e d  i n  o r d e r  t o  a l lo w  e a sy  i n t e r p r e t a t i o n  o f  t h e  r e s u l t i n g  

r e g r e s s i o n  f u n c t i o n .

S ta n d a rd  Curves

S ta n d a r d  c u rv e s  (o r  c a l i b r a t i o n  c u rv e s )  f o r  s p e c t r o p h o t o m e t r i c  

d a t a  can  be c o n v e n ie n t ly  d e te r m in e d  by r e g r e s s i o n  a n a l y s i s  u s in g  any 

c o m p u te r -b a se d  s t a t i s t i c a l  package. S im p le  l i n e a r  r e g r e s s i o n  i s  

s u f f i c i e n t  i n  many c a s e s ,  a s  p r e d i c t e d  by B e e r 's  law . However, th e  

r a n g e  o f  s t a n d a r d  c o n c e n t r a t i o n s  may be so  g r e a t  t h a t  B e e r 's  law  no 

l o n g e r  p r e c i s e l y  h o ld s .  The m ost c o n v e n ie n t  way to  t e s t  l i n e a r i t y  o f  

t h e  s t a n d a r d  c u rv e ,  and t o  p roduce  a  b e t t e r  f i t t i n g  s t a n d a r d  c u rv e  when 

B e e r 's  law  i s  v i o l a t e d ,  i s  th ro u g h  p o ly n o m ia l  r e g r e s s i o n .  G e n e ra l ly ,  a 

q u a d r a t i c  e q u a t io n  w i l l  a d e q u a t e ly  f i t  th e  e m p i r i c a l  s t a n d a r d  c u rv e  and 

h a s  t h e  a d v a n ta g e  o f  b e in g  e a s i l y  i n v e r t i b l e  ( u n l i k e  c u b ic s ,  f o r  

exam ple) .  T h e re fo re ,  b o th  l i n e a r  and q u a d r a t i c  e q u a t i o n s  s h o u ld  be 

f i t t e d  t o  s t a n d a r d  c u rv e  d a t a  and th e  q u a d r a t i c  fo rm  used  i f  i t  

p r o v id e s  s i g n i f i c a n t l y  b e t t e r  f i t .

C o n c e n t r a t i o n  o f  t h e  s t a n d a r d  i s  th e  in d e p e n d e n t  v a r i a b l e  (h e re  

d e s ig n a t e d  X); a b s o rb a n c e  o r  o p t i c a l  d e n s i t y  i s  th e  dep en d en t  v a r i a b l e  

(Y). Thus, t h e  d e s i r e d  r e g r e s s i o n  f u n c t i o n s  a r e :

?  = bQ + t^X (D.1)

and ?  = bQ + b-,X + b2 x2. (D.2)

S i g n i f i c a n c e  o f  p a r a m e te r s  (b-^) can be d e te r m in e d  e i t h e r  by a  t - t e s t  

(M in i ta b ,  f o r  exam ple , p r o v id e s  t - v a l u e s  f o r  each  p a ra m e te r )  o r  by an 

F - t e s t  com paring  r e g r e s s i o n  w i th  th e  p a ra m e te r  i n c lu d e d  to  r e g r e s s i o n  

w i t h  t h e  p a r a m e te r  ex c lu d e d .  For exam ple, s i g n i f i c a n c e  o f  b2 i n
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E q u a t io n  D.2 can  be t e s t e d  by c a l c u l a t i n g

F = (SSE1 .  SSEq) /  MsEq (D.3)

w here  SSEi = r e s i d u a l  sum o f  s q u a r e s  f o r  l i n e a r  r e g r e s s i o n

SSEq = r e s i d u a l  sum o f  s q u a r e s  f o r  q u a d r a t i c  r e g r e s s i o n

MSEq = r e s i d u a l  mean s q u a re  f o r  q u a d r a t i c  r e g r e s s i o n

w i t h  d e g re e s  o f  freedom  f o r  t h e  n u m e ra to r  eq u a l  t o  1 and f o r  th e

d e n o m in a to r  e q u a l  t o  r e s i d u a l  d e g re e s  o f  f reedom  from  t h e  q u a d r a t i c  

r e g r e s s i o n .  A l t e r n a t i v e l y ,  b2 f rom  E q u a t io n  D.2 can  be t e s t e d  f o r  

s i g n i f i c a n c e  by u se  o f  th e  t - v a l u e  p ro v id e d  by th e  r e g r e s s i o n  p rogram , 

w i t h  d e g re e s  o f  freedom  e q u a l  t o  r e s i d u a l  DF.

I f  more th a n  one s e t  o f  s t a n d a r d s  have  been u sed  i n  d e t e r m i n a t i o n s  

o f  a  p a r t i c u l a r  component, c o m b in a t io n  o f  r e s u l t i n g  s t a n d a r d  c u rv e s  may 

be d e s i r e a b l e .  P ro v id e d  t h a t  s e v e r a l  s e t s  o f  s t a n d a r d  can be 

c o n s id e r e d  s t a t i s t i c a l l y  i n d i s t i n g u i s h a b l e ,  a c c u ra c y  o f  th e  s t a n d a r d  

c u rv e s  may be im proved  by co m b in in g  th e  s e t s  and f i t t i n g  a s i n g l e  

common s ta n d a r d  c u rv e  ( e i t h e r  l i n e a r  o r  q u a d r a t i c ,  a s  a p p r o p r i a t e ) .  To 

t e s t  t h e  h y p o th e s i s  t h a t  k s e t s  o f  s t a n d a r d s  can be d e s c r i b e d  by a 

s i n g l e  s t a n d a r d  c u rv e ,  p e r fo rm  r e g r e s s i o n s  on each  s e t  and on a l l  o f  

t h e  s e t s  t a k e n  t o g e t h e r .  A l l  r e g r e s s i o n  f u n c t i o n s  m ust be i d e n t i c a l ;  

t h u s ,  i f  t h e  " t o t a l "  r e g r e s s i o n  o r  any o f  th e  k s e p a r a t e  r e g r e s s i o n s  

a r e  q u a d r a t i c ,  a l l  m ust be q u a d r a t i c  r e g a r d l e s s  o f  s i g n i f i c a n c e  o f  th e

b2 s * R e s id u a l  sums o f  s q u a re s  and r e s i d u a l  d e g re e s  o f  f reedom  a r e  

d e te r m in e d  f o r  a l l  k+1 r e g r e s s i o n s ;  sums o f  s q u a re s  and d e g re e s  o f  

f reedom  f o r  t h e  k s e p a r a t e  r e g r e s s i o n s  a r e  summed. An F s t a t i s t i c  w i t h  

(m+1)(k-1) and DFEp d e g re e s  o f  f reedom  i s  th e n  c a l c u l a t e d :
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( S S E t  ~ S S E p )

F  .  <“ + ’ ) ( k - 1 ) _ _ _ _ _  « M ,
S S E p

DFEp

w here  SSEt = r e s i d u a l  sum o f  s q u a re s  f o r  a l l  d a t a  t o g e t h e r

SSEp -  "poo led"  sum o f  s q u a r e s  o f  s e p a r a t e  r e g r e s s i o n s ,  A*, e ^

= Z  S S E i
i

DFEp = £ DFEi
i

m = number o f  p r e d i c t o r s  (= 1 f o r  l i n e a r ,  2 f o r  q u a d r a t i c )  

k = number o f  r e g r e s s i o n s  b e in g  t e s t e d  f o r  c o in c id e n c e .

T h is  F t e s t  o n ly  d e te r m i n e s  w h e th e r  t h e  k s e p a r a t e  r e g r e s s i o n s  can be 

c o n s id e r e d  s t a t i s t i c a l l y  c o in c i d e n t .  U n f o r tu n a t e ly ,  I  know o f  no 

m u l t i p l e  co m p a r iso n  t e s t  f o r  c o i n c i d e n t  r e g r e s s i o n s ;  t h e r e f o r e ,  i f  th e  

k s e p a r a t e  r e g r e s s i o n  d i f f e r  s i g n i f i c a n t l y ,  one m ust  exam ine  a l l  

p o s s i b l e  s u b s e t s  i n  o r d e r  to  d e te r m in e  w hich  g ro u p s  o f  r e g r e s s i o n s  a r e  

c o in c i d e n t .  P r e l i m i n a r y  p l o t s  o f  t h e  s e t s  o f  s t a n d a r d s  can  h e lp  to  

d e te r m in e  w hich  r e g r e s s i o n s  l i e  c lo s e  t o g e t h e r ,  so  t h a t  n o t  a l l  

p o s s i b l e  s u b s e t s  need be exam ined . An a d d i t i o n a l  c o m p l i c a t io n  may 

a r i s e  i f  s e v e r a l  r e g r e s s i o n s  a r e  n e a r  t h e  s t a t i s t i c a l  l i m i t  f o r  

c o in c id e n c e .  Because  a f i n d i n g  o f  n o n - s i g n i f i c a n c e  (i*. e*, c o i n c i d e n t  

r e g r e s s i o n s  i n  t h i s  c a se )  i s  a  n o n - t r a n s i t i v e  r e l a t i o n s h i p ,  one 

r e g r e s s i o n  may be c o i n c i d e n t  w i th  each  o f  two o t h e r  r e g r e s s i o n s  w hich  

a r e  n o t  th e m s e lv e s  c o in c i d e n t .  I n  o t h e r  w ords, r e g r e s s i o n  A may be 

c o in c i d e n t  w i th  r e g r e s s i o n  B, and r e g r e s s i o n s  B and C may be 

c o in c i d e n t ,  b u t  A and C o r  a l l  t h r e e  t a k e n  t o g e t h e r  may d i f f e r  

s i g n i f i c a n t l y .  G e n e r a l ly ,  t h i s  r a t h e r  c o n fu s in g  s i t u a t i o n  a r i s e s  o n ly  

i f  t h e  " c o in c id e n t "  r e g r e s s i o n s  b a r e l y  m is s  b e in g  s i g n i f i c a n t l y  

d i f f e r e n t .  Thus, a r e a s o n a b le  a p p ro ach  t o  r e s o l v i n g  th e  d ilem m a i s  to
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c o n s id e r  a l l  o f  t h e  r e g r e s s i o n s  in v o lv e d  t o  be n o n - c o i n c id e n t  (A, B, 

and C a r e  th u s  t r e a t e d  a s  s e p a r a t e  r e g r e s s i o n s  d e s p i t e  c o in c id e n c e  o f

two p a i r s  o u t  o f  t h e  t h r e e  c u rv e s ) .

When th e  s e t s  o f  s t a n d a r d s  have been  s e p a r a t e d  i n t o  g ro u p s  o f  

c o i n c i d e n t  r e g r e s s i o n s ,  r e g r e s s i o n  c o e f f i c i e n t s  and mean s q u a re  e r r o r s  

f o r  b o th  l i n e a r  and q u a d r a t i c  c u rv e s  ( i f  t h e  l a t t e r  i s  s i g n i f i c a n t )  

m ust be no ted .  Also needed  a r e  t h e  ( X ’ X ) “ 1 m a t r i c e s  f o r  e a ch  g roup  o f  

c o i n c i d e n t  s t a n d a r d  c u rv e s  ( t h e  p rogram  REGVA.BAS i n  Appendix E 

c a l c u l a t e s  (X*X)~^ m a t r i c e s  from  X - v e c to r s  o f  s t a n d a r d  c o n c e n t r a t i o n s ) .

I n v e r s e  P r e d i c t i o n  

D e te rm in a t io n  o f  com ponent c o n c e n t r a t i o n  from  s p e c t r o p h o t o m e t r i c  

d a t a  r e q u i r e s  t h a t  th e  in d e p e n d e n t  v a r i a b l e ,  c o n c e n t r a t i o n ,  be 

p r e d i c t e d  from an o b s e rv e d  v a lu e  o f  th e  d e p e n d en t  v a r i a b l e ,  o p t i c a l  

d e n s i t y .  Because f i n d i n g  th e  r e g r e s s i o n  o f  an in d e p e n d e n t  v a r i a b l e  a s  

a  f u n c t i o n  o f  a d e p e n d e n t  v a r i a b l e  i s  g e n e r a l l y  i n a p p r o p r i a t e ,  i n v e r s e  

p r e d i c t i o n  i s  used  i n s t e a d .  The r e g r e s s i o n  f u n c t i o n  o f  Y on X i s

d e te rm in e d  i n  th e  u s u a l  way, and th e  r e s u l t i n g  e q u a t io n  i s  s o lv e d  f o r

X. In  a d d i t i o n ,  i t  may be u s e f u l  t o  o b t a i n  a  p r e l i m i n a r y  e s t i m a t e  of 

e r r o r  a s s o c i a t e d  w i th  p r e d i c t e d  c o n c e n t r a t i o n .  S ta n d a rd  e r r o r  o f  

p r e d i c t e d  X based  on u n c e r t a i n t y  o f  t h e  r e g r e s s i o n  f u n c t i o n  can  be 

c a l c u l a t e d  d i r e c t l y  f o r  a  l i n e a r  r e g r e s s i o n  f u n c t i o n ,  a l th o u g h  

n u m e r ic a l  m ethods seem t o  be s i m p l e r  f o r  q u a d r a t i c  r e g r e s s i o n  

f u n c t i o n s .

L in e a r  c a l i b r a t i o n  c u rv e

I f  th e  r e g r e s s i o n  f u n c t i o n  o f  Y on  X i s  a s t r a i g h t  l i n e ,  Y would 

be p r e d i c t e d  from X by t h e  e q u a t io n

?  = bQ + b-,X (D.5)
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o r  e q u i v a l e n t l y  ?  = Y + b ^ x  -  X) (D.6)

w here  X and Y a r e  d e te rm in e d  from  th e  c a l i b r a t i o n  s t a n d a r d s .  X would  

th e n  be p r e d i c t e d  from an o b se rv e d  Y by

X = (Y -  b Q ) / ^ .  (D.7)

o r  St = y/b-| (D*8)

w here  x=(X-X) and y=(Y-Y). A lthough  no e x a c t  e x p r e s s io n  f o r  th e  

s t a n d a r d  e r r o r  o f  p r e d i c t e d  X i s  known, c o n f id e n c e  l i m i t s  can be 

d e r iv e d  from  t h e  c o n f id e n c e  l i m i t s  o f  ? g iv e n  X (S nedeco r  and Cochran 

1980):

Y = Y + b lX ± t/MSE( 1 + 1 / n  + x 2 / l x ^ )  (D.9)

w here  X, Y, Ex^, MSE, and n a r e  b ased  on th e  s e t  o f  c a l i b r a t i o n  

s t a n d a r d s .  E q u a t io n  D.9 i s  s o lv e d  a s  a q u a d r a t i c  e q u a t io n  i n  x f o r  

g iv e n  Y, w i t h  th e  s u b s t i t u t i o n s  5t=(Y-Y)/bi (Eqn. D.8 ) and 

c = t s b / b 1= ( t / b 1 j /m s e /^ x 2 :

k ± (t/b^)/MSE{(1+1/n)(l-c2)+x2/Zx2} (D .10)
X  =  --------------------------------------------------------------------------------------------------------------

1 - c2

The c a l c u l a t e d  c o n f id e n c e  l i m i t s  a r e  a s y m m e tr ic a l  a round X . However, 

i f  b-| i s  h i g h l y  s i g n i f i c a n t  (w h ich  w i l l  u s u a l l y  be th e  c a se  f o r  

s t a n d a r d  c u rv e s ) ,  s b w i l l  be s m a l l  r e l a t i v e  to  b-j. T h e re fo re ,  c^ w i l l

be n e g l i g i b l e  and t h e  c o n f id e n c e  l i m i t s  s i m p l i f y  t o

x = k ± ( t / b ^ / M S E d  + 1 /n  + St2 / Z x 2 ) (D.11)

w hich  a r e  s y m m e tr ic  a round  k. Thus,

3St - ( 1 / b ^ M S E d  + 1 /n  + k^ /X x^).  (D.12)

Q u a d r a t i c  c a l i b r a t i o n  cu rve

Even i f  t h e  c a l i b r a t i o n  cu rve  d i f f e r s  s i g n i f i c a n t l y  from a 

s t r a i g h t  l i n e ,  i t  can  o f t e n  be a d e q u a te ly  d e s c r i b e  by a q u a d r a t i c
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f u n c t i o n .  H ighe r  o r d e r  p o ly n o m ia ls  o r  n o n -p o ly n o m ia l  f u n c t i o n s  may 

o c c a s i o n a l l y  p ro v id e  b e t t e r  d e s c r i p t i o n s ,  b u t  s u b s e q u e n t  a n a l y s i s  i s  

c o n s id e r a b l y  more com plex; I  d id  n o t  f i n d  i t  n e c e s s a r y  t o  u se  

c a l i b r a t i o n  c u rv e s  more com plex th a n  q u a d r a t i c  f u n c t i o n s  f o r  any o f  th e  

s p e c t r o p h o t o m e t r i c  a s s a y s  pe rfo rm ed .  Should  more com plex f u n c t i o n s  be 

r e q u i r e d ,  a n a l y s i s  would  p ro ce e d  a n a lo g o u s ly  to  t h a t  d e s c r ib e d  h e re .

For a  q u a d r a t i c  r e g r e s s i o n  f u n c t i o n ,  th e  r e l a t i o n s h i p  be tw een  Y 

and  X,

?  = b0 + t^X + b2X2 , (D.13)

can be s o lv e d  a s  a  q u a d r a t i c  e q u a t io n  i n  X f o r  a  g iv e n  o b se rv e d  Y; 

t h u s ,

* = {~b i ± -  4b2 (b0 -  Y)J /  (2b2 ). (D.14)

( I n  e v e ry  c a se  I  a n a ly z e d ,  t h e  a p p r o p r i a t e  r o o t  was o b t a in e d  by 

a d d i t i o n  a t  '± ' i n  E q u a t i o n  D.14.)

M a t r ix  n o t a t i o n  i s  o f t e n  used  t o  s i m p l i f y  and g e n e r a l i z e  m u l t i p l e  

r e g r e s s i o n  m odels ,  i n c l u d i n g  th e  q u a d r a t i c  r e g r e s s i o n  f u n c t i o n  

c o n s id e r e d  h e re .  M a tr ix  n o t a t i o n  i s  d e s c r ib e d  i n  d e t a i l  i n  N e te r  and 

W asserman (1974). S e v e r a l  d e f i n i t i o n s  a r e  i m p o r t a n t  f o r  th e  p r e s e n t  

d i s c u s s i o n ,  how ever. I  i s  a  n x p m a t r ix  (n = number o f  p o i n t s  used  i n  

f i t t i n g  t h e  r e g r e s s i o n  f u n c t i o n ;  i*. e^, th e  number o f  s t a n d a r d s  

a s sa y e d ,  i n c l u d i n g  t h e  b lan k ,  p = t o t a l  number o f  p a ra m e te r s  i n  th e  

r e g r e s s i o n  f u n c t i o n ;  3 f o r  a q u a d r a t i c  f u n c t io n )  i n  w hich  e a ch  o f  th e  n 

row s c o n ta i n  a s e t  o f  v a lu e s  f o r  t h e  in d e p e n d e n t  v a r i a b l e s  

c o r r e s p o n d in g  t o  one d a t a  p o i n t .  The f i r s t  colum n o f  X i s  f i l l e d  w i th  

on es ,  r e p r e s e n t i n g  th e  "dummy" v a r i a b l e  a s s o c i a t e d  w i t h  bQ, t h e  Y- 

i n t e r c e p t .  X* i s  t h e  u s u a l  n o t a t i o n  f o r  th e  t r a n s p o s e  o f  a m a t r ix .  

Thus, f o r  a q u a d r a t i c  f u n c t i o n :



I n  a d d i t i o n ,  b i s  th e  column v e c t o r  o f  r e g r e s s i o n  c o e f f i c i e n t s ,  and Y^ 

i s  an  o b s e rv e d  v a lu e  o f  t h e  d e p e n d en t  v a r i a b l e  (e*. o p t i c a l  d e n s i t y  

o f  a sam p le  a ssa y )  w i th  c o r r e s p o n d in g  v a lu e s  f o r  th e  in d e p e n d e n t  

v a r i a b l e s  c o n ta in e d  i n  th e  colum n v e c t o r  Xjj* Thus, t h e  q u a d r a t i c  

r e g r e s s i o n  f u n c t i o n  (Eqn. D.13) c o u ld  be r e s t a t e d  i n  m a t r ix  te r m s  as

? h = 3% *> (D.15)

The a n a lo g u e  i n  m a t r i x  n o t a t i o n  t o  E q u a t io n  D.9 f o r  c o n f id e n c e  

l i m i t s  around  a  new ly  o b s e rv e d  Y i s

yh = ? h ± t^MSEC 1 + X £ ( X » X ) - 1 Xh } (D.16)

U n lik e  th e  a l g e b r a i c  form  i n  E q u a t io n  D.9, E q u a t io n  D.16 i s ,  a t  b e s t ,  

d i f f i c u l t  t o  s o lv e  f o r  X^. However, i t  can be r e a d i l y  s o lv e d  by 

n u m e r i c a l  m ethods. I f  t  i s  s e t  e q u a l  to  one, c o n f id e n c e  l i m i t s  a r e  one 

s t a n d a r d  e r r o r  around  t h e  mean. Given r e a s o n a b ly  good i n i t i a l  

e s t i m a t e s  f o r  th e  s t a n d a r d  e r r o r  o f  X r e s u l t i n g  from  i n v e r s e  

p r e d i c t i o n ,  n u m e r ic a l  s o l u t i o n  o f  E q u a t io n  D.16 w i l l  p ro v id e  p r e c i s e  

e s t i m a t e s .  Because q u a d r a t i c  s t a n d a r d  c u rv e s  a r e  g e n e r a l l y  q u i t e  c l o s e  

t o  t h e  l i n e a r  s t a n d a r d  c u rv e s  f o r  t h e  same s e t  o f  s t a n d a r d s ,  E q u a t io n  

D.11 can be used  t o  p r o v id e  i n i t i a l  e s t i m a t e s  o f  c o n f id e n c e  l i m i t s  

around  an  X c a l c u l a t e d  by E q u a t io n  D.14. The f i n a l  c o n f id e n c e  l i m i t  

c a l c u l a t e d  by n u m e r ic a l  s o l u t i o n  o f  E q u a t io n  D.16 w i l l  n o t  g e n e r a l l y  be 

s y m m e tr ic  a round  X .  However, t h e  e x t r e m e ly  good f i t  o f  m ost s t a n d a r d  

c u rv e s  r e s u l t s  i n  l i t t l e  asym m etry , and a good e s t i m a t e  o f  s£  can  be 

o b ta in e d  by s im p ly  a v e ra g in g  th e  d e v i a t i o n s  above and below X .
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D ata  r e d u c t i o n :  C a l c u l a t i o n  o f  c o n c e n t r a t i o n s

I n v e r s e  p r e d i c t i o n ,  a s  d e s c r ib e d  i n  t h e  p r e c e e d in g  s e c t i o n ,  

p r o v id e s  e s t i m a t e s  o f  th e  amount o f  a component o f  i n t e r e s t  based  on 

s p e c t r o p h o t o m e t r i c  a s s a y  f o r  t h a t  component. I n  a d d i t i o n ,  an e s t i m a t e  

o f  e r r o r  a t t r i b u t a b l e  t o  u n c e r t a i n t y  o f  th e  s t a n d a r d  c u rv e  i s  p ro v id e d  

f o r  each  r e p l i c a t e  sam ple .  Because a sp ec im en  w i l l  g e n e r a l l y  have 

s e v e r a l  r e p l i c a t e  a s s a y s  f o r  a s i n g l e  component, r e s u l t s  from  th e  

r e p l i c a t e s  m ust  be com bined t o  f i n d  an a v e ra g e  e s t i m a t e .  In  a d d i t i o n ,  

s p e c t r o p h o t o m e t r i c  a s s a y s  w i l l  p r o v id e  o n ly  amount o f  component p r e s e n t  

i n  a r e p l i c a t e .  For th e  d a t a  t o  be i n t e r p r e t a b l e ,  e s t i m a t e s  o f  amount 

o f  component p r e s e n t  i n  th e  r e p l i c a t e s  m ust be c o n v e r te d  to  amount 

p r e s e n t  i n  t h e  e n t i r e  sam p le  and u l t i m a t e l y  t o  c o n c e n t r a t i o n  ( p e r  ug 

d ry  m ass, p e r  ^g  DNA, o r  any o t h e r  m easure  o f  c o n c e n t r a t io n ) .

For th e  f o l l o w i n g  d i s c u s s i o n ,  component e s t i m a t e s  d e r iv e d  from  

i n v e r s e  p r e d c t i o n  ( a s  above) and a s s o c i a t e d  q u a n t i t i e s  f o r  r e p l i c a t e  j  

o f  s p e c im en  i  w i l l  be sy m b o l iz e d  a s :

= amount o f  component (yg) d e te r m in e d  by s p e c t r o p h o to m e t r y  
and i n v e r s e  p r e d i c t i o n

s ( r ) i j  = s t a n d a r d  e r r o r  o f  X.j j , based  on u n c e r t a i n t y  o f  s t a n d a r d  
c u rv e

= volume o f  r e p l i c a t e  a n a ly z e d  (ml)

Then th e  c o n c e n t r a t i o n  o f  component i n  i t s  f r a c t i o n  (yg /m l)  i s  

e s t i m a t e d  by each  r e p l i c a t e  a s

Ci j  = X i j / V i j  (D.17)

w i t h  a  s t a n d a r d  e r r o r  e s t i m a t e d  by u s u a l  f o rm u la e  f o r  p r o p a g a t io n  o f

e r r o r  (B ee rs  1957) as

s ( c ) i j  = s ( r ) i  j /V j .  j .  (D.18)
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The " b e s t "  e s t i m a t e  o f  c o n c e n t r a t i o n  i s  an a v e ra g e  o f  a l l  r e p l i c a t e s .  

However, s t a n d a r d  e r r o r s  may i n  g e n e r a l  be d i f f e r e n t  f o r  each

r e p l i c a t e ,  p r i m a r i l y  b ecause  o f  d i f f e r e n c e s  i n  r e p l i c a t e  volume, Vjlj* 

Under t h e s e  c i r c u m s ta n c e s ,  th e  " b e s t "  e s t i m a t e  i s  o b t a i n e d  by a 

w e ig h te d  a v e ra g e  i n  w hich  e a ch  r e p l i c a t e  i s  w e ig h te d  by th e  i n v e r s e  o f  

i t s  v a r i a n c e .  Thus,

* î = j  ^ i j / s ^ c ) i / 3 ( c ) i ( D . 1 9 )

The a p p r o p r i a t e  m ethod t o  e s t i m a t e  s t a n d a r d  e r r o r  o f  i s  l e s s  

c l e a r .  There  a r e  s e v e r a l  p o s s i b i l i t i e s .  I f  u n c e r t a i n t y  i n  s t a n d a r d  

c u rv e s  a d e q u a te ly  a c c o u n ts  f o r  v a r i a b i l i t y  among r e p l i c a t e s ,  so t h a t  

a l l  r e p l i c a t e s  f o r  a s i n g l e  sp e c im en  a r e  r e a s o n a b ly  c l o s e  i n  t e r m s  o f  

s ( c ), t h e n  t h e  f o rm u la  from  B e e rs  (1957) i s  p ro b a b ly  a p p r o p r i a t e :

Sc = 1 /Zj(1 /s(2c )ij>* (D.20)

However, t h i s  e q u a t io n  does  n o t  c o n s id e r  a c t u a l  v a r i a t i o n  o f  r e p l i c a t e s  

from  t h e i r  mean and th u s  a p p e a r s  to  u n d e r e s t im a t e  t h e  s t a n d a r d  e r r o r  o f

c i  when r e p l i c a t e  v a r i a b i l i t y  ex c ee d s  s t a n d a r d  c u rv e  v a r i a b i l i t y  ( a s  

a p p e a r s  t o  have  been th e  c a se  i n  a t  l e a s t  some sp e c im e n s  o r  some 

com ponents) .  On th e  o t h e r  hand, c a l c u l a t i n g  s t a n d a r d  e r r o r  f o r  each  

sp ec im en  i n d i v i d u a l l y  by th e  u s u a l  ( r o o t -m e a n - s q u a re )  f o rm u la  p ro d u ce s  

an e x t r e m e ly  l a r g e  ran g e  o f  s t a n d a r d  e r r o r s ,  p r o b a b ly  as  a r e s u l t  o f  

s a m p l in g  v a r i a b i l i t y  combined w i t h  i n e f f i c i e n c y  o f  s t a n d a r d  e r r o r  

e s t i m a t i o n  f o r  s m a l l  s a m p le s .  A l a r g e  ran g e  o f  s t a n d a r d  e r r o r s  i s  

u n d e s i r e a b l e  f o r  w e ig h te d  r e g r e s s i o n ,  b e c au se  th e  r e l a t i v e l y  few  d a t a  

p o i n t s  w i t h  low s ta n d a r d  e r r o r s  (and t h e r e f o r e  h ig h  w e ig h ts )  l a r g e l y  

d e te r m in e  t h e  shape  o f  t h e  f i t t e d  r e g r e s s i o n .  I f  one assum es  t h a t  

v a r i a b i l i t y  o f  X.y around  X^ i s  n e a r l y  c o n s t a n t  f o r  a l l  sp e c im en s ,  one
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can e s t i m a t e  s t a n d a r d  e r r o r  o f  X^ from  th e  po o led  d e v i a t i o n s  o f  a l l  

r e p l i c a t e s  from  t h e i r  means. T h is  a s s u m p t io n  i s  r e a s o n a b le ,  b ecause  

m ost o f  th e  f i n a l  r e l a t i v e  v a r i a b i l i t y  o f  component m ea su res  i s  

a t t r i b u t a b l e  t o  s u b s e q u e n t  c a l c u l a t i o n s  ( c o r r e c t i o n  f o r  d i l u t i o n ,  

e t c . ). Given a w e ig h te d  mean c o n c e n t r a t i o n  from  E q u a t io n  D.19, one can  

c a l c u l a t e  mean v a lu e s  f o r  r e p l i c a t e s  by i n v e r t i n g  E q u a t io n  D.17; th u s

S ta n d a rd  e r r o r  o f  Can th e n  be e s t i m a t e d  a s  th e  r o o t - m e a n - s q u a r e  o f  

d e v i a t i o n s  o f  X j j  from X jj  o v e r  a l l  r e p l i c a t e s  o f  a l l  sp e c im en s :

To c o n v e r t  s^  i n t o  a  s t a n d a r d  e r r o r  o f  mean c o n c e n t r a t i o n ,  one can 

m u l t i p l y  by t h e  a v e ra g e  d i l u t i o n  f a c t o r  f o r  a spec im en . Average 

d i l u t i o n  f a c t o r  i s  c a l c u l a t e d  a s  a w e ig h te d  mean o f  1 / j  u s in g  th e  

same w e i g h t s  a s  i n  E q u a t io n  D.19. So av e ra g e  d i l u t i o n  f a c t o r  i s

A lthough  I  u sed  E q u a t io n  D.24 t o  e s t i m a t e  s t a n d a r d  e r r o r s  f o r  C h a p te r  

I ,  i t  i s  n e v e r t h e l e s s  t r u e  t h a t  m ost o f  t h e  r a n g e  i n  s t a n d a r d  e r r o r s  i s  

a t t r i b u t a b l e  t o  r an g e  o f  d i l u t i o n s  and sp e c im en  dry  m asses .  Because 

w e ig h te d  r e g r e s s i o n  o n ly  r e q u i r e s  r e l a t i v e  w e ig h ts ,  i t  p ro b a b ly  makes 

l i t t l e  d i f f e r e n c e  i n  t h e  f i n a l  form  o f  t h e  f i t t e d  c u rv e s  w h e th e r  one 

u s e s  E q u a t io n  D.24 o r  E q u a t io n  D.20.

Once c o n c e n t r a t i o n  o f  th e  component o f  i n t e r e s t  ( i n  p g /m l)  h a s  

been d e te r m in e d  by E q u a t io n  D.19 and s t a n d a r d  e r r o r  o f  t h a t  

c o n c e n t r a t i o n  e s t i m a t e d  by e i t h e r  E q u a t io n  D.20 o r  D.24, i t  i s  p o s s i b l e

(D.21)

(D.22)

d i  = £ ( 1 / ( V i j - s ^ c ) i j ) ) / I  ( 1 / s ^ c ) i j )
J J

(D.23)

and e s t i m a t e d  s t a n d a r d  e r r o r  o f  c o n c e n t r a t i o n  (Eqn. D.19) i s

s ( c ) i  = d i ’s X* (D.24)
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t o  c o n v e r t  t h e  d a t a  t o  c o n c e n t r a t i o n  p e r  u n i t  d ry  m ass and. th en ,  to  

com pare c o n c e n t r a t i o n s  o f  d i f f e r e n t  com ponents  (e*. c a l c u l a t i o n  o f  

l e v e l  a s  r a t i o  o f  one com ponent t o  DNA). A m easurem ent o f  Pg /m l i s  

c o n v e r te d  t o  ug/mg d ry  m ass by m u l t i p l y i n g  by t o t a l  volum e o f  t h a t  

com ponent’s  f r a c t i o n  (from  s e p a r a t i o n  p ro c e d u re  o f  Appendix B) and 

d i v i d i n g  by d ry  mass o f  sam p le  a n a ly z e d .  I f  m ea su rem e n ts  o f  t o t a l  

volume and sam p le  d ry  m ass  can be c o n s id e r e d  e x a c t ,  s t a n d a r d  e r r o r  o f  

th e  r e s u l t i n g  c o n c e n t r a t i o n  i s  e s t i m a t e d  s im p ly  by m u l t i p l y i n g  by

th e  same f a c t o r s  a s  C*. However, i f  i t  i s  d e s i r e a b l e  t o  i n c l u d e  

u n c e r t a i n t y  o f  t o t a l  volume o r  d ry  mass i n  f i n a l  e s t i m a t e s  o f  s t a n d a r d  

e r r o r ,  t h e  f o l l o w i n g  e q u a t i o n  from  B ee rs  (1957) i s  a p p l i c a b l e :

I f  V = xy o r  V = x / y ,  t h e n

s v /V = / ( s x / x )  2+( s y / y ) 2 . (D.25)

T h is  e q u a t io n  (D.25) i s  a l s o  a p p l i c a b l e  when c o n c e n t r a t i o n  o f  one 

com ponent i s  d iv id e d  by c o n c e n t r a t i o n  o f  a n o th e r  component, a s  i n  

c a l c u l a t i o n  o f  l e v e l .

P e r io d i c  R e g re s s io n  

S e l e c t i o n  o f  R e g re s s io n  F u n c t io n

Q u a n t i t a t i v e  d e s c r i p t i o n  o f  changes  i n  a  m easu rem en t o v e r  a ran g e  

o f  v a lu e s  f o r  one o r  more in d e p e n d e n t  v a r i a b l e s  can be a c c o m p lis h e d  

m ost e f f e c t i v e l y  by r e g r e s s i o n .  A n a ly s is  o f  v a r i a n c e  f o l lo w e d  by 

m u l t i p l e  c o m p a r iso n  t e s t s  can p ro v id e  s i m i l a r  i n f o r m a t i o n  p ro v id e d  t h a t  

v a lu e s  f o r  th e  in d e p e n d e n t  v a r i a b l e s  f a l l  n a t u r a l l y  i n t o  s e v e r a l  g ro u p s  

and th e  p r e c i s e  shape  o f  th e  r e l a t i o n s h i p  be tw een  th e  d e p e n d en t  

v a r i a b l e  and th e  in d e p e n d e n t  v a r i a b l e s  i s  n o t  o f  i n t e r e s t .  One o f  th e  

m a jo r  i n i t i a l  p ro b le m s  i n  r e g r e s s i o n  a n a l y s i s  i s  s e l e c t i o n  o f  a 

r e g r e s s i o n  f u n c t i o n .  I n  some c a s e s ,  s e l e c t i o n  o f  r e g r e s s i o n  f u n c t i o n
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can be based  on .a p r i o r i  c o n s i d e r a t i o n s .  (E*. a  f i r s t  o r  second  

d e g re e  p o ly n o m ia l  i s  g e n e r a l l y  a p p r o p r i a t e  f o r  s t a n d a r d  c u rv e s .  B e e r 's  

law  p r e d i c t s  a  f i r s t  d e g re e  p o ly n o m ia l  i f  c o n c e n t r a t i o n  r a n g e  i s  

s u f f i c i e n t l y  na rrow ; a  second  d e g re e  p o ly n o m ia l  i s  c o n v e n ie n t  and 

e f f e c t i v e  i f  B e e r 's  law  i s  n o t  s t r i c t l y  f o l lo w e d ,  a l th o u g h  one m ust 

bew are  o f  e x t r a p o l a t i o n . )  I n  t h e  a b sen c e  o f  t h e o r e t i c a l  p r e d i c t i o n s  o f  

r e g r e s s i o n  f u n c t i o n ,  i t  may be n e c e s s a r y  t o  t r y  s e v e r a l  d i f f e r e n t  

f u n c t i o n s  and s e l e c t  a f u n c t i o n  o r  f a m i l y  o f  f u n c t i o n s  w hich  a d e q u a te ly  

d e s c r i b e s  th e  d a ta .  S e l e c t i o n  o f  r e g r e s s i o n  f u n c t i o n  u n d e r  t h e s e  

c i r c u m s ta n c e s  m ust  be g u id e d  by two c o n f l i c t i n g  d e s i d e r a t a  (N e te r  and 

W asserman 1974): (1) t h e  f i t t e d  r e g r e s s i o n  f u n c t i o n  s h o u ld  a d e q u a te ly  

d e s c r i b e  t h e  d a ta ,  and (2) t h e  num ber o f  p a r a m e te r s  s h o u ld  be k e p t  a s  

s m a l l  a s  p o s s i b l e .  I n  a d d i t i o n ,  p a r a m e te r s  used  i n  a  d e s c r i p t i v e  

( r a t h e r  th a n  p u r e ly  p r e d i c t i v e )  model s h o u ld  i d e a l l y  have some 

b i o l o g i c a l l y  m e a n in g fu l  i n t e r p r e t a t i o n .

P o ly n o m ia l  r e g r e s s i o n  p r o v id e s  an  o b v io u s  f a m i l y  o f  r e g r e s s i o n  

f u n c t i o n s  f o r  d e s c r i p t i o n  o f  a com plex  p a t t e r n ,  and I  p e r fo rm e d  some 

p r e l i m i n a r y  a n a l y s i s  ( n o t  p r e s e n t e d  h e re )  o f  b io c h e m ic a l  com ponents  by 

p o ly n o m ia l  r e g r e s s i o n  o f  component on d a te .  There a r e  s e v e r a l  m a jo r  

a d v a n ta g e s  t o  p o ly n o m ia l  r e g r e s s i o n .  F i r s t ,  i t  i s  c o m p u t a t i o n a l l y  

s im p le .  Any good s t a t i s t i c a l  package  f o r  a com pute r  can  p e rfo rm  

p o ly n o m ia l  r e g r e s s i o n ;  i n  f a c t ,  t h e  c a l c u l a t i o n s  a r e  s im p le  enough t h a t  

t h e y  can be f e a s i b l y  p e r fo rm e d  w i t h  n o th in g  more th a n  a s im p le  

c a l c u l a t o r .  Second, s e l e c t i o n  o f  t e r m s  f o r  i n c l u s i o n  i n  th e  f i n a l  

model f o l l o w s  a w e l l - d e f i n e d  s t a t i s t i c a l  p ro c e d u re ,  g e n e r a l l y  f o rw a rd  

s e l e c t i o n  (Zar 1974). T h i rd ,  t h e  f i t t e d  c u rv e  can  be made to  f i t  

o b se rv e d  d a t a  as  p r e c i s e l y  a s  d e s i r e d  s im p ly  by i n c r e a s i n g  t h e  power o f
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t h e  po lynom ial*  a l th o u g h  i n  p r a c t i c e  a  f o rw a r d  s e l e c t i o n  p ro c e d u re  i s  

u sed  t o  d e te r m in e  d e g re e  o f  t h e  f i t t e d  p o ly n o m ia l .  However, s e v e r a l  

d i s a d v a n ta g e s  t o  p o ly n o m ia l  r e g r e s s i o n  may o v e r r i d e  i t s  a d v a n ta g e s .  

P o ly n o m ia l  r e g r e s s i o n  does  n o t  a l lo w  e f f e c t i v e  e x t r a p o l a t i o n ,  

p a r t i c u l a r l y  i f  th e  u n d e r ly in g  r e l a t i o n s h i p  i s  n o t  r e a l l y  a p o ly n o m ia l .  

I n  a d d i t i o n ,  b e h a v io r  o f  a  f i t t e d  f u n c t i o n  w i t h i n  t h e  r an g e  o f  th e  

in d e p e n d e n t  v a r i a b l e  may d e p a r t  e x c e s s i v e l y  from  th e  a c t u a l  

r e l a t i o n s h i p ,  e i t h e r  b ecause  t h e  f i t t e d  c u rv e  i s  too  sm ooth  o r  because  

i t  i n c l u d e s  e x t r a n e o u s  l o c a l  e x tr e m a  (i*. i n t e r p o l a t i o n  m ust  a l s o  be 

p e rfo rm e d  c a u t i o u s l y ) .  I n  t h e  c a se  o f  b i o l o g i c a l  com ponents  a n a ly z e d  

f o r  t h i s  d i s s e r t a t i o n ,  p a ra m e te r s  a r e  o f t e n  n o t  r e a d i l y  i n t e r p r e t a b l e  

b i o l o g i c a l l y .  A lthough th e  c o e f f i c i e n t  o f  t h e  f i r s t  power o f  t im e ,  t h e  

s lo p e  o f  t h e  f i t t e d  l i n e ,  can  be v iew ed  a s  t h e  r a t e  o f  change o f  a 

com ponent w i th  t im e ,  t h e  m eaning o f  c o e f f i c i e n t  o f  h ig h e r  pow ers  i s  

l e s s  c l e a r .  ( C o e f f i c i e n t  o f  d a te 2  p re su m a b ly  i n d i c a t e s  c o n c a v i ty  o f  

th e  f i t t e d  cu rve ,  i*. e^, r a t e  o f  change o f  s lo p e ,  b u t  h i g h e r  pow ers 

s e r v e  m a in ly  to  p r o v id e  a "good" f i t  w i t h o u t  c o n t r i b u t i n g  t o  

i n t e r p r e t a t i o n . )  I n  a d d i t i o n ,  p o ly n o m ia l  r e g r e s s i o n  e x p l i c i t l y  i g n o r e s  

th e  i n h e r e n t l y  c y c l i c a l  n a tu r e  o f  a r e p r o d u c t i v e  c y c le  and th u s  seem s 

t o  me t o  be c o u n t e r - i n t u i t i v e .

The a s t e r o i d  s p e rm a to g e n ic  c y c le  i s  i n t r i n s i c a l l y  c y c l i c a l ,  w i t h  

th e  t e s t e s  a n n u a l ly  p a s s in g  th ro u g h  th e  same sequence  o f  s t a t e s  a t  

a p p r o x im a te ly  th e  same t im e s  o f  y e a r  ( s u b j e c t  t o  s a m p l in g  v a r i a b i l i t y  

and, p o s s ib l y ,  d i f f e r e n c e s  a t t r i b u t a b l e  t o  e n v i r o n m e n ta l  c o n d i t i o n s ) .

Of c o u rs e ,  c e r t a i n  b io c h e m ic a l  m easu rem en ts ,  n o t a b ly  e s t i m a t e s  o f  t o t a l  

t e s t i c u l a r  c o n te n t  o f  a component, undergo  c a t a c l y s m i c  changes  a t  

spaw n ing  w hich  may r e s u l t  i n  an e x t r e m e ly  s t e e p  o r  p o s s i b l y
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d i s c o n t in u o u s  r e l a t i o n s h i p .  F o r  t h e s e  com ponents , i t  may be 

a p p r o p r i a t e  t o  c o n s i d e r  t h e  c y c le  to  have a d i s t i n c t  b e g in n in g  and end.

In  o t h e r  c a s e s ,  how ever, t h e r e  may be no e v id e n c e  f o r  d i s c o n t i n u i t y ,  i n  

w hich c a se  a  n o n - p e r i o d i c  r e g r e s s i o n  f u n c t i o n  i s  i n a p p r o p r i a t e .  For 

any c y c l i c a l  phenomenon, t im e  i s  p r o p e r l y  c o n s id e r e d  t o  be a c i r c u l a r  

v a r i a b l e  ( B a t s c h e l e t  1981), and p e r i o d i c  r e g r e s s i o n  i s  an a p p r o p r i a t e  

s t a t i s t i c a l  t o o l .

A s im p le  s i n e  c u rv e  i s  t h e  fu n d a m e n ta l  model f o r  p e r i o d i c  (i*. e.» 

c i r c u l a r - l i n e a r )  r e g r e s s i o n ,  s e r v i n g  an  a p p r o x im a te ly  a n a lo g o u s  r o l e  to  

t h a t  o f  a  s t r a i g h t  l i n e  i n  l i n e a r  r e g r e s s i o n .  The b a s ic  e q u a t io n  

assum es t h a t  th e  p e r io d  (T) o f  th e  in d e p e n d e n t  v a r i a b l e  ( u s u a l l y  t im e )  

i s  known a. p r i o r i .

y = M + A*cos(w ( t - t 0 )) (D.26)

I n  a d d i t i o n  t o  t h e  s p e c i f i e d  a n g u la r  f re q u e n c y ,  w= 2ir/T, t h i s  model 

has  t h r e e  p a r a m e te r s  d e te r m in e d  by r e g r e s s i o n :  M = "mean l e v e l "  o r  

"mesor", t h e  a v e ra g e  v a lu e  a t t a i n e d  by th e  d e p e n d en t  v a r i a b l e ;  A = 

" a m p l i tu d e " ,  assum ed t o  be g r e a t e r  th a n  z e ro ;  tg  = "peak phase"  o r

"ac ro p h a se " ,  a c i r c u l a r  v a r i a b l e  (modulo T) w hich  s p e c i f i e s  t h e  t im e  a t

w hich  t h e  f i t t e d  d e p e n d e n t  v a r i a b l e  a t t a i n s  i t s  maximum v a lu e .

E q u a t io n  D.26 i s  o c c a s i o n a l l y  w r i t t e n

y = M + A*eos(<*>t-<i>) (D.27)

w here th e  a c ro p h a s e  a n g le ,  <i> = wtg* i 3 s u b s t i t u t e d  f o r  a c ro p h a s e ;  t h i s  

s u b s t i t u t i o n  makes c e r t a i n  s u b s e q u e n t  c o m p u ta t io n s  c l e a r e r .

R e l a t i o n s h i p s  be tw een  two l i n e a r  v a r i a b l e s  t h a t  a r e  more complex 

th a n  a  s im p le  s t r a i g h t  l i n e  can  o f t e n  be a d e q u a te ly  d e s c r i b e d  by a 

p o ly n o m ia l .  I n  th e  same s e n s e ,  E q u a t io n  D.26 (o r  D.27) can  be 

g e n e r a l i z e d  f o r  p e r i o d i c  r e g r e s s i o n  to  a  t r i g o n o m e t r i c  p o ly n o m ia l :
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y = M + Ai e o s ^ t - ' f ’i ) + A2 C o s (2wt-<t>2 ) + ••• + A cco s t  kwt-4> k) ( D .28)

T h is  t r i g o n o m e t r i c  p o ly n o m ia l  c o r r e s p o n d s  t o  a  p a r t i a l  F o u r i e r  s e r i e s  

i n  w hich  s h o r t e r  p e r i o d s  w hich  f i t  e x a c t l y  i n t o  th e  p r i n c i p a l  p e r io d  

(T /2 , T/3* e t c . )  a r e  added t o  t h e  fu n d a m e n ta l  s i n e  cu rv e .  These 

" h ig h e r  h a rm o n ic s "  a r e  a n a lo g o u s  t o  h i g h e r  power t e r m s  i n  n o rm a l 

p o ly n o m ia l  r e g r e s s i o n .

For c o m p u ta t io n ,  E q u a t io n  D.26 i s  u s u a l l y  t r a n s f o r m e d  

a l g e b r a i c a l l y  i n t o

y = M + X*cos(wt) + Y -s in (w t)  (D.29)

w h e r e  X = A*cos(<t>) and  Y = A*sin(<l> ). The a d v a n t a g e  o f  E q u a t i o n  D.29 i s

t h a t  i t  i s  l i n e a r  i n  a l l  t h r e e  p a r a m e te r s  and b o th  p r e d i c t o r s .  Thus,

s t r a i g h t f o r w a r d  t e c h n i q u e s  o f  m u l t i p 1® l i n e a r  r e g r e s s i o n  can be 

a p p l i e d ,  w i t h  p a r a m e te r s  M, X, and Y d e te r m in e d  from  r e g r e s s i o n  on th e  

p r e d i c t o r s  co s(w t)  and s in ( w t ) .  A f t e r  E q u a t io n  D.29 i s  f i t t e d  t o  d a ta ,  

E q u a t io n  D.27 can  be p roduced  by s o lv i n g  th e  d e f i n i t i o n s  o f  X and Y f o r  

A and  $ :

A = ^(X2  + Y2 ) (D.30)

<t> = farc tan(Y /X ) i f  X>0 (D.31)
Itt + a rc tan (Y /X ) i f  X<0

E q u a t io n  D.28 can  be t r e a t e d  s i m i l a r l y  and te r m s  added by fo rw a rd

s e l e c t i o n  a s  i n  p o ly n o m ia l  r e g r e s s i o n .

P r e l i m i n a r y  t r i a l s  o f  t r i g o n o m e t r i c  p o ly n o m ia l  r e g r e s s i o n  as  a 

means o f  d e s c r i b i n g  p a t t e r n s  o f  b io c h e m ic a l  changes  d u r in g  

s p e r m a to g e n e s i s  r e v e a l e d  th e  a d v a n ta g e s  and d i s a d v a n ta g e s  o f  t h i s  

app roach . T r ig o n o m e t r i c  p o ly n o m ia ls  (Eqn. D.28) a r e  n o t  much more 

com plex c o m p u t a t i o n a l l y  th a n  s im p le  l i n e a r  p o ly n o m ia ls  and g e n e r a l l y  

have o n ly  a  few a d d i t i o n a l  p a ra m e te r s .  F u r th e rm o re ,  th e y  e x p l i c i t l y
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r e c o g n iz e  t h e  p e r i o d i c  n a tu r e  o f  th e  r e l a t i o n s h i p s  d e s c r ib e d .  In  

a d d i t i o n ,  t r i g o n o m e t r i c  p o ly n o m ia ls  a l lo w  f o r  th e  o c c u r r e n c e  o f  more 

th a n  one peak o r  t ro u g h  d u r in g  th e  fu n d a m e n ta l  p e r io d .  T h e i r  p r i n c i p a l  

d i s a d v a n ta g e  i s  t h a t  t h e  p a r a m e te r s  a r e  o f t e n  n o t  b i o l o g i c a l l y  

m e a n in g fu l ;  i t  i s  n o t  c l e a r  t h a t  a  th r e e -m o n th  p e r io d ,  f o r  exam ple , h a s  

any i n h e r e n t  m ean ing  i n  th e  a n n u a l  s p e rm a to g e n ic  c y c le .  I f  one i s  

w i l l i n g  t o  f o rg o  b i o l o g i c a l l y  m e a n in g fu l  p a r a m e te r s ,  t r i g o n o m e t r i c  

p o ly n o m ia ls  can  p r o v id e  good d e s c r i p t i o n s  o f  c y c l i c  phenomena.

P ro v id e d  t h a t  t h e r e  i s  o n ly  one peak and one t ro u g h  i n  t h e  

f u n d a m e n ta l  c y c le ,  a  h i g h l y  v e r s a t i l e  r e g r e s s i o n  f u n c t i o n  can be 

d e r iv e d  ( B a t s c h e l e t  1981) w hich  adds a t  m ost two a d d i t i o n a l  p a r a m e te r s :

y = M + A - c o s { o ) ( t - t 0 ) + v s - c o s ( w( t - t 0 )) + vp- s i n (  “( t - t 0 ) )} .  (D.32)

E q u a t io n  D.32 i s  d e r i v e d  from  th e  s i n e  c u rv e  o f  E q u a t io n  D.26 by th e  

a d d i t i o n  o f  two i n t e r n a l  te rm s ,  v s . Cos( w (t-tQ ))  and v p.sin(o> ( t - t 0 )).

The two added p a r a m e t e r s ,  v a and v p> sn® c a l l e d  th e  p a r a m e te r s  o f  

sk e w n e ss  and p e a k e d n e s s ,  r e s p e c t i v e l y .  The p a ra m e te r  o f  skew ness  

d e te r m in e s  w h e th e r  th e  f u n c t i o n ' s  peak i s  c l o s e r  to  th e  p r e c e e d in g  

(v 3>0) o r  f o l l o w i n g  (v3<0) t ro u g h .  B a t s c h e l e t  (1981) recommends t h a t  

v a be r e s t r i c t e d  t o  t h e  r a n g e  [ - 3 0 ° ,3 0 ° ]  i n  o r d e r  to  e n s u re  a 

s u f f i c i e n t l y  sm ooth  f u n c t i o n ,  b u t  I  d id  n o t  f i n d  t h i s  r e s t r i c t i o n  

n e c e s s a r y .  The p a r a m e t e r  o f  p eak ed n ess  d e te r m in e s  w h e th e r  t h e  f i t t e d  

c u rv e  i s  r e l a t i v e l y  s h a r p l y  peaked  (vp>o) o r  f l a t - t o p p e d  ( v p <0)  

compared t o  a s im p le  s i n e  c u rv e .  B a t s c h e l e t  (1981) recommends t h a t  v p 

be r e s t r i c t e d  t o  t h e  r a n g e  [ - 6 0 ° ,6 0 ° ]  i n  o r d e r  to  a v o id  s e c o n d a ry  peaks  

and t ro u g h s .  The r e g r e s s i o n  f u n c t i o n  g iv e n  i n  E q u a t io n  D.32 i s  

e x t r e m e ly  v e r s a t i l e  and a b le  t o  a d e q u a te ly  d e s c r i b e  a  w ide  v a r i e t y  o f
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c y c l i c a l  p a t t e r n s .  A l l  o f  th e  p a r a m e te r s  a r e  r e a d i l y  i n t e r p r e t a b l e  i n  

t e r m s  o f  t h e  f i t t e d  p a t t e r n ,  th e r e b y  f a c i l i t a t i n g  b i o l o g i c a l  

i n t e r p r e t a t i o n .  Because  o f  t h e s e  a d v a n ta g e s ,  E q u a t io n  D.32 was 

e x t e n s i v e l y  used  f o r  r e g r e s s i o n  a n a l y s i s  o f  b io c h e m ic a l  d a t a  i n  C h a p te r  

I ;  a d d i t i o n  o f  v 3 and vp t o  th e  model was a c c o m p lish e d  th ro u g h  fo rw a rd  

s e l e c t i o n .  A m in o r  d i s a d v a n ta g e ,  p ro v id e d  co m p u te r  a s s i s t a n c e  i s  

a v a i l a b l e ,  i s  t h a t  E q u a t io n  D.32 i s  n o t  l i n e a r  i n  th e  p a ra m e te r s  and 

c a n n o t  be a l g e b r a i c a l l y  t r a n s fo r m e d  t o  a l i n e a r  fo rm ; c o n s e q u e n t ly ,  

n o n - l i n e a r  r e g r e s s i o n  i s  r e q u i r e d .  A nother d i s a d v a n ta g e  o f  E q u a t io n  

D.32 i s  i t s  a p p a r e n t  i n a b i l i t y  t o  model e x t r e m e ly  r a p id  o r  

d i s c o n t in u o u s  changes .  C o n se q u e n tly ,  i t  may be l e s s  a p p r o p r i a t e  f o r  

c y c l i c a l  p a t t e r n s  d e m o n s t ra b ly  i n v o lv i n g  such  r a p i d  changes, a l th o u g h  

c a r e f u l  e x a m in a t io n  o f  r e s i d u a l s  can  l a r g e l y  c o r r e c t  t h i s  l i m i t a t i o n .

I t  may be p o s s i b l e  t o  add a  te rm , o r  m od ify  an e x i s t i n g  te rm ,  i n  o r d e r  

t o  a l lo w  f o r  e x t r e m e l y  r a p i d  changes  i n  d e p e n d en t  v a r i a b l e  ove r  a s h o r t  

p e r io d  o f  t im e .

T here  a r e  a  num ber o f  a l t e r n a t i v e  r e g r e s s i o n  f u n c t i o n s  and o t h e r  

m ethods  o f  a n a ly z in g  d a t a  such  a s  t h a t  p r e s e n t e d  i n  C h a p te r  I .  I  have  

n o t  exam ined  any o f  t h e s e  a l t e r n a t i v e s  i n  d e t a i l ,  b u t  f o r  c o m p le te n e s s  

I  w i l l  b r i e f l y  d e s c r i b e  s e v e r a l  p o s s i b i l i t i e s  f o r  f u t u r e  i n v e s t i g a t i o n .  

As m en t io n e d  above, t h e r e  may be an  a d d i t i o n a l  te rm , o r  m o d i f i c a t i o n s  

o f  e x i s t i n g  t e r m s ,  t h a t  can be added t o  E q u a t io n  D.32 t o  a l lo w  f o r  more 

r a p i d  changes  i n  d e p e n d en t  v a r i a b l e .  I f  i t  c o n s id e r e d  a p p r o p r i a t e  to  

c o n s id e r  t im e  a s  a l i n e a r  ( r a t h e r  th a n  c i r c u l a r )  v a r i a b l e  f o r  

m ea su rem e n ts  w hich  show a d i s t i n c t  d i s c o n t i n u i t y  a t  some p o i n t  i n  t h e  

c y c le ,  o t h e r  c l a s s e s  o f  r e g r e s s i o n  f u n c t i o n  can be i n v e s t i g a t e d  i n  

p l a c e  o f  p o ly n o m ia ls ;  some such  f u n c t i o n s  may have more e a s i l y
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i n t e r p r e t e d  p a r a m e te r s  (se e ,  f o r  exam ple , P e rkk iS  and K esk inen  1985).

In  a d d i t i o n ,  e i t h e r  t h e  in d e p e n d e n t  o r  d e p e n d en t  v a r i a b l e  ( o r  bo th )  can 

be l o g a r i t h m i c a l l y  t r a n s fo r m e d ,  and p o ly n o m ia l  r e g r e s s i o n  p e r fo rm e d  

w i t h  th e  t r a n s f o r m e d  d a ta .

A no ther  s e t  o f  p ro c e d u re s  w or thy  o f  c o n s i d e r a t i o n  do n o t  i n v o lv e  

r e g r e s s i o n  a r e  t h u s  a r e  n o t  am enab le  t o  s t a t i s t i c a l  q u a n t i f i c a t i o n  b u t  

can  p r o v id e  good v i s u a l  i m p r e s s i o n s  o f  t e m p o ra l  p a t t e r n s .  P ro v id e d  th e  

d a t a  p o i n t s  a r e  e q u a l l y  sp aced , o r  n e a r l y  so , d a ta  sm o o th in g  ( s e e  

V e llem an  and H o a g l in  1981 f o r  r ev ie w )  i s  e x t r e m e ly  e f f e c t i v e  a t  

rem ov ing  e x p e r im e n ta l  n o i s e  and r e v e a l i n g  u n d e r ly in g  p a t t e r n s .  B ecause  

d a t a  sm o o th in g  i s  l e s s  e f f e c t i v e  a t  e n d p o in t s ,  d a t a  a t  each  "end" o f  

th e  c y c le  can be appended t o  t h e  o t h e r  end i n  o r d e r  to  e n s u r e  t h a t  an 

e n t i r e  c y c le  i s  p r o p e r l y  sm oothed. For I r r e g u l a r l y  spaced  d a ta ,  I  

t h i n k  a  m ethod a n a lo g o u s  t o  d a t a  sm o o th in g  by h a n n in g  (V e llem an  and 

H o a g l in  1981) i n  w hich  r e g u l a r l y  sp aced ,  p a r t i a l l y  sm oothed  d a t a  a r e  

g e n e r a te d  by a r u n n in g  mean o f  raw d a ta  i s  i n t u i t i v e l y  a p p e a l in g  and 

c o u ld  be v e ry  u s e f u l .  For a s p e c i f i e d  t im e ,  d a t a  o c c u r r in g  n e a r  t h a t  

t im e  ( w i t h i n  a p r e v i o u s ly  s p e c i f i e d  r a n g e  o f  t im e s )  would be w e ig h te d  

by some f u n c t i o n  t h a t  v a r i e s  i n v e r s e l y  w i th  t e m p o ra l  d i s t a n c e .  

A l t e r n a t i v e l y ,  r e g u l a r i z e d  d a ta  cou ld  be g e n e ra te d  by a  ru n n in g  m edian  

o f  a l l  d a t a  w i t h i n  a  p r e v i o u s ly  s p e c i f i e d  t e m p o ra l  ran g e .

C o r r e c t io n  f o r  H e t e r o s c e d a s t i c i t v

One o f  th e  a s s u m p t io n s  u n d e r ly in g  r e g r e s s i o n  a n a l y s i s  i s  t h a t  

e r r o r  v a r i a n c e  i s  c o n s t a n t  f o r  a l l  o b s e r v a t io n s  ( h o m o s c e d a s t i c i ty ) .

When t h a t  a s su m p t io n  i s  v i o l a t e d ,  a  c o n d i t i o n  c a l l e d  

" h e t e r o s c e d a s t i c i t y " ,  p ro p e r  a p p l i c a t i o n  o f  r e g r e s s i o n  a n a l y s i s  

r e q u i r e s  some form  o f  c o r r e c t i o n  f o r  n o n - c o n s t a n t  v a r i a n c e s  ( N e te r  and
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Wasserman 1974). I n  many c a s e s ,  v a r i a n c e - s t a b i l i z i n g  t r a n s f o r m a t i o n s  

can  be s e l e c t e d  by e x a m in a t io n  o f  t h e  r e l a t i o n s h i p  be tw e en  r e s i d u a l s  

and e i t h e r  d e p e n d en t  o r  in d e p e n d e n t  v a r i a b l e s  ( se e  v i r t u a l l y  any good 

i n t r o d u c t o r y  s t a t i s t i c s  t e x t  f o r  d e t a i l s ) ;  such  t r a n s f o r m a t i o n s  o f t e n  

a l s o  h e lp  c o r r e c t  f o r  v i o l a t i o n s  o f  o t h e r  a s s u m p t io n s  o f  r e g r e s s i o n  

a n a l y s i s  (e*. n o r m a l i t y  o f  e r r o r s  and l i n e a r i t y  o f  th e  f i t t e d  

f u n c t i o n ) .  An e q u i v a l e n t  p ro c e d u re  t h a t  does  n o t  a f f e c t  a s s u m p t io n s  of 

n o r m a l i t y  o f  e r r o r s  o r  shape  o f  t h e  r e g r e s s i o n  f u n c t i o n  i s  w e ig h te d  

r e g r e s s i o n  (N e te r  and Wasserman 1974; Dixon et. a l .  1983). I n  w e ig h te d  

r e g r e s s i o n ,  each  d a t a  p o i n t  i s  a s s ig n e d  a  w e ig h t  p r o p o r t i o n a l  t o  t h e  

i n v e r s e  o f  i t s  r e s i d u a l  v a r i a n c e .

I n  th e  c a se  o f  b io c h e m ic a l  m easu rem en ts  a n a ly z e d  i n  C h a p te r  I ,  

e r r o r  v a r i a n c e s  can  be a s s ig n e d  t o  d a ta  p o i n t s  on th e  b a s i s  o f  

p r o p a g a t io n  o f  e r r o r ,  a s  p r e v i o u s ly  d e s c r ib e d .  These e r r o r  v a r i a n c e s ,  

w h ich  r e p r e s e n t  r e l a t i v e  u n c e r t a i n t y  o f  th e  d a t a  p o i n t s ,  g e n e r a l l y  have  

no I n t r i n s i c  f u n c t i o n a l  r e l a t i o n s h i p  t o  e i t h e r  t h e  dep en d en t  o r  

in d e p e n d e n t  v a r i a b l e s .  C o n seq u en tly ,  t h e r e  i s  no t r a n s f o r m a t i o n  

e f f e c t i v e  i n  s a t i s f y i n g  a  r e q u i r e m e n t  f o r  h o m o s c e d a s t i c i t y .  W eighted 

r e g r e s s i o n ,  how ever, s a t i s f i e s  t h a t  r e q u i r e m e n t .  T h e re fo re ,  r e g r e s s i o n  

a n a l y s i s  i n  C h a p te r  I  i n v o lv e d  w e ig h t in g  each  d a t a  p o i n t  by th e  i n v e r s e  

o f  i t s  e s t i m a t e d  e r r o r  ( from  E q u a t io n  D.24ff.)  f o r  r e g r e s s i o n  w i t h  th e  

f u n c t i o n  i n  E q u a t io n  D.32.

C o nf idence  Bands

C o nf idence  bands a r e  e x t r e m e ly  u s e f u l  i n  p r o v id in g  s im p le  v i s u a l  

i n t e r p r e t a t i o n  o f  r e l a t i v e  u n c e r t a i n t i e s  i n  f i t t e d  r e g r e s s i o n  f u n c t i o n s  

and i n d i c a t i n g  an o v e r a l l  r e g i o n  i n  w hich t h e  r e g r e s s i o n  f u n c t i o n  l i e s .  

Fo r  l i n e a r  r e g r e s s i o n  ( i n c l u d i n g  m u l t i p l e  l i n e a r  r e g r e s s i o n  and
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l i n e a r i z a b l e  f u n c t i o n s  such  a s  E q u a t io n  D.27. w hich  can be e x p re s s e d  i n  

t h e  e q u i v a l e n t  l i n e a r  form  o f  E q u a t io n  D.29). 1- a c o n f id e n c e  l i m i t s  can 

be c a l c u l a t e d  by s u b s t i t u t i n g  W orking and H o t e l l i n g ' s  W f o r  t  i n  

E q u a t io n  D.16 (N e te r  and W asserman 1974):

W2 = p F (  i _ a  j p> n _ p )  (D .3 3 )

w here p i s  th e  t o t a l  number o f  p a r a m e te r s  i n  th e  r e g r e s s i o n  f u n c t i o n  

and n i s  t h e  number o f  d a t a  p o i n t s .  For n o n - l i n e a r  r e g r e s s i o n  

f u n c t i o n s ,  an  a n a lo g o u s  form  o f  E q u a t io n  D .16  can be u sed :

Yh = ? h ± W -s(?h ), (D.34)

w here W i s  c a l c u l a t e d  by E q u a t io n  D.33 and s ( ? h ) i s  t h e  s t a n d a r d  e r r o r  

o f  a  p r e d i c t e d  Y, o f t e n  p ro v id e d  by th e  r e g r e s s i o n  p rogram  f o r  e a ch  

d a t a  p o i n t  (D ix o n  e t  a l .  1 9 8 3 ) .

For d a t a  i n  C h a p te r  I  w hich  w ere  f i t t e d  t o  t h e  n o n - l i n e a r  p e r i o d i c  

r e g r e s s i o n  f u n c t i o n  o f  E q u a t io n  D.32, u p p e r  and lo w e r  c o n f id e n c e  l i m i t s  

w ere  c a l c u l a t e d  by a p p ly in g  E q u a t io n  D.34 f o r  each  d a t a  p o in t .  Upper 

and lo w e r  l i m i t s  f o r  c o n f id e n c e  bands were p roduced  by f i t t i n g  th e  same 

r e g r e s s i o n  f u n c t i o n  (Eqn. D.32) t o  t h e  two s e t s  o f  p o i n t s  t h u s  

p roduced .

C o r r e c t io n  o f  Mesor and A crophase

The a d d i t i o n  o f  p a r a m e te r s  o f  skew ness  and p e a k ed n e ss  ( v g and v p ) 

t o  p e r i o d i c  r e g r e s s i o n  (Eqn. D.32) r e s u l t s  i n  t h e  p a r a m e te r s  M and to  

no l o n g e r  r e p r e s e n t i n g  th e  t r u e  mean l e v e l  and a c ro p h a s e .  B a t s c h e l e t  

(1981) d e s c r i b e s  c a l c u l a t i o n s  n e c e s s a r y  t o  c a l c u l a t e  t r u e  v a lu e s  o f  

mean l e v e l  and a c ro p h a s e  when e i t h e r  u s o r  v p (b u t  n o t  bo th )  i s  added 

t o  th e  m odel. These m ethods  can  be e a s i l y  e x te n d e d  t o  i n c l u d e  c a s e s  i n

w hich b o th  v s  and v p a r e  i n c lu d e d  i n  th e  r e g r e s s i o n  f u n c t i o n .  

E s s e n t i a l l y ,  t h e  t r u e  m esor o f  a  s p e c i f i e d  f u n c t i o n  i s  c a l c u l a t e d  by
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i n t e g r a t i n g  t h e  f u n c t i o n  o v e r  one p e r io d ,  and th e  t r u e  a c ro p h a s e  

c a l c u l a t e d  by d i f f e r e n t i a t i n g  th e  f u n c t i o n  to  f i n d  an a b s o l u t e  maximum. 

Thus, t h e  t r u e  mean l e v e l  o r  m esor i s

365
M = $ [ ? t l d t  (D.35)

3o5 o

w here  i a c a l c u l a t e d  by E q u a t io n  D.32, o r  e q u i v a l e n t l y ,  by d e f i n i n g

\p =

2 TT
M = M + (A/2rr)- /  c o s t  'P + ^ c o s 'P  + vp s in ^ ) d ^  . (D .36)

For t h e  r e g r e s s i o n  f u n c t i o n  o f  E q u a t io n  D.32, o r  i t s  e q u i v a l e n t

form

y = M + A -cos^  + v3 cos'J> +  vps i n ^ ] ,  (D.37)

l o c a l  maxima can  be d e te r m in e d  by d i f f e r e n t i a t i o n .  However, b e c au se  

a c ro p h a s e  i s  t h e  f u n c t i o n ' s  a b s o l u t e  maximum, a  c o n c e p t u a l l y  s i m p l e r  

a pp roach  i s  p o s s i b l e .  Fo r  e a s e  o f  n o t a t i o n ,  d e f i n e

5 = ip + vs c o s ^  + v ps in ^ .  (D.38)

Then E q u a t io n  D.37 can  be r e - e x p r e s s e d  as

y = M + A*cos(C) (D.39)

w h ich  a t t a i n s  an  a b s o l u t e  maximum o f  M+A i f  and o n ly  i f  cos(5)=1. But

cos(5)=1 i f  and o n ly  i f  C=0; t h e r e f o r e  t h e  t r u e  a c ro p h a s e  o f  E q u a t io n  

D.39 (and fience o f  E q u a t io n s  D.37 and D.32) can be found  by s o l v i n g

Ip + VgCosty + v ps in i P = 0 (D.40)

f o r  'P. The a c ro p h a s e  i s  g iv e n  a s  a  J u l i a n  d a te  by a p p ly in g  th e  

d e f i n i t i o n  o f  'P, i .  e .

fca  = to  + 'P/u • (D.41)

A crophase  d a t e  ( t a ) can  a l s o  be found  d i r e c t l y  by s u b s t i t u t i n g  th e  

d e f i n i t i o n  ^ UJ( t a —tp )  i n t o  E q u a t io n  D.40 and s o l v i n g  f o r  t a .
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C i r c u l a r  C o r r e l a t i o n

The i n t e n t  o f  c o r r e l a t i o n  a n a l y s i s  i s  t o  exam ine  in te r d e p e n d e n c e  

o f  two o r  more v a r i a t e s .  I f  any o f  t h e  v a r i a t e s  i n v o lv e d  b e lo n g  t o  a 

c i r c u l a r  d i s t r i b u t i o n ,  n o rm a l  m ethods o f  l i n e a r  c o r r e l a t i o n  a r e  n o t  

g e n e r a l l y  a p p l i c a b l e ;  i n s t e a d ,  c i r c u l a r  c o r r e l a t i o n  a n a l y s i s  m ust be 

a p p l i e d  ( f o r  r e v ie w  s e e  B a t s c h e l e t  1981). U n f o r tu n a t e l y ,  m u l t i v a r i a t e  

c o r r e l a t i o n  a n a l y s i s  h a s  n o t  y e t  been dev e lo p ed  ( B a t s c h e l e t  1981), so  

on ly  b i v a r i a t e  m ethods a r e  now a v a i l a b l e .  S e v e r a l  d i s t i n c t  t e s t s  f o r  

c o r r e l a t i o n  can be a p p l i e d ,  d e p e n d in g  upon w h e th e r  one o r  b o th  v a r i a t e s  

a r e  c i r c u l a r  and w h e th e r  c e r t a i n  a s s u m p t io n s  a b o u t  t h e  d i s t r i b u t i o n s  o f  

t h e  v a r i a t e s  h o ld .  The m ethods  o f  c i r c u l a r  c o r r e l a t i o n  used  i n  t h i s  

d i s s e r t a t i o n  i n c l u d e :  r a n k  c o r r e l a t i o n  o f  two c i r c u l a r  v a r i a t e s  (M ard ia  

1975); p a r a m e t r i c  c o r r e l a t i o n  o f  two c i r c u l a r  v a r i a t e s ,  w i t h o u t  an 

a s s u m p t io n  t h a t  b o th  v a r i a t e s  a r e  u n i f o r m ly  d i s t r i b u t e d  (Jupp  and 

M ard ia  1980); p a r a m e t r i c  c i r c u l a r - l i n e a r  c o r r e l a t i o n ,  w i t h  t h e  

a s su m p t io n  t h a t  t h e  u n d e r l y i n g  r e l a t i o n s h i p  i s  a p p r o x im a te ly  s i n u s o i d a l  

(M ard ia  1976); c i r c u l a r - l i n e a r  c o r r e l a t i o n  by r a n k s  (M ard ia  1976). A l l  

o f  t h e s e  m ethods , and s e v e r a l  o t h e r s ,  a r e  d e s c r ib e d  i n  d e t a i l  i n  

B a t s c h e l e t  ( 1 9 8 1 ) .

When m ethods  u s in g  r a n k s  w ere  a p p l i e d  t o  d a t a  from  C h a p te r  I ,  t i e s  

( e s p e c i a l l y  i n  s p e rm a to g e n ic  s t a g e )  w ere  r e s o l v e d  by a s s i g n i n g  r a n k s  

e q u a l  t o  th e  mean o f  t h e  r a n k s  t h a t  would have been a s s ig n e d  t o  th o s e  

r a n k s  had th e y  n o t  been t i e d .  For exam ple , i f  t h e  t h i r d  and f o u r t h  

h i g h e s t  v a lu e s  a r e  i d e n t i c a l ,  th e y  a r e  a s s ig n e d  r a n k s  o f  (3+ 4 )/2  = 3.5. 

For c i r c u l a r  v a r i a t e s ,  a n  a r b i t r a r y  o r i g i n  i s  chosen  f o r  a s s ig n m e n t  o f  

r a n k s .



APPENDIX E

COMPUTER APPLICATIONS FOR STATISTICAL ANALYSIS

T h is  a p p e n d ix  c o n t a i n s  s e v e r a l  in d e p e n d e n t  p rog ram s and se q u e n c e s  

o f  i n s t r u c t i o n s  f o r  c o m m e rc ia l  p rogram s w hich  I  found  e s p e c i a l l y  u s e f u l  

i n  a p p ly in g  th e  s t a t i s t i c a l  p ro c e d u re s  d e s c r ib e d  i n  Appendix D. The 

i n f o r m a t i o n  c o n ta in e d  h e r e  may a l lo w  s i m i l a r  a n a ly s e s  t o  be p u rsu e d  

w i t h o u t  t h e  a t t e n d e n t  (and o f t e n  e x te n s iv e )  l a b o r  r e q u i r e d  t o  p roduce  

n e c e s s a r y  co m p u te r  p rogram s. The s p e c i f i c  program m ing i n c lu d e d  h e r e  i s  

n o t  n e c e s s a r i l y  t h e  m o s t  e f f i c i e n t  p o s s i b l e ;  i n  p a r t i c u l a r ,  i t  m ig h t  be 

u s e f u l  t o  com bine a l l  o f  th e  program  u n i t s  i n t o  a s i n g l e  l a r g e r  

program , t h e r e b y  e l i m i n a t i n g  many o f  th e  i n t e r v e n i n g  s t e p s  and 

m in im iz in g  i n p u t - o u t p u t  r e q u i r e m e n t s .  I n  a d d i t i o n ,  th e  p rog ram s g iv e n  

i n  t h i s  ap p e n d ix  o f t e n  do n o t  check  i n p u t  d a t a  f o r  e r r o r s  o r  

u n r e a s o n a b le  v a lu e s .  My g o a l  h e r e  i s  n o t  t o  p r e s e n t  th e  b e s t  p o s s i b l e  

s e t  o f  p rog ram s, b u t  s im p ly  to  p r e s e n t  a  s e t  t h a t  w orks f o r  t h e  

a n a ly s e s  d e s c r i b e d .

A n a ly s i s  o f  d a t a  a s  o u t l i n e d  i n  Appendix D was p e rfo rm e d  w i t h  

r o u t i n e s  i n  f i v e  " la n g u a g e s" .  Most o f  th e  a n a ly s e s  w ere  p e r fo rm e d  on 

t h e  U n i v e r s i t y  o f  New H a m p sh ire 's  DECsystem-1090 u s in g  (1) M in i t a b  

( Ryan e t  a l .  1 9 7 6 ) .  (2) BMDP (D ix o n  e t  a l .  1 9 8 3 ) ,  and  (3) BASIC ( f o r  

s e v e r a l  s p e c i f i c  t a s k s  n o t  e a s i l y  a c c o m p lish e d  w i t h  th e  s t a n d a r d  

s t a t i s t i c a l  pack ag es ) .  I n  a d d i t i o n ,  some a n a ly s e s  w ere  p e rfo rm e d  w i th  

a  N o r th S ta r  Advantage m ic ro c o m p u te r  programmed w i t h  FORTRAN-80 

( r e l e a s e d  by M ic r o s o f t ) .  P l o t s  w ere  p re p a re d  on a  CalComp p l o t t e r  w i t h  

t h e  a id  o f  a  p l o t t i n g  program  (UPLOT, by A lan L. Baker o f  UNH).

151



152

F undam en ta l  f a m i l i a r i t y  w i th  b o th  s t a t i s t i c a l  packages  and th e  two 

program m ing l a n g u a g e s  i s  assum ed h e re .  Because p l o t t i n g  commands a r e  

l i k e l y  t o  be i n s t a l l a t i o n - s p e c i f i c ,  d e t a i l s  o f  th e  p l o t t i n g  r o u t i n e s  

a r e  n o t  i n c lu d e d  i n  t h i s  append ix .  Also, d e t a i l s  o f  many o f  th e  

n e c e s s a r y  i n t e r v e n i n g  s t e p s  have  n o t  been in c lu d e d ;  g iv e n  m in im a l  

f a m i l i a r i t y  w i t h  t h e  c o m m e rc ia l  packages  and t h e i r  p ro c e d u re s ,  t h e  

i n t e r v e n i n g  s t e p s  s h o u ld  be r e a s o n a b ly  c l e a r .

Program m ing d e s c r i b e d  h e r e  f o l l o w s  th e  sequence  i n  Appendix D, 

w hich  was a l s o  a p p r o x im a te ly  th e  sequence  o f  a n a l y s i s .  W ith in  program  

u n i t s ,  d o u b le  s e m i - c o lo n s ,  a r e  used  t o  mark e x p la n a to r y  comments;

t h e s e  comments a r e  o n ly  i n c lu d e d  f o r  c l a r i f i c a t i o n  i n  t h i s  a p p en d ix  and 

would n o t  be i n c l u d e d  i n  a c t u a l  com pu te r  code. (The s t a t i s t i c a l  

packages  i n  p a r t i c u l a r  a r e  n o t  w e l l  a d a p te d  t o  i n t e r n a l  d o c u m e n ta t io n .)

S ta n d a rd  Curves 

Given amount o f  s t a n d a r d  and a s s o c i a t e d  o p t i c a l  d e n s i t y  f o r  

s e v e r a l  r e p l i c a t e s  c o v e r in g  th e  ran g e  o f  a s p e c t r o p h o to m e t r i c  t e s t ,  a 

s t a n d a r d  c u rv e  ( e i t h e r  E q u a t io n  D.1 o r  D.2 as r e q u i r e d )  i s  e a s i l y  

c a l c u l a t e d  and i t s  s i g n i f i c a n c e  d e te rm in e d  w i t h  M in i ta b  o r  any o t h e r  

s t a t i s t i c a l  package. T e s t i n g  e q u iv a le n c e  o f  s e v e r a l  s t a n d a r d  c u rv e s  by 

E q u a t io n  D.4 i s  a l s o  s t r a i g h t f o r w a r d ,  a l th o u g h  p o s s i b l y  t e d i o u s .  Once 

c o i n c i d e n t  s t a n d a r d  c u r v e s  a r e  combined, m ethods o f  i n v e r s e  p r e d i c t i o n  

a r e  used  t o  d e te r m in e  am ount o f  component and a s s o c i a t e d  s t a n d a r d  e r r o r  

f o r  sam p le  r e p l i c a t e s .

I n v e r s e  P r e d i c t i o n  

W ith th e  h e lp  o f  M in i t a b  and a t e x t  e d i t o r ,  a d a ta  f i l e  was 

c o n s t r u c t e d  f o r  each  g roup  o f  c o in c i d e n t  s t a n d a r d s .  Each d a t a  f i l e
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c o n ta in e d :  power o f  t h e  f i t t e d  s t a n d a r d  c u rv e  (p = 1 o r  2). number o f

d a t a  p o i n t s  u sed  t o  c o n s t r u c t  t h e  s t a n d a r d  c u rv e  (n), a l i s t  o f  t h e  n

s t a n d a r d s  u sed  t o  c o n s t r u c t  th e  s t a n d a r d  c u rv e  (X -v e c to r ) ,  p+1

r e g r e s s i o n  c o e f f i c i e n t s ,  mean s q u a re  e r r o r  o f  s t a n d a r d  c u rv e

r e g r e s s i o n ,  and a r e c o r d  f o r  e a ch  r e p l i c a t e  a s s o c i a t e d  w i th  t h a t  g roup

o f  s t a n d a r d s .  Each r e p l i c a t e  was r e p r e s e n t e d  by t h r e e  num bers: (1)

o b s e rv e d  o p t i c a l  d e n s i t y  o f  t h a t  r e p l i c a t e ,  (2) X -  s^ , and (3) X + s$,

w here  X was d e te r m in e d  by e i t h e r  E q u a t io n  D.7 o r  D.14 and s ^  by

E q u a t io n  D.12. T h is  d a t a  f i l e  was u sed  a s  i n p u t  t o  REGVA.BAS, w hich

a p p l i e s  n u m e r ic a l  m ethods t o  s o lv e  E q u a t io n  D.16 f o r  c o n f id e n c e  l i m i t s

one s t a n d a r d  e r r o r  above and below X^ f o r  from  e a ch  r e p l i c a t e .

The BASIC program REGVA.BAS f o l l o w s :

00010 DIM X ( 6 0 ,3 ) ,X 1 ( 3 ,6 0 ) ,X 2 ( 3 ,3 ) ,X 4 ( 3 ) ,X 5 ( 1 ,3 )
00015 DIM X6(1 ,3 ) * X7(2 , 2 ) , X8(2 , 2 ) , B(3)

; ;  N o te :  i f  n > 60, d im en s io n s  o f  th e  a r r a y s  X and X1 m ust be
; ;  a d j u s t e d  a c c o r d in g l y .

00020  '

00030 1 OPEN DATA FILE FOR SEQUENTIAL INPUT AND OUTPUT
00040 '
00050 PRINT "FILENAME FOR INPUT:";
00060 INPUT F$
00070 FILE #1, F$
00072 PRINT "FILENAME FOR OUTPUT:";
00074 INPUT F$
00076 FILE # 2 , F$
00078 SCRATCH #2
00080  '

00090 • SET POWER OF REGRESSION LINE (LINEAR OR QUADRATIC)
00100 INPUT #1 , P
00110  •
00120 ' READ IN X COORDINATES OF REGRESSION DATA; SET UP MATRICES
00130 INPUT #1, N
00140 MAT X = ZER(N,P+1)
00150 MAT B = ZER(P+1)
00160 MAT X4 = C0N(P+1)
00170 FOR I  = 1 TO N
00180 X ( I ,1 )  = 1
00190 INPUT #1, X(1 ,2 )
00200 IF  P=1 THEN 220
00210 X ( I , 3) = X ( I ,2 )* * 2
00220 NEXT I



00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
00390
00400
00410
00415
00420
00430
00435
00440
00450
00460
00470
00480
00490
00495
00500
00510
00520
00530
00540
00550
00560
00570
00580
00590
00600
00610
00620
00630
00640
00650
00660
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MAT X1 = TRN(X)
MAT X2 = X1«X 
MAT X2 = INV(X2)
PRINT "X'X-INVERSE"
PRINT
MAT PRINT X2 
PRINT
i

• READ IN REGRESSION COEFFICIENTS AND MEAN SQUARE ERROR
FOR I  = 1 TO P+1

INPUT #1, B ( I )
NEXT I  

INPUT #1, S2
i

» INPUT CASE FOR ANALYSIS
INPUT #1, Y.E1.E2
t

• CALCULATE PREDICTED X ; ;  X3 = p r e d i c t e d  X
IF  P=2 THEN 440
• LINEAR 

X3=(Y-B(1 ) ) /B (2 )
GOTO 450

' QUADRATIC
X 3= (-B (2)+ SQ R (B (2)**2-4*B (3)*(B (1 )—Y) ) ) / ( 2 * B ( 3 ) )

•SOLVE FOR LIMITS BY SECANT METHOD (HORNBECK 1975)
D = E1 -  X3 
F2 = FNF(X3)
F1 = FNF(E1)
PRINT F1,F2 ,D  
D = -F1*D /(F 1-F2)
E1 = E1 + D
IF  ABS(D) <ABS(X3)*1E—6 THEN 550
F2 = F1
GOTO 490
D=E2-X3
F2=FNF(X3)
F1=FNF(E2)
D=-F1*D/(F1-F2)
E2=E2+D
IF ABS(D)<ABS(X3)*1E-6 THEN 630
F2=F1
GOTO 570
PRINT #2»Y;X3;E1;E2»( (E 2 -E 1 ) /2 )* * 2
GOTO 380 1 NEXT CASE
STOP
DEF FNF(X)

The f u n c t i o n  FNF(X) i s  an  a l g e b r a i c  r e - a r r a n g e m e n t  o f  
E q u a t io n  D.16» p l a c i n g  a l l  t e r m s  on th e  same s i d e  o f  th e  
" e q u a ls "  s i g n  and e l i m i n a t i n g  s q u a re  r o o t  ( a s  w e l l  a s  
c o m p u ta t io n a l  a m b ig u i ty  o f  E q u a t io n  D.16). S o l u t i o n  by 
s e c a n t  m ethod r e q u i r e s  t h a t  t h e  e q u a t i o n  be e x p re s s e d  i n  t h e  
form  f(x )= 0 . FNF p r o v id e s  v a lu e s  o f  f (x )  a t  i n t e r m e d i a t e  
e s t i m a t e s  o f  x .

'  X1=X»
' X2=X'X 
• X2=X'X-INVERSE
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00670 
00680 
00690 
00700 
00710 
00720 
00730 
007 MO 
00750

MAT X5 = TRN(XM) 
MAT X6 = X5*X2 
MAT X7 = X6*XM
MAT X8 = X5*B
FNF = (Y -  X 8 (0 .0 ) )* * 2  -  S2»( 1 + X 7 (0 ,0 ) )

XM(1)=1 
XM(2)=X
IF  P=1 THEN 710 

XM( 3 ) =X**2

> i A rray  XM = Xh

; ;  FNF = (Yh _ ? h )2 _ M S E ( 1 + ^ ( X 'X ) - 1 lh )
00760 FNEND
00770 END

T h is  p rogram , r u n  i n t e r a c t i v e l y ,  r e q u e s t s  names f o r  i n p u t  and o u tp u t  

f i l e s  and p r i n t s  o u t  t h e  (X’X)--' m a t r ix .  The o u t p u t  f i l e  ( g e n e r a te d  i n  

l i n e  630) c o n t a i n s  a  row f o r  each  r e p l i c a t e ,  w i t h  f i v e  co lum ns: (1) 

o p t i c a l  d e n s i t y ,  Y^; (2) am ount o f  com ponent by i n v e r s e  p r e d i c t i o n ,  X^; 

(3) f i n a l  n u m e r i c a l  e s t i m a t e  o f  5ih-s *; (M) f i n a l  n u m e r ic a l  e s t i m a t e  o f  

^h+ s£> (5) v a r i a n c e  o f  X^ e s t i m a t e d  a s  t h e  s q u a re  o f  d e v i a t i o n  o f  (3) 

and (M) from  (2). A lthough  o n ly  th e  second  and f i f t h  co lum ns a r e  

needed  f o r  s u b s e q u e n t  c a l c u l a t i o n s ,  t h e  o t h e r  co lum ns can s o m e t im e s  be 

u s e f u l  i n  debugg ing .

D ata  r e d u c t i o n  a s  d e s c r i b e d  i n  Appendix D can  be p e rfo rm e d  

r e l a t i v e l y  e a s i l y  w i t h  th e  a i d  o f  M in i t a b  o r  an  e q u i v a l e n t  s t a t i s t i c a l  

package. Use o f  M in i t a b 's  "STORE" and "EXECUTE" commands i s  e s p e c i a l l y  

u s e f u l  f o r  a c c o m p l i s h in g  r e p e t i t i v e  t a s k s  such  a s  c a l c u l a t i n g  w e ig h te d  

a v e ra g e s  f o r  e a ch  s p e c im e n  (E q u a t io n  D.19) and s u b s e q u e n t  a p p l i c a t i o n  

o f  E q u a t io n s  D.21 t o  D.2M. For t h e s e  c a l c u l a t i o n s ,  a l l  r e p l i c a t e s  f o r  

a  g iv e n  sp e c im e n  m ust  be i s o l a t e d  (e^ g^, by means o f  M in i t a b 's  "PICK" 

o r  "CHOOSE" commands) t o  a l lo w  sum m ations  f o r  t h a t  spec im en . F i n a l  

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

D a ta  R e d u c t io n
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P e r i o d i c  R e g r e s s io n  

P e r i o d i c  r e g r e s s i o n  u s in g  t h e  r e g r e s s i o n  f u n c t i o n  g iv e n  as  

E q u a t io n  D.32 r e q u i r e s  a  s t a t i s t i c a l  package c a p a b le  o f  n o n - l i n e a r  

r e g r e s s i o n ,  such  a s  BMDP. Most n o n - l i n e a r  r e g r e s s i o n  r o u t i n e s  r e q u i r e  

i n i t i a l  e s t i m a t e s  o f  r e g r e s s i o n  c o e f f i c i e n t s ;  f o r  th e  d a t a  a n a ly z e d  

h e re ,  i n i t i a l  e s t i m a t e s  can  be o b ta in e d  by l i n e a r  r e g r e s s i o n  w i th  th e  

f u n c t i o n  D.29. R e g re s s io n  c o e f f i c i e n t s  f o r  E q u a t io n  D.29 can th e n  be 

c o n v e r te d  to  i n i t i a l  e s t i m a t e s  o f  M, A, and t Q by means o f  E q u a t io n s  

D.30 and D.31. Because M in i t a b  i s  a b le  t o  p e rfo rm  w e ig h te d  l i n e a r  

r e g r e s s i o n ,  i t  can be u sed  v e ry  e f f e c t i v e l y  t o  p r o v id e  i n i t i a l  

e s t i m a t e s  f o r  n o n - l i n e a r  r e g r e s s i o n  by BMDP; v s and Vp have i n i t i a l  

e s t i m a t e s  o f  z e ro .

For each  b io c h e m ic a l  m easu rem en t,  t h e  d a t a  r e d u c t i o n  p ro c e d u re  

p roduced  a d a t a  f i l e  c o n t a i n i n g  a row f o r  e a c h  s p e c im en  and t h r e e  

co lum ns. The f i r s t  colum n c o n ta in e d  d a t e  ( a s  number o f  days from  

b e g in n in g  o f  c a le n d a r  y e a r ) ,  t h e  second  colum n c o n ta in e d  th e  

b io c h e m ic a l  m easu rem en t  ( c o n c e n t r a t i o n ,  l e v e l ,  o r  c o n te n t ) ,  and th e  

t h i r d  colum n c o n ta in e d  an  e s t i m a t e  o f  th e  s t a n d a r d  e r r o r  o f  

m ea su rem e n ts  i n  th e  second  column. These f i l e s  w ere  used  as  i n p u t  t o  

t h e  program  BMDPAR (Dixon e t  a l .  1983). S i g n i f i c a n c e  o f  v s  and v p w ere  

t e s t e d  a g a i n s t  m odels  i n  w hich  th o s e  p a r a m e te r s  w ere  n o t  i n c lu d e d  w i t h  

a n  F t e s t :

SSE (reduced  model) -  S S E ( f u l l  model)
F = DFE(reduced) -  D F E (fu l l )

M S E (fu l l  model)

w i t h  (DFE(r)-DFE(f)) and DFE(f) d e g re e s  o f  f reed o m . Based on t e s t s  o f  

s i g n i f i c a n c e  w i t h  t h i s  F s t a t i s t i c ,  and v p w ere  added by f o rw a rd  

s e l e c t i o n ;  c o n s e q u e n t ly  BMDPAR was e x e c u te d  up t o  f o u r  t im e s  f o r  each
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b io c h e m ic a l  m easu rem en t.  The f o l l o w i n g  sequence  o f  i n s t r u c t i o n s  f o r  

BMDPAR w ere  c o n ta in e d  i n  a  s e p a r a t e  c o n t r o l  lan g u a g e  f i l e ,  m o d i f i e d  a s  

n e c e s s a r y  f o r  s p e c i f i c  a n a ly s e s :

/PROBLEM
TITLE IS 'NONLINEAR PERIODIC REGRESSION'.

/COMMENT
'SUBSTITUTE CORRECT FILE NAME INTO INPUT.
SUBSTITUTE REASONABLE INITIAL VALUES INTO PARAMETER.'.

/INPUT
VARIABLES ARE 3 .
FORMAT IS FREE.
FILE IS ' ? ? ? ? ? ? . DAT'.

/VARIABLE
NAMES ARE ID, CONCEN, SE, DATE, CASEWT.

Some d a t a  s e t s  had f i r s t  column a s  an  i d e n t i f i c a t i o n  
number, fo rm ed  w i t h  d a t e  a s  i n t e g r a l  p o r t i o n  w i t h  a 
se q u en c e  number f o r  t h a t  d a te  appended a f t e r  t h e  d e c im a l  
p o i n t .

ADD = 2 .
MISSING = 3*0 .

/TRANSFORMATION
DATE = IN T (ID ).
CASEWT = 1/SE**2.

/SAVE
FILE = ' ? ? ? ? ? ? . SAV».
NEW.
CODE = ? ? ? ? ? ? .

/REGRESS
DEPENDENT = 2 .
PARAMETER = 5 .
WEIGHT = CASEWT.

/PARAMETER
FIXED ARE SK.PK. T h is  l i n e  m o d if ie d  d e p e n d in g  on 

w h ic h  o f  vs and  Vp, i f  a n y ,  a r e

/FUN

/END

t o  be in c lu d e d  i n  t h e  
r e g r e s s i o n  model.

NAMES ARE M, AMP, ACR, SK, PK.
IN IT IA L  = ? ,  ? ,  ? ,  0 ,  0 .
MINIMUM = ( 5 ) - 1 .0 4 7 1 9 7 6 .
MAXIMUM = ( 5 ) 1 . 0 4 7 1 9 7 6 .

OMEGA = 2 * 3 . 1 4 1 5 9 2 6 5 3 6 / 3 6 5 .
TMP1 = OMEGA*( DATE-ACR) .
TMP2 = S K *C 0S(T M P1) .
TMP3 = P K *S IN (T M P 1) .
F = M +  AM P*C0S(TM P1+TM P2+TM P3).
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I n  th e  c o n t r o l  lan g u a g e  shown h e re ,  e n t r i e s  a p p r o p r i a t e  f o r  th e  

s p e c i f i c  d a t a  s e t  a n a ly z e d  m ust be i n s e r t e d  w h e re v e r  q u e s t io n - m a r k s  

a p p e a r .  The "SAVE" p a ra g ra p h  i s  o n ly  r e q u i r e d  f o r  t h e  f i n a l  fo rm , i n  

o r d e r  t o  save  e s t i m a t e s  o f  p r e d i c t e d  Y and s t a n d a r d  e r r o r s  o f  p r e d i c t e d  

Y. The d a t a  f i l e s  p roduced  by th e  SAVE p a ra g ra p h  p ro v id e  i n p u t  t o  a 

s i m i l a r  s e t  o f  c o n t r o l  la n g u a g e  i n s t r u c t i o n s ;  u p p e r  and lo w e r  l i m i t s  

f o r  th e  c o n f id e n c e  bands a r e  e s t i m a t e d  by f i t t i n g  th e  same r e g r e s s i o n  

f u n c t i o n  t o  d a t a  c a l c u l a t e d  from  p r e d i c t e d  Y and s t a n d a r d  e r r o r  o f  

p r e d i c t e d  Y by E q u a t io n  D.34.

True v a lu e s  o f  mean l e v e l  and a c ro p h a s e  a r e  c a l c u l a t e d  by 

n u m e r i c a l  s o l u t i o n  o f  E q u a t io n s  D.36 and D.40, a s  i n  th e  f o l l o w i n g  

FORTRAN program .

C THIS PROGRAM WORKS INTERACTIVELY TO ESTIMATE TRUE VALUES FOR
C MEAN LEVEL AND TIME OF MAXIMUM VALUE (ACROPHASE) OF A PERIODIC
C REGRESSION. USER SUPPLIES REGRESSION PARAMETERS. PEAK IS
C FOUND BY SECANT METHOD, FINDING ROOT OF XI (= PSI+SK*COS(PSI)
C +PK*SIN(PSI), WHICH IS  POINT AT WHICH FITTED FUNCTION ATTAINS
C VALUE OF MESOR+AMP. PROGRAM TABULATES XI OVER THE RANGE
C ( - P I ,  P I ] ,  USER THEN SUPPLIES INITIAL ESTIMATES FOR LIKELY
C ROOTS. MEAN LEVEL IS FOUND BY ROMBERG INTEGRATION OF
C REGRESSION FUNCTION.
C
C FRANK F. SMITH 26 FEBRUARY 1985
C

INTEGER I ,  J ,  K, L, N
REAL TOL, P I ,  OMEGA, MESOR, AMP, ACR, SK, PK, PSI, XI, T1,

1 R0OT(10), DELTA, FOLD, FNEW, A, B, T (1 5 ,1 5 ) ,  FUN, MEAN
FUN(A) = MESOR + AMP«C0S(A+SK«C0S(A)+PK*SIN(A))

c
c
p

GLOSSARY

c TOL TOLERANCE FOR CONVERGENCE
c P I 3 .1 4 1 5 9 2 6
c OMEGA ANGULAR FREQUENCY: 2 » P I / 3 6 5  FOR ANNUAL CYCLE
c MESOR REGRESSION PARAMETER
c AMP n

c ACR ii

c SK n

c PK i i

c P S I INTERMEDIATE ANGLE, = 0M EGA«(T-ACR)
c X I ANOTHER INTERMEDIATE, = P S I+ S K « C 0 S (P S I)+ P K * S IN ( :
c T1 TIM E, IN  DAYS (JU L IA N )
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c ROOT ARRAY TO HOLD ROOTS OF EQUATION X I= 0  (1 0  SPACES SHOULD
c BE MORE THAN ENOUGH.
c DELTA X-INTERVAL
c FOLD USED IN  SECANT ESTIMATION OF ROOTS
c FNEW n
c A, B INTEGRATION RANGE, [ 0 ,  2 « P I ]
c T ARRAY HOLDS INTEGRAL ESTIMATES FOR ROMBERG INTEGRATION
c MEAN ESTIMATED TRUE MEAN LEVEL
c FUN STATEMENT FUNCTION TO CALCULATE REGRESSION FUNCTION AT
cp A S P E C IF IE D  VALUE OF P S I

TOL = 1 E -4
P I  = 3 .1 4 1 5 9 2 6
OMEGA = 2 » P I / 3 6 5 . 0

5 READ(1 , 1 0 )  MESOR, AMP, ACR, SK, PK
10 FORMAT(5F10.6)

WRITE(1 ,2 0 )
20 FORMAT(' T PSI X I ')

DO 40 1=1,20
PSI = P I » ( I / 1 0 . 0  -  1)
XI = PSI + SK*COS(PSI) + PK*SIN(PSI)
T1 = PSI/OMEGA + ACR 
WRITE(1 ,3 0 )  T1, PSI, XI 

30 F0RM A T(F7.1 ,F7.3 ,F8.4)
40 CONTINUE

WRITEC1 ,4 5 )
45 FORMAT(' NUMBER OF ROOTS:')

READ(1 ,5 0 )  N 
50 FORMAT(I3)

WRITE(1 ,60 )
60 FORMAT(' INPUT LOWER ESTIMATE OF T FOR EACH ROOT')

READ(1 ,70 )  (ROOT(I),1 = 1 ,N)
70 FORMATC10F3.1)

DO 90 1 = 1 ,N
DELTA = P I / 10.0
PSI = OMEGA*(ROOT(I)+DELTA-ACR)
FNEW = PSI + SK*COS(PSI) + PK«SIN(PSI)

75 FOLD = FNEW
PSI = OMEGA*(ROOT(I)-ACR)
FNEW = PSI + SK*COS(PSI) + PK»SIN(PSI)
DELTA = -FNEW»DELTA/(FNEW-FOLD)
ROOT(I) = ROOT(I) + DELTA 
IF  (ABS(DELTA).GE.TOL) GOTO 75 
WRITE( 1 ,8 0 )  ROOT(I)

80 FORMAT(F10.4)
90 CONTINUE
C
C NUMERICAL INTEGRATION
C

A = 0
B = 2*PI
T( 1 ,1 )  = ( FUN(A)+FUN(B))*(B-A)/2
T ( 1 ,2 )  = T ( 1 , 1 ) / 2  + FUN((A+B)/2) « (B -A )/2
T (2 ,1 )  = ( 4* T (1 ,2 )  -  T ( 1 , 1 ) ) /3
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100

105

110

120

1 3 0

150

160

167
168

17 0
180

19 0

200

210

J=3
DELTA = ( B - A ) /2 * * ( J - 1 )
X = A -  DELTA 
N = 2 * * ( J - 2 )
SUM = 0 
DO 105 1= 1 ,N

X = X + 2*DELTA 
SUM = SUM + FUN(X)
CONTINUE 

T ( 1»J )  = T (1 *J - 1 ) / 2  + DELTA*SUM 
L = 2
K = J  + 1 -  L
T(L,K) = (H »»(L-1) * T (L -1 , K+1) -  T ( L - 1 ,K ) ) / ( 4 * » ( L - 1 ) - 1 )
IF  (L .E Q .J)  GOTO 120 

L = L + 1 
GOTO 110

IF  (A B S((T(J»1) - T ( J - 1 » 1 ) ) / T ( J » 1 ) ) .LT.TOL) GOTO 150 
J  = J  + 1
IF  ( J .L E .1 5 )  GOTO 100 

WRITE(1 ,1 3 0 )
FORMAT('OCONVERGENCE NOT REACHED IN 15 ITERATIONS') 

J  = 15 
MEAN = T ( J , 1 ) / ( 2*PI)
WRITE(1 ,160)

FORMAT('OROMBERG INTEGRATION TABLE')
DO 168 K=2»J 

I  = J-K+1 
DO 167 L=1, I  

N=I-L+1
T(K,N+1)=T(K,N)
CONTINUE 

CONTINUE 
DO 180 K=1»J

WRITE(1 ,1 7 0 )  ( T ( I , K ) , 1 = 1 ,K)
FORMAT(15F10.4)

CONTINUE 
WRITE(1 ,1 9 0 )  MEAN

FORMAT('OMEAN LEVEL IS ' , F 1 0 .4 )
WRITE(1 ,200)

FORMAT('OANOTHER EQUATION (Y /N ) ')
READ(1 ,210 )  I  

F0RMAT(A1)
IF ( I . E Q . 'Y ' )  GOTO 5 
END



APPENDIX F

BIOCHEMICAL DATA

T h is  ap p e n d ix  c o n t a i n s  o r i g i n a l  and p r o c e s s e d  d a t a  f o r  th e  

b io c h e m ic a l  com ponents  d i s c u s s e d  i n  C h a p te r  I .  A l l  i n f o r m a t i o n  

n e c e s s a r y  f o r  a n a ly z in g  t h e  d a t a  h a s  been  in c lu d e d ,  so  t h a t  o t h e r  

m ethods o f  a n a l y s i s  can  be a p p l i e d  t o  t h e  same d a ta  f o r  c o m p a r iso n  o f  

d i f f e r e n t  a n a l y t i c a l  a p p ro a c h e s .  I n  s t a n d a r d  c u rv e s  p r e s e n t e d  h e re ,  

am ounts  o f  s t a n d a r d s  and a s s o c i a t e d  o p t i c a l  d e n s i t i e s  a r e  g iv e n  f o r  

each  s e t  o f  s t a n d a r d s ;  t h e  s e t s  o f  s t a n d a r d s  a r e  f o l l o w e d  by r e g r e s s i o n  

f u n c t i o n s  f o r  c o in c i d e n t  g ro u p s  o f  s t a n d a r d s .  I n  t h e s e  r e g r e s s i o n  

f u n c t i o n s ,  amount o f  com ponent ( u s u a l l y  i n  Pg) i s  i n d i c a t e d  by X. 

R e g re s s io n  c o e f f i c i e n t s  f o r  X^ a r e  o f t e n  g iv e n  i n  s c i e n t i f i c  n o t a t i o n ,  

w i t h  an ’E* f o l l o w e d  by a  pow er o f  t e n .  Q u a d r a t i c  t e r m s  a r e  i n c lu d e d  

o n ly  i f  th e y  s i g n i f i c a n t l y  im p ro v e  f i t  com pared t o  a s im p le  l i n e a r  

r e g r e s s i o n .  Raw d a t a  f o r  each  com ponent i s  g iv e n  as  a s eq u en ce  o f  

o p t i c a l  d e n s i t i e s .  Each sp e c im e n  i s  i d e n t i f i e d  by an i d e n t i f i c a t i o n  

number fo rm ed  from  b o th  d a t e  (days  from  b e g in n in g  o f  c a l e n d a r  y e a r )  and 

a  sequence  num ber f o r  t h a t  d a te .  Thus, t h e  t h i r d  a n im a l  p ro c e s s e d  on 2 

F e b ru a ry  would r e c e i v e  th e  i d e n t i f i c a t i o n  number '33 .3 '.  Sample 

vo lum es (V jj  o f  E q u a t io n  D.17) a r e  g iv e n  i n  p a r e n t h e s e s  f o l l o w i n g  th e  

a s s o c i a t e d  o p t i c a l  d e n s i t i e s ;  i f  s e v e r a l  c o n s e c u t iv e  O.D.s from  th e  

same sp e c im en  have  i d e n t i c a l  sam p le  vo lum es, t h a t  volum e i s  o n ly  g iv e n  

once, f o l l o w i n g  a l l  O.D.s w i t h  t h a t  volum e (o r  o c c a s i o n a l l y  a t  t h e  to p  

o f  a  column). Also shown a r e  t o t a l  volum e f o r  th e  f r a c t i o n  c o n t a i n i n g  

t h a t  component and d ry  m ass o f  sa m p le  a n a ly z e d .  F u l ly  p r o c e s s e d  d a t a

1 6 1

i
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( c o n c e n t r a t i o n ,  l e v e l ,  and c o n te n t ) ,  a lo n g  w i t h  o t h e r  n e c e s s a r y  

m ea su rem e n ts  (such  a s  gonad i n d i c e s ) ,  a p p e a r s  a s  a  s i n g l e  t a b l e  

f o l l o w i n g  t h e  e n t i r e  s e t  o f  raw  d a ta .

DNA

S ta n d a rd  Curves

A

B

C+D

S e t A S e t B S e t C S e t D
Mg DNA O.D. Mg DNA O.D. Mg DNA O.D. Mg DNA O.D.

0 .0 0 .000 0 .0 0 .0 0 0 0 .0 0 .0 0 0 0 .0 0 .000
10.0 0 .075 10 .0 0 .082 4 .76 0 .0 2 8 2 .3 8 0.013
2 0 .0 0 .1 2 0 2 0 .0 0 .125 11.91 0 .082 4 .7 6 0.031
40 .0 0 .230 3 0 .0 0 .210 16.67 0 .106 7 .1 5 0.051
60 .0 0 .3 7 0 40 .0 0 .240 23 .8 2 0 .1 5 8 11.91 0 .072
80 .0 0 .480 5 0 .0 0 .260 35.73 0 .227 16.67 0.111

100.0 0 .6 2 0 5 0 .0 0 .3 0 0 4 7 .6 4 0 .3 5 8 23 .8 2 0 .1 4 8
150.0 0 .8 7 0 6 0 .0 0 .3 3 0 5 9 .5 5 0 .3 9 8 35 .73 0 .2 2 6
200 .0 1.155 7 0 .0 0 .400 71 .46 0 .482 4 7 .6 4 0 .3 0 9
300 .0 1 .523 80 .0 0 .430 83.37 0 .5 4 7 59 .5 5 0 .3 9 0

9 0 .0 0 .5 0 0 9 5 .2 8 0 .636 71 .46 0 .467
100 .0 0 .525 119.1 0 .7 8 8 83.37 0 .557
120.0 0 .620 142.9 0 .9 3 2 9 5 .2 8 0 .627
140 .0 0 .730 166.7 1 .076 119.1 0 .7 7 2
160.0 0 .8 2 4 190.6 1.194 142.9 0.921
180.0 0 .903
200 .0 0 .971
230 .0 1 .155
260 .0 1 .222
30 0 .0 1 .337

Curves  R e g re s s io n  F u n c t io n

-0 .0 0 9 3 9  + 0 .0067323  X

0.014229  + 0 .0056588  X

-0 .0 0 4 6 4  8 + 0 .00696  47 X

5.30382  E-6 X2 

3 .94613 E-6 X2 

3 .25062  E-6 X2

Mean S q u a re  E r r o r

0 .0003344

0.0003574

0.0001054

Raw D ata

Dry Mass T o ta l  
ID# (mg) Volume

S ta n d a rd  S e t  A

360 .8
5 4 .2

105.6
106.7

R e p l i c a t e s :  O p t i c a l  D e n s i ty  (Sample Volumes)

5 .0  ml 0 .5 1 0  (0 .1  ml) 0 .9 5 9  ( 0 .2  ml)
5 .0  ml 0 .5 9 0  (0 .1  ml) 1 .050  ( 0 .2  ml)

1 .40  (0 .3  ml) 
1 .53  (0 .3  ml)
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59.1 127 .2  mg 5 .0  ml 0 .5 8 5  ( 0 . 1 ml) 1 .10 (0 .2 ml) 1 .4 9 5 ( 0 .3  m
108.1 113.7 5 .0 0 .7 6 0  ( 0 . 1) 1 .44  (0 .2 )  1 .82  ( 0 .3 )
109.1 102.6 5 .0 0 .5 5 0  ( 0 . 1) 1 .046  (0 .2 )  1 .40  ( 0 .3 )
109 .2 101.7 5 .0 0 .6 3 0  (0 . 1) 1 .22  (0 .2 )  1 .54  ( 0 .3 )
115.1 115.1 5 .0 0 .8 1 0  ( 0 . 1) 1 .4 0  (0 .2 )  1 .77  ( 0 .3 )
115.1 109.5 5 .0 0 .6 9 0  ( 0 . 1) 1 .25  (0 .2) 1 .6 8  ( 0 .3 )

S ta n d a r d  S e t  B

335.1 6 0 .9  mg 5 .0  ml 0 .140 0 .1 2 8  0 .1 3 5 0 .1 3 5  (0 .1  ml)
359 .2 15.6 5 .0 0 .185 0 .1 8 5  0 .185 0 .1 9 2  ( 0 .5 )
359 .3 34 .3 5 .0 0 .2 6 0 0.253  0 .261 (0 .2 )
360 .4 12 .7 5 .0 0 .144 0 .1 6 0  0 .155 0 .1 6 2  ( 0 .5 )

5 3 .2 82 .5 5 .0 0 .415 0 .4 2 5  0 .4 2 5 0 .4 1 2  ( 0 .1 )
53 .3 108.7 5 .0 0 .550 0 .5 4 0  0 .525 0 .540  ( 0 .1 )
54.1 5 1 .8 5 .0 0 .455 0 .4 6 0  0 .455 0 .4 6 8  (0 .2 )

115 .2 176.0 5 .0 0 .425 0 .4 3 0  0 .430 0 .4 1 0  (0 .0 5 )
146.3 76.1 5 .0 0 .4 5 2 0 .4 5 0  0 .450 0 .4 5 0  ( 0 .1 )
147 .2 9 .5 5 .0 0 .205 0 .2 0 6  0 .2 1 0 0 .1 9 9  ( 0 .5 )
271 .2 5 .2 5 .0 0 .0 3 2 0 .0 3 2  0.031 0 .0 3 0  ( 1 .0 )
271 .3 8.1 5 .0 0 .092 0 .0 9 5  0 .098 0 .093  (1 .0 )
272 .2 5 .7 5 .0 0 .0 6 0 0 .0 6 2  0 .0 6 0 0 .0 6 0  ( 1 .0 )
301 .1 4 .8 5 .0 0 .090 0 .087  0 .085 0 .085  ( 1 .0 )
301 .2 4.1 5 .0 0 .050 0 .0 4 8  0 .046 0 .0 4 9  ( 1 .0 )
3 21 .2 4 .5 5 .0 0 .050 0 .0 4 7  0 .049 0 .0 6 0  (1 .0 )
32 1 .3 1.6 5 .0 0 .020 0 .0 1 8  0.021 0.031 ( 1 .0 )
32 3 .3 2 .4 5 .0 0 .040 0 .0 3 2  0 .035 0 .0 4 0  ( 1 .0 )
337 .2 7 .2 5 .0 0 .1 2 0 0 .1 2 0  0 .1 2 0 0 .1 3 0  (1 .0 )

18.1 52 .6 5 .0 0 .520 0 .526  0 .526 0 .5 2 5  ( 0 .2 )

S ta n d a r d  S e t  C S e t  D

174 .2 11 .75 3 .0 0 .174 0 .1 9 2 0.1  ml)
180.3 5 .5 1 3 3 .0 0 .1 0 0 0 .069 1 .0 )
181 .2 14 .78 3 .0 0 .218 0 .2 2 0 0 .1 )
199 .2 14 .38 3 .0 0 .065 0 .0 5 8 1 .0 )
199.3 4 .9 4 8 3 .0 0 .0 3 0 0.041 1 .0)
200 .2 5 .080 5 .0 0 .0 5 4 0 .065 1 .0 )
2 2 2 .2 7 .4 9 7 3 .0 0 .268 0 .2 9 2 1 .0 )
223.1 4 .0 1 4 3 .0 0 .0 9 2 0 .1 2 0 1 .0 )
2 2 3 .2 5 .074 3 .0 0 .067 0 .0 9 2 1 .0)
2 23 .3 3 .036 3 .0 0 .0 7 9 0 .107 1 .0 )
291 .1 1 .638 3 .0 0 .020 0 .0 3 8 1 .0)
291 .2 2 .8 1 8 3 .0 0 .0 2 8 0 .056 1 .0 )
292.1 10 .58 3 .0 0 .4 6 2 0 .496 1 .0)
292 .2 1 .594 3 .0 0 .027 0 .0 3 7 1 .0)
2 9 2 .3 2 .263 3 .0 0 .049 0 .076 1 .0 )

56.1 421.4 10.0 0 .1 3 9 0.196 0 .0 1 )
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RNA

S ta n d a r d  Curves

Curve A __________ Curve B__________  Curve C Curve D
Mg RNA O.D. u g RNA O.D. u R RNA O.D. ,, g RNA O.D. Mg RNA O.D.

0 0 .0 0 0 0 .0 0 80 0 .56 0 0 .0 0 0 0 .0 0
10 0 .07 10 0 .067 90 0.61 11.57 0 .116 11 .57 0 .127
30 0 .2 1 8 20 0 .1 5 9 100 0 .6 6 2 3 .1 4 0 .2 3 2 23 .14 0 .2 5 2
50 0 .347 25 0 .1  86 110 0 .7 2 34.71 0 .360 34.71 0 .3 8 0
70 0 .487 30 0 .225 120 0 .7 7 46 .2 8 0 .4 7 5 46 .28 0 .5 0 8

100 0 .66 40 0 .2 9 125 0.796 57.85 0 .602 57.85 0.631
120 0 .7 5 50 0 .3 7 130 0 .8 2 4 6 9 .4 2 0 .7 2 4 6 9 .4 2 0 .7 4 0
150 0 .8 8 60 0 .44 140 0.866 80.99 0 .833 80 .99 0 .845

70 0 .505 150 0 .917 92.56 0 .939 92.56 0 .950
75 0 .5 4 104.1 1 .046 104.1 1 .051

115.7 1 .149 115.7 1 .137

Curve R e g r e s s io n  F u n c t io n Mean S quare E r r o r

A -0 .0 0 5 2 5 9 + 0 .0078927  X -  1. 3184E-5 X2 4 .2 6 2  E-■5

B -0 .003897 + 0 .0080848  X -  1. 3312E-5 X2 4 .8 4 5  E-5

C -0 .0 0 8 5 3 8 + 0 .0109823  X -  0 . 8123E-5 X2 4 .545  E-■5

D -0 .0 0 6 9 5 8 + 0 .0 1 1 9 1 4 8  X -  1. 7161E-5 X2 2 .7 9 5  E-■5

Raw D ata

Dry Mass T o ta l
ID# £), Volume R e p l i c a t e s :  O p t i c a l  D e n s i tv  (Sample Volumes)

S e t  A

36 0 .8 105.6 mg 15.0 ml 0 .4 5 0 .4 4 (0 .3 ml) 0 .695 0 .6 9 8 ( 0 .5 ml)
5 4 .2 106.7 15.0 0 .427 0 .3 9 (0 .3 ml) 0 .7 2 5 0 .6 4 (0 .5 ml)
59.1 127.2 15.0 0.41 0 .39 (0 .3 ml) 0 .6 2 0 .6 0 (0 .5 ml)

108.1 113 .7 15 .0 0 .3 2 0 .3 2 2 (0 .3 ml) 0 .521 0 .5 0 5 (0 .5 ml)
109.1 102.6 15.0 0 .43 0 .4 4 (0 .3 ml) 0 .685 0 .676 ( 0 .5 ml)
109 .2 101 .7 15 .0 0 .3 9 2 0 .4 3 4 (0 .3 ml) 0 .622 0 .6 8 (0 .5 ml)
115.1 115.1 15.0 0 .3 2 0.297 (0 .3 ml) 0 .5 7 0 .566 (0 .5 ml)
115.1 109.5 15 .0 0 .3 5 0 .3 3 (0 .3 ml) 0 .5 0 8 0 .5 0 0 (0 .5 ml)

S e t  B

335.1 60 .9 mg 15.0 ml 0 .3 5 0 0 .372 0 .375 0 .380 (0 .3 ml)
359 .2 15.6 10 .0 0 .170 0 .175 0 .175 0 .174 ( 0 .3 ml)
359 .3 34 .3 15.0 0 .2 5 5 0 .265 0 .250 0 .250 (0 .3 ml)
360 .4 12 .7 10.0 0 .1 3 8 0 .1 4 8 0 .145 0 .164 (0 .3 ml)

5 3 .2 82 .5 15 .0 0 .440 0 .4 3 7 0 .440 0 .440 (0 .3 ml)
53 .3 108.7 15 .0 0 .560 0 .545 0 .543 0 .5 6 2 (0 .3 ml)
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54 .1 51 .8 15 .0 0 .3 4 0 0.323  0 .3 3 8 0 .3 3 2 (0 .3 ml)
115 .2 176.0 15.0 0.701 0 .7 1 0  0 .688 0 .6 9 9 (0 .3 ml)
146.3 76.1 15 .0 0 .260 0 .257  0 .250 0 .2 5 0 (0 .3 ml)
147.2 9 .5 10.0 0 .317 0.307  0 .310 0 .3 1 2 (0 .5 ml)
27 1 .2 5 .2 10 .0 0 .055 0 .054  0 .0 5 2 0 .065 ( 0 .5 ml)
2 71 .3 8.1 10 .0 0 .1 2 0 0 .1 3 0  0 .120 0 .1 1 9 (0 .5 ml)
27 2 .2 5 .7 10 .0 0 .075 0 .075  0 .075 0 .0 7 8 ( 0 .5 ml)
301.1 4 .8 10 .0 0 .095 0 .085  0 .082 0 .080 (0 .5 ml)
301 .2 4.1 10 .0 0 .0 4 8 0.051 0 .047 0.051 (0 .5 ml)
321 .2 4 .5 10 .0 0 .0 4 0 0 .0 4 0  0 .038 (0 .5 ml)
321 .3 1.6 10 .0 0 .040 0 .0 4 8  0 .046 0 .043 (1 .0 ml)
323 .3 2 .4 10 .0 0 .0 7 0 0 .066  0 .065 0 .0 6 8 (1 .0 ml)
3 37 .2 7 .2 10 .0 0 .0 9 8 0 .100  0 .100 0 .096 (0 .5 ml)

18.1 52 .6 15.0 0 .0 6 2 0 .0 6 0  0.061 0 .0 6 2 (0 .3 ml)

S e t  C S e t  D

174.2 11.75 mg 3 .0  ml 0 .4 2 0 0 .5 3 8 (1 .0  ml)
180 .3 5 .513 3 .0 0 .2 7 9 0 .356 (1 .0 ml)
181.2 14.78 3 .0 0 .490 0 .599 (1 .0  ml)
199 .2 14 .38 3 .0 0 .655 0 .7 6 4 (1 .0 ml)
199.3 4 .948 3 .0 0 .2 6 2 0 .3 1 0 (1 .0  ml)
2 0 0 .2 5 .080 3 .0 0 .265 0 .307 ( 1 .0  ml)
2 22 .2 7 .497 3 .0 0 .807 0.886 ( 1 .0  ml)
223.1 4 .014 3 .0 0 .2 7 9 0 .360 (1 .0  ml)
22 3 .2 5 .0 7 4 3 .0 0.391 0 .4 7 2 ( 1 .0  ml)
2 2 3 .3 3 .036 3 .0 0 .306 0.371 (1 .0 ml)
291 .1 1 .638 3 .0 0.151 0 .1 8 8 ( 1 .0  ml)
2 9 1 .2 2 .818 3 .0 0 .1 8 8 0.231 ( 1 .0  ml)
292.1 10 .58 3 .0 0.991 1.131 ( 1 .0  ml)
2 9 2 .2 1 .594 3 .0 0 .152 0 .1 7 2 ( 1 .0  ml)
292 .3 2 .263 3 .0 0 .207 0 .223 (1 .0  ml)

56.1 421 .4 15 .0 0 .3 0 0 0 .726 (0 .1  ml)

P r o t e i n

S ta n d a r d  Curve 

S e t  A S e t B
Mg O.D. Mg O.D.

0 .0 0 .000 0 .0 0 .0 0 0
2 5 .0 0 .125 2 5 .0 0 .135
5 0 .0 0 .235 5 0 .0 0 .2 6 8
7 5 .0 0 .3 4 7 5 .0 0 .370

100 .0 0 .4 7 100 .0 0 .4 6 0
125.0 0.51 125 .0 0 .5 5 5
150.0 0 .595 150.0 0 .6 5
175.0 0 .6 9 175.0 0 .7 5
200 .0 0 .7 7 2 0 0 .0 0 .8 4
225 .0 0 .8 4 2 2 5 .0 0 .9 2
250 .0 0 .9 3

S e t C S e t D
Mg O.D. Mg O.D.

0 .0 0 .000 0 .0 0 .0 0 0
5 .0 0 .0 2 8 0 .0 0 .0 1 6

10.0 0 .050 12.3 0 .017
15.0 0.081 24 .6 0 .0 4 5
2 0 .0 0 .110 36 .9 0 .071
2 5 .0 0 .1 3 4 4 9 .2 0 .1 2 8
30 .0 0 .1 6 0 61 .5 0 .1 5 2
3 5 .0 0 .1 8 0 7 3 .8 0 .167
4 0 .0 0 .205 86.1 0.201
4 5 .0 0 .2 3 0 9 8 .4 0 .2 1 5
50 .0 0 .2 5 8 110.7 0 .226
5 5 .0 0 .275 123 .0 0 .2 5 0



1 6 6

7 0 .0 0 .3 35 147.6 0 .300
7 5 .0 0 .3 6 0 184.5

215.3
0 .3 3 4
0.411

S e t E S e t F 24 6 .0 0 .4 5 0
Mg O.D. Mg O.D. Mg O.D. 307 .5 0 .543

369 .0 0 .633
0 .0 0.000 159.9 0 .318 0 . 0 0 .0 0 0 430.5 0 .706

12.3 0 .016 172.2 0 .335 12.3 0 .0 3 5 492 .0 0 .793
24 .6 0 .049 184.5 0 .357 2 4 .6 0 .067 553 .5 0 .866
36 .9 0.076 196.8 0 .390 3 6 .9 0 .087 615 .0 0 .939
4 9 .2 0.103 209.1 0 .413 4 9 .2 0 .1 2 4
61 .5 0 .1 3 2 221.4 0 .4 4 2 6 1 .5 0 .1 5 2
7 3 . 8 0.154 233 .7 0 .465 7 3 . 8 0 .183
86.1 0 .174 246.0 0 .470 9 8 .4 0 .2 3 8
98 .4 0.200 258 .3 0 .502 123.0 0 .2 9 0

110.7 0.231 270.6 0 .519 147.6 0 .3 4 9
123.0 0 .243 282 .9 0 .527 172.2 0 .3 9 9
135.3 0.256 295 .2 0 .576 196.8 0 .4 5 0
147.6 0.293 307.5 0 .613 221 .4  

246 .0  
270.6 
29 5 .2

0.501
0 .547
0 .5 9 3
0 .6 3 2

Curves R e g r e s s i o n  F u n c t io n Mean Square  E r r o r

A 0.0114 + 0.0046076 :£ -  3 .97203 E-6 X2 0.0003088

BC 0.007748 + 0.00505838 X -  4 .59692 E-6 X2 0.00006157

D 0.013855 + 0.00199167 X -  8 .19399 E-7 X2 0.0001848

E 0.005641 + 0.00192804 X 0.000076371

F 0.00115 + 0.00254497 X -  1 .34559 E-6 X2 0.000008046

Raw Data

Dry Mass T o ta l
ID# (mg) Volume R e p l i c a t e s :  O p t i c a l  D e n s i t y  (Sample Volumes) 

S e t  A

360 .8 105.6 mg 5 .0  ml 0.625 0 .66 0 . 5 9 0.61 0 .6 0 0 .5 8 ( 0 .0 2 )
5 4 .2 106.7 5 .0 0 .63 0.61 0 .6 5 0 .6 4 0 .63 0.61 ( 0 .0 2 )
59.1 127.2 5 .0 0 .75 0 .76 0 .7 8 0 .7 5 0 .7 0 0.71 ( 0 .0 2 )

108.1 113.7 5 .0 0 .595 0 .65 0 .6 4 0 .6 9 0 .64 0 .6 5 ( 0 .0 2 )
109.1 102.6 5 .0 0 .615 0 .545 0 .5 5 0 .6 0 0 .62 0 .56 ( 0 .0 2 )
109.2 101 .7 5 .0 0 .445 0 .60 0 .4 3 0 .4 5 0 .3 8 0 .57 ( 0 .0 2 )
115.1 115.1 5 .0 0 .665 0 .66 0.71 0 .7 0 0 .7 0 ( 0 . 0 2 )
115.1 109.5 5 .0 0 .67 0 .65 0 .6 8 0 .6 7 0 .65 0 .6 4 ( 0 .0 2 )
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S e t  B

109.2 101.7 mg 5 .0  ml 0 .6 2 5 0 .6 2 0 .63 0 .6 5  0 .64  0.61 ( 0 .0 2 )
115.1 115.1 5 . 0 0 .7 5 0.71 0 .7 2 0 .6 9  0 .68 0 .7 4 ( 0 .0 2 )
115.1 109.5 5 .0 0 .6 7 0 .6 8 0 .6 9 0.71 0 .71 0 .6 8 ( 0 .0 2 )

S e t  C

335.1 6 0 .9  mg 5 .0 0 .180 0 .177 0.161 0 .175 (0 .0 2 )
359 .2 15.6 5 .0 0 .154 0 .144 0 .140 0 .140 (0 .0 5 )
359 .3 34 .3 5 .0 0 .303 0.290 0 .2 92 0 .290 (0 .0 5 )
360 .4 12 .7 5 .0 0.116 0 .1 03 0 .1 10 0 .1 0 2 (0 .0 5 )

5 3 .2 82 .5 5 .0 0 .315 0 .304 0 .3 04 0 .315 (0 .0 2 )
53.3 108.7 5 .0 0.375 0 .382 0 .372 0 .370 (0 .0 2 )
54.1 5 1 .8 5 .0 0.193 0 .2 02 0 .1 9 8 0.207 ( 0 .0 2 )

115 .2 176 .0 10 .0 0 .352 0 .339 0 .330 0 .320 (0 .0 2 )
146.3 76.1 5 .0 0 .3 09 0 .327 0 .330 0 .3 30 ( 0 .0 2 )
147 .2 9 .5 5 .0 0 .0 80 0 .085 0.083 0 .084 (0 .0 5 )
271 .2 5 .2 2 .0 0 .0 6 8 0 .068 0 .0 69 0 .0 65 ( 0 .0 5 )
271 .3 8.1 2 . 0 0 .1 22 0 .1 2 2 0 .129 0 .122 (0 .0 5 )
272 .2 5 .7 2 .0 0 .0 7 8 0.081 0.080 0 .080 ( 0 .0 5 )
301 .1 4 .8 2 .0 0 .0 90 0 .1 00 0 .092 0 .0 98 (0 .0 5 )
301 .2 4.1 2 .0 0 .0 6 8 0 .066 0 .070 0 .0 68 (0 .0 5 )
321 .2 4 .5 2 .0 0 .060 0 .0 60 0 .0 54 0 .0 58 (0 .0 5 )
321.3 1.6 2 .0 0 .0 3 2 0 .0 30 0 .028 0 .030 ( 0 .0 5 )
323 .3 2 . 4 2 .0 0 .0 32 0 .035 0.034 0.036 (0 .0 5 )
337 .2 7 .2 2 .0 0 .150 0 .1 50 0 .1 50 0 .1 6 0 ( 0 .0 5 )

18.1 5 2 .6 5 . 0 0 .2 5 2 0.251 0 .249 0.255 (0 .0 2 )

174.2 11 .75  mg 2.0ml 0 .410 0.411 0 .424 0.416 ( 0 . 1 )
180.3 5 .513 2 .0 0 .173 0.173 0.180 0 .1 84 ( 0 . 1 )
181 .2 14.78 2 .0 0 .492 0 .5 17 0 .535 0.511 ( 0 . 1 )
199.2 14.38 2 .0 0 .358 0 .383 0 .382 0 .380 ( 0 . 1 )
199 .3 4 .9 4 8 2 .0 0 .159 0 .1 62 0.179 0 .170 ( 0 .1 )
200 .2 5 .080 2 .0 0 .170 0.167 0.184 0 .182 ( 0 . 1 )
222 .2 7 .497 2 .0 0.281 0.290 0 .282 0.287 ( 0 . 1 )
223.1 4 .014 2 .0 0.136 0 .153 0 .154 0.156 ( 0 . 1 )
223 .2 5 .0 7 4 2 .0 0 .1 7 8 0 .1 8 8 0 .194 0 .192 ( 0 .1 )
223 .3 3 .036 2 .0 0 .094 0.117 0 .107 0 .115 ( 0 . 1 )
291 .1 1.638 2 .0 0 .096 0 .119 0 .116 0.117 ( 0 . 1 )
291 .2 2 .818 2 . 0 0.041 0 .064 0 .052 0 .052 ( 0 .1 )
292.1 10 .58 2 .0 0 .365 0.440 0 .410 0 .412 ( 0 .1 )
2 9 2 .2 1.594 2 .0 0 .042 0 .073 0.061 0.063 ( 0 . 1 )
292 .3 2 .263 2 .0 0 .067 0.091 0 .079 0.081 ( 0 . 1 )

56.1 421.4 15.0 0 .2 2 8 ( 0 .0 1 )  0 .465 0 .474 0 .486 ( 0 .0 2

i
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Fre e  Amino Acids

S t a n d a r d  Curves

S e t A S e t B S e t C S e t D
Mg O.D. Mg O.D. pg O.D. uft. O.D.

0 .0 0 .000 0 .0 0 .000 0 .0 0 .000 0 .0 0 .000
4 .55 0.117 4 .5 5 0 .117 2 .275 0 .113 2 .275 0 .123
9 .1 0 0 .252 9 .1 0 0.234 4 .55 0.241 4 .5 5 0 .238

13.65 0 .382 13.65 0 .360 6 .825 0 .3 44 6 .825 0 .3 6 2
18 .2 0 .490 18 .2 0 .479 9 .1 0 0 .435 9 .1 0 0.480
22 .75 0.619 2 2 .7 5 0 .590 11.38 0 .539 11.38 0 .585
27 .3 0 0 .7 24 2 7 .3 0 0.706 13.65 0 .6 4 2 13 .65 0 .688
31 .85 0.883 31 .85 0 .818 15.93 0 .7 77 15.93 0.801
36 .40 0.951 36 .40 0.921 18.20 0 .9 63 18 .20 0 .914
40 .95 1.051 40 .95 1.018 20 .48 1 .027 2 0 .4 8 1 .009
45 .5 1.137 4 5 .5 1.097 22 .75 1.114

S e t E S e t F S e t G
O.D. UK O.D. Mg O.D.

0 .0 0 .000 0 . 0 0 .000 0 .0 0 .0 0 0
2 .2 7 5 0 .1 1 2 2 .2 7 5 0 .118 4 .5 5 0 .129
4 .55 0.233 4 .5 5 0.215 9 .10 0 .234
6 .8 2 5 0.343 6 .8 2 5 0.329 13.65 0 .3 7 8
9 .1 0 0.436 9 .1 0 0.437 18.2 0 .4 6 2

11 .38 0.551 11 .38 0.557 22 .75 0.595
13.65 0.656 13.65 0 .668 27.30 0 .682
15.93 0 .764 15.93 0 .775 31 .85 0 .810
18.20 0.873 18.20 0.873 36.40 0 .879
20 .4 8 0.963 2 0 .4 8 1.004 40 .95 1.046
22 .75 1.056 22 .7 5 1.108 45 .5 1 .114

Curves  R e g r e s s i o n  F u n c t i o n ____________________________  Mean S qua re  E r r o r

A -0 .0 1 1 4 5 + 0.030211 X -  0 .00010393 X2 0.0002589

E 0.000084 + 0 .0506954 X -  0 .00017925 X2 0.00003918

BG 0.009627 + 0.0245724  X 0.00037623

CDF 0.009627 + 0.0491447 X 0.00037623

N o t e : S e t s  B, C, D, F, an d  G a r e a l l  c o i n c i d e n t a f t e r  C, D, an d  F a r e

t r a n s f o r m e d  by a  f a c t o r  o f  two. R e g r e s s i o n  was p e r f o r m e d  on a l l  f i v e  

s e t s  t o g e t h e r ,  w i t h  C, D, and F s u b s e q u e n t l y  b a c k - t r a n s f o r m e d .
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Raw D a ta

Dry Mass T o t a l
ID# (mg) Volume R e p l i c a t e s :  O p t i c a l  D e n s i t y  (Sample Volumes)

S e t  A S e t  B

53 .2 2 8 .7 mg 10 .0  ml 1.032 ( 0 . 1 )  0 .208 0 .2 2 9 (0 .0 2 )
53 .3 79.1 10.0 0 .6 10 0 .5 8 0 0 .6 0 2 (0 .0 2 )
5 4 .2 8 5 .8 10 .0 0 .6 5 8 0 .6 6 2 0 .6 76 (0 .0 2 )
56.1 196.7 15.0 0 .8 3 9 0 .8 57 0 .8 45 ( 0 .0 2 )
59.1 117.1 10 .0 0.851 0 .8 24 0 .8 33 ( 0 .0 2 )

108.1 98.1 10.0 0 .6 1 8 0 .6 5 2 0 .6 29 ( 0 .0 2 )
109.1 113.9 10 .0 0 .793 0 .7 96 0 .775 (0 .0 2 )
109 .2 93 .9 10.0 0 .6 5 8 0 .680 0 .6 5 2 (0 .0 2 )
115.1 67 .6 10 .0 0 .4 1 9 0.481 0 .4 3 2 (0 .0 2 )
115.2 167.7 10.0 0 .9 24 1 .000 0.947 (0 .0 2 )
174 .2 39.3 10 .0 0 .7 9 9 ( 0 . 1 )  0 .162 0 .160 ( 0 .0 2 )

S e t  C
( 0 .0 2 ) ( 0 .0 5 )  ( 0 . 1 0 )

180.3 11 .9 10 .0 0 .097 0 .1 9 5  0 .3 9 4
181.2 18.4 10.0 0 .066 0 .1 2 9  0 .247
223.1 7 . 4 10 .0 0 .112 0 .240  0 .4 8 2
2 2 3 .2 12 .2 10.0 0 .0 67 0 .1 5 2  0 .307
223 .3 4 .9 10 .0 0.131 0 .316  0 .5 83
291 .1 3 .9 10.0 0 .0 4 2 0 .0 8 8  0 .1 7 8
291 .2 7 . 4 10 .0 0 .0 6 8 0 .1 53  0 .2 76
292 .2 4 .2 10.0 0 .0 44 0 .0 87  0 .1 49
292 .3 4 .5 10.0 0 .0 57 0 .1 3 8  0 .235
335.1 2 3 .4 10.0 0.246 0 .6 6 2  1 .149

S e t  D S e t  E
( 0 . 0 2 ) ( 0 .0 5 )  (0 .1 0 ) ( 0 .0 2 ) ( 0 .0 5 ) ( 0 .1 0 )

147.2 6 . 4 10 .0 0 .1 18 0 .173  0 .2 99 0 .0 53 0 .1 2 4 0 .249
199 .2 37 .6 10.0 0 .2 2 9 0 .5 8 8  1.036 0 .193 0 .5 10 1.009
199 .3 8 .4 10 .0 0 .0 75 0 .335  0 .3 32 0 .0 40 0 .1 50 0 .284
200 .2 11 .2 10 .0 0.091 0 .2 1 8  0 .4 10 0 .0 5 2 0.171 0 .349
271 .2 2 .9 10 .0 0 ,038 0 . 07 7 0 .127 0.011 0 .0 43 0 .0 90
272 .2 6 .6 10 .0 0.086 0 .2 00  0 .3 72 0 .050 0 .1 6 2 0 .333
301 .1 7 . 2 10 .0 0 .0 8 2 0 .1 6 2  0.331 0 .042 0.153 0 .299
321 .2 4 .9 15.0 0.053 0 .1 2 4  0 .188 0 .0 1 2 0 .0 77 0 .142
323 .3 8 .7 10.0 0 .113 0 .2 5 2  0 .470 0.066 0 .2 09 0 .4 23
337 .2 11 .8 15.0 0 .100 0 .2 2 9  0.421 0 .063 0 .1 9 4 0 .363

S e t  F S e t  G
( 0 .0 2 ) ( 0 . 0 5 )  ( 0 . 1 0 )

18.1 116 .2 10 .0 1 .155 0 .620 0 .604 (0 .0 2 )
54.1 67 .6 10.0 0 .967 0 .5 25 0 .5 0 2 (0 .0 2 )

146 .3 6 2 .9 10 .0 0 .652 0 .350 0 .3 2 5 (0 .0 2 )
222 .2 6 . 8 10.0 0 .0706 0 .182  0 .3 4 8
271 .3 9 .6 10 .0 0 .102 0 .2 6 0  0 .495
301 .2 2 .7 10.0 0 .0123 0.0414  0 .102
322.3 13.6 10 .0 0 .128 0 .339  0 .644
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( 0 . 0 2 )  ( 0 . 0 5 )  (0 .0 2 )  ( 0 . 0 5 )
359 .2  31.6 10.0 0 .3 7 0  0.886 0.207 0.352
360 .4  27 .4  10 .0  0 .3 0 9  0 .7 8 3  0 .176  0 .4 3 0
360 .8  34 .4  10.0  0 .4 5 9  1.013  0 .2 2 5  0 .5 3 7

S t a n d a r d  Curves

S e t A
^R O.D.

0 .0 0 .000
2 .95 0.046
5 .90 0 .084
8 .85 0.122

11 .8 0 .1 64
23 .6 0.322
29 .5 0 .423
3 5 .4 0 .490
4 1 .3 0 .5 73
47 .2 0 .640
53.1 0 .733
5 9 .0 0 .810

S e t E
’•‘g O.D.

0 .0 0 .000
3 .0 2 0 .054
6 .0 4 0 .106
9 .06 0 .153

12.1 0 .205
18.1 0 .306
2 4 .2 0 .4 0 8
30 .2 0 .517
36 .2 0 .583
42 .3 0 .690
48 .3 0.796
54 .4 0.896
60 .4 0.971

S e t  I
Jig  P .P .

Si m ple  Reducing  Su g a r s

S e t  B S e t  C S e t  D
Mg O.D. Mr O.D. Upr O.D.

0 . 0 0 .000 0 .0 0 .000 0 .0 0 .000
3 .0 2 0.051 3 .02 0 .022 3 .02 0 .0 5 2
6 . 0 4 0.091 6 .0 4 0 .065 6 .0 4 0 .094
9 .0 6 0 .1 3 3 9 .06 0 .112 9.06 0 .1 4 8

12.1 0 .200 12.1 0 .192 12.1 0 .1 98
18.1 0 .287 18.1 0 .269 18.1 0 .285
2 4 .2 0 .3 8 2 2 4 .2 0 .368 2 4 .2 0.397
3 0 .2 0 .4 4 9 3 0 .2 0 .470 3 0 .2 0 .493
3 6 .2 0 .5 4 5 3 6 .2 0 .568 36 .2 0 .597
4 2 .3 0 .633 42 .3 0 .654 42 .3 0 .754
45 .3 0 .6 9 0 48.3 0 .738 48 .3 0 .914
4 8 .3 0 .7 1 9 5 4 .4 0 .807 5 4 .4 0 .860
5 4 .4 0 .8 3 9 60 .4 0 .900 60 .4 0.951
6 0 .4 0 .955

S e t F S e t G S e t H
Mg O.D. Mg O.D. Mg O.D.

0 . 0 0 .0 0 0 0 .0 0 .000 0 . 0 0 .000
3 .0 2 0 .050 3 .0 2 0.046 3 .0 2 0 .0 2 8
6 . 0 4 0 .1 0 8 6 . 0 4 0.101 6 .0 4 0 .0 7 9
9 .0 6 0 .1 5 0 9 .0 6 0 .1 5 2 9 .06 0 .117

12.1 0 .197 12.1 0.183 12.1 0 .169
18.1 0.281 18.1 0 .285 18.1 0 .2 5 2
2 4 .2 0 .387 2 4 .2 0 .392 24 .2 0 .346
3 0 .2 0 .497 3 0 .2 0 .497 3 0 .2 0 .4 5 2
3 6 .2 0 .6 0 4 36 .2 0.593 3 6 .2 0 .539
42 .3 0 .695 42 .3 0 .697 42 .3 0 .613
4 8 .3 0 .7 8 8 48 .3 0.783 48 .3 0 .7 1 4
5 4 .4 0 .845 5 4 .4 0 .876 5 4 .4 0 .793
6 0 .4 0.991 60 .4 0.951 60 .4 0 .879

S e t  J S e t K S e t  L S e t  M
Ofp.f._.. .UK... O.D. Mg O.D. Mg O.D.

0 .0  0 .000  0 . 0  0 .0 0 0  0 . 0  0 .0 0 0  0 .0  0 .000  0 . 0  0 .000
6 .5 5  0 .098  6 .5 5  0 .0 8 6 2  6 . 5 5  0 .0726 6 .5 5  0 .0937  6 .5 5  0.083

13.10  0 .189  13 .10  0 .1 9 2  13 .10  0 .155  13 .10  0 .1 80  13 .10  0 .169
19.65  0.291 19 .65  0 .2 7 6  19 .65  0 .2 4 2  19 .65  0 .2 7 3  19 .65  0.271
26 .20  0 .377  26 .2 0  0 .3 7 8  26 .2 0  0 .350  26 .20  0 .3 62  26 .20  0 .3 52
32 .75  0 .4 7 8  32 .7 5  0 .4 7 2  32 .75  0 .4 5 5  32 .75  0 .4 5 8  32 .75  0 .465
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39 .30
45 .85
52 .40
58 .9 5
65 .50

0 .554  39 .30  
0 .6 4 8  45 .85  
0 .752  52 .4 0  
0 .807  58 .95  
0 .914  65 .50

0 .565  39 .30  
0 .6 5 8  45 .85  
0 .747  52 .40  
0 .827  58 .95  
0 .9 2 8  65 .50

0 .544  39 .30 
0 .614  45 .85  
0 .7 0 8  52 .40  
0 .790  58 .95  
0 .876  65 .50

0 .547  39 .30  
0 .636  45 .85  
0 .717  52 .40  
0 .8 1 0  58 .95  
0 .896  65 .50

0 .564
0 .638
0 .724
0.821
0 .917

Curves R e g r e s s i o n  F u n c t i o n s Mean S a u a re E r r o r

AL 0.000294 + 0.0140765 X -  6 .1 5 8  E-6 X2 0.0000224

BC - 0 .004442  + 0.0153421 X 0.0002304

DEFG 0.003040 + 0.0162796 X 0.0005466

H - 0 . 0  0 9 830 + 0.0148391 X 0.0000644

I J -0 .002141  + 0 .0148622  X -  1 .2833 E-5 X2 0 .0000625

K -0 .010609  + 0 .0136663 X 0.0001482

M - 0 .0 0 6 5  + 0.0140874 X 0.0000783

Raw D a ta

Dry Mass T o t a l
ID# (mg) Volume R e p l i c a t e s :  O p t i c a l  D e n s i t y  (Sample Volumes)

S e t  A S e t  B

53 .2 28 .7 mg 10 .0  ml 0 .134 0 .147 0 .1 5 5  ( 1 .0 ml)
53 .3 79.1 10 .0 0 .410 0 .4 1 2 0.447  ( 1 .0 )
5 4 .2 85 .8 10 .0 0 .500 0 .533 0 .5 1 8  ( 1 . 0 )
56.1 196.7 15.0 0 .590 0 .6 3 2 0 .6 4 2  ( 1 . 0 )
59.1 117.1 10 .0 0 .614 0 .658 0 .6 4 4  ( 1 . 0 )

108.1 98.1 10.0 0 .4 0 9 0.481 0 .4 3 4  ( 1 .0 )
109.1 113.9 10 .0 0 .468 0 .519 0 .513  ( 1 . 0 )
109.2 93 .9 10.0 0 .417 0.461 0.451 ( 1 . 0 )
115.1 67 .6 10.0 0 .388 0 .490 0.501 ( 1 . 0 )
115.2 167.7 10.0 0 .523 0 .5 7 9 0.580  ( 1 . 0 )
174.2 39 .3 10 .0 0.411 0 .418 0 .4 3 0  ( 1 . 0 )

S e t  C S e t  D

180.3 11 .9 10 .0 0 .262 0 .260 0. 297 0.296 (1
181.2 18.4 10.0 0.341 0 .066 0. 130 0 .139 (1
223.1 7 . 4 10 .0 0.083 0 .073 0. 112 0 .112 (1
223 .2 12.2 10.0 0 .0 7 2 0 .075 0. 113 0 .105 (1
223 .3 4 .9 10 .0 0 .033 0 .0 3 8 0 . 074 0 .072 (1
291.1 3 .9 10.0 0 .025 0 .006 0 . 043 0.041 (1
29 1 .2 7 .4 10 .0 0 .113 0 .105 0 . 127 0 .135 (1
292 .2 4 .2 10.0 0 .085 0 .087 0. 126 0.127 (1
292 .3 4 .5 10 .0 0 .033 0 .034 0 . 085 0.091 (1
335.1 23 .4 10.0 0.071 0 .065 0 . 117 0 .119 (1
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S e t  E S e t  F

147.2 6 . 4 10 .0 0 .088 0 .0 93 0.097 0 .0 98 ( 1 .0
199.2 37 .6 10 .0 0.590 0 .5 88 0.616 0 .616 ( 1 . 0 )
199.3 8 .4 10.0 0 .1 13 0 .110 0 .1 32 0 .095 ( 1 . 0 )
200 .2 11 .2 10 .0 0 .174 0 .1 68 0 .1 63 0 .172 ( 1 . 0 )
271 .2 2 .9 10.0 0 .050 0 .0 48 0 .0 52 0 .064 ( 1 . 0 )
272 .2 6 .6 10 .0 0 .079 0 .0 79 0 .0 87 0 .074 ( 1 . 0 )
301.1 7 . 2 10.0 0 .0 58 0 .0 58 0.051 0 .063 ( 1 . 0 )
321 .2 4 .9 15.0 0 .067 0 .0 70 0.091 0 .073 (1 .0)
323 .3 8 .7 10.0 0 .070 0 .066 0 .063 0 .065 ( 1 .0 )
337 .2 11 .8 15 .0 0 .1 52 0 .1 48 0 .1 58 0 .158 ( 1 .0 )

18.1 116.2 10.0 0 .5 54 0 .5 78 0 .5 1 5 0.531 ( 1 . 0 )
54.1 67 .6 10 .0 0.291 0.285 0 .2 62 0.257 ( 1 . 0 )

146.3 6 2 .9 10.0 0.271 0 .2 68 0.251 0.231 ( 1 . 0 )
2 2 2 .2 6 . 8 10 .0 0 .0 58 0.0595 0.0491 0.0381 ( 1 . 0 )
271 .3 9 .6 10 .0  . 0 .0 68 0 .0 68 0 .055 0 .0555 ( 1 .0 )
301 .2 2 .7 10 .0 0.0778 0.0899 0.056 0.0516 (1 .0)
322 .3 13.6 10.0 0.111 0.113 0.0926 0.0716 (1 .0)
359.2 31.6 10.0 0 .157  0 .1 58 0.1 47 0 .2 39 (1 .0 )
360.4 2 7 .4 10.0 0 .1 18 0.111 0.0899 0.0947 ( 1 .0 )
360 .8 3 4 .4 10 .0 0 .184 0 .184 0 .1 52 0.151 ( 1 . 0 )

Glycogen

Glycogen s t a n d a r d  c u r v e s  a r e  shown above, unde r  s i m p l e  r e d u c i n g  

s u g a r s .

Raw Data

Dry Mass T o t a l
ID# (mg) Volume R e p l i c a t e s :  O p t i c a l  D e n s i t y  (Sample Volumes)

S e t  C S e t  D
( 0 .1 ) (1 .0)

5 3 .2 2 8 .7  mg 5 .0 0 .0 38 0 .3 89 0 .4 7 8 0.486 ( 1 . 0  ml)
53 .3 79.1 5 .0 0 .1 28 1 .30 0 .3 0 8 0 .2 9 8 ( 0 . 2 )
5 4 .2 8 5 .8 5 .0 0 .079 1.004 0 .2 4 2 0 .2 24 ( 0 .2 )
56.1 196.7 5 .0 0.117 1 .276 0 .3 18 0 .295 ( 0 .2 )
59.1 117.1 5 .0 0 .0 9 8 1.108 0 .253 0.253 ( 0 .2 )

108.1 98.1 5 .0 0 .018 0.386 0 .397 0.411 ( 1 . 0 )
109.1 113.9 5 .0 0 .137 1.347 0 .2 97 0 .2 98 ( 0 . 2 )
109.2 93 .9 5 .0 0.061 0 .842 0 .1 85 0 .179 ( 0 . 2 )
115.1 67 .6 5 .0 0 .009 0 .380 0 .3 7 2 0.407 (1 .0)
115.2 167.7 5 .0 0.097 1.292 0.266 0 .288 ( 0 .2 )
174.2 39 .3 5 .0 0 .0 52 0 .664 0 .156 0.144 ( 0 .2 )
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S e t E S e t F
( 0 . 2 ) (1 .0) ( 0 . 2 ) ( 1 .0 )

180.3 11 .9 5 .0 0 .0 98 0 .4 09 0.123 0.399
181.2 18.4 5 .0 0.051 0.211 0.047 0.180
223.1 7 . 4 5 .0 0 .085 0 .318 0.064 0.321
223 .2 12.2 5 .0 0 .115 0.488 0 .107 0.476
223 .3 4 .9 5 .0 0 .043 0 .200 0 .039 0 .170
291 .1 3 .9 5 .0 0 .040 0 .1 49 0 .040 0 .1 3 2
291 .2 7 .4 5 .0 0.086 0 .330 0.066 0 .3 2 8
292 .2 4 .2 5 .0 0 .0 7 8 0.190 0.041 0.180
292.3 4 .5 5 .0 0 .060 0 .227 0 .065 0 .199
335.1 2 3 .4 5 .0 0 .1 0 4 0 .475 0 .105 0 .4 6 9

S e t  I S e t  J S e t  K S e t  L S e t  M
( 0 . 2 ) ( 0 . 5 ) ( 0 . 2 ) ( 1 .0 ) ( 1 . 0 )

147.2 6 .4 5 .0 0.0419 0.0737 0.0141 0 .147 0 .163
199.2 37 .6 5 .0 0.146 0.297 0 .0 975 0 .599 0 .6 0 2
199.3 8 .4 5 .0 0 .0942 0 .1 92 0 .0575 0 .424 0 .423
200 .2 11.2 5 .0 0.106 0 .2 0 8 0 .067 0.431 0 .4 42
271.2 2 .9 5 .0 0.0287 0.0506 0.0031 0 .132 0 .125
272 .2 6 .6 5 .0 0.066 0.131 0 .0334 0.351 0 .293
301 .1 7 . 2 5 .0 0 .067 0.0926 0 .0315 0 .239 0 .222
321 .2 4 .9 5 .0 0.0273 0 .0580 0 .0088 0 .149 0 .137
323 .3 8 .7 5 . 0 0 .0555 0 .1 3 8 0.0391 0 .3 62 0 .309
337 .2 11.8 5 .0 0.0726 0 .1 6 2 0.0453 0.356 0 .346

S e t  I S e t  J S e t  K S e t  L S e t  M

18.1 116.2 5.0 0.541 0 .5 48 0.532 .569 .548 (.2)
54.1 6 7 .6 5 .0 .238 ( . 2 ) .476 ( . 5 ) .170 ( . 2 ) .530 .488 ( . 5 )

( 0 . 2 ) ( 0 . 5 ) ( 0 .2 ) ( 1 .0 ) ( 1 .0 )
146.3 6 2 .9 5 .0 0 .143 0 .3 20 0 .117 0.706 0 .6 74
222 .2 6 . 8 5 .0 0 .0 778 0.146 0.0545 0 .314 0 .3 23
271 .3 9 .6 5 .0 0 .0737 0 .207 0 .0458 0.341 0 .3 43
301.2 2 .7 5 .0 0 .1 02 0 .2 22 0 .458 0 .4 6 9 0 .4 60
322 .3 13.6 5 .0 0 .0424 0 .0595 0.0097 0.111 0.141
359 .2 31.6 5.0 0 .1 6 0 0.297 0.148 0.701 0.728
360.4 27 .4 5 .0 0 .1 82 0 .417 0.161 0.903 0 .939
360 .8 34 .4 5 .0 0.0937 0 .197 0.0665 0 .4 1 8 0.425

L lP ld

Because amount  o f  l i p i d  was d e t e r m i n e d  g r a v i m e t r i c a l l y ,  t h e r e  a r e  

no s t a n d a r d  c u r v e s .  Each s p e c i m e n  h a s  two r e p l i c a t e s ;  bo th  t a r e  and 

t a r e + l i p i d  mass a r e  shown f o r  each  r e p l i c a t e  (as  a d i f f e r e n c e :  mass  o f  

v i a l  i n c l u d i n g  l i p i d  -  mass  o f  empty  v i a l ) .  For  e a c h  spec im en ,  sample  

volume was 2.0 ml and t o t a l  volume o f  t h e  c h lo r o f o r m  f r a c t i o n  was 5.0 

ml. Because  s t a n d a r d  e r r o r  o f  a l l  r e p l i c a t e s  was a p p r o x i m a t e l y
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i d e n t i c a l ,  u n w e ig h te d  a v e r a g e s  were  u se d  t o  c a l c u l a t e  l i p i d  

c o n c e n t r a t i o n  i n  c h l o r o f o r m  f r a c t i o n s  ( g / m l ) .  Thus, d i f f e r e n c e s  i n  

s t a n d a r d  e r r o r  o f  f i n a l  c o n c e n t r a t i o n  ( g/mg d ry  mass)  i s  a t t r i b u t a b l e  

t o  p r o p a g a t i o n  o f  e r r o r  upon d i v i s i o n  by d ry  mass ( E q u a t i o n  D.25)

Raw Data

ID# Dry Mass R e p l i c a t e s  ( T o t a l  mass -  t a r e ,  i n  g)

5 3 .2 28 .7  mg 4 .7154 - 4.7143 4.7855 - 4 .7 8 4 2
53.3 79.1 4 .7402 - 4.7373 4.7526 - 4.7496
54 .2 85 .8 4 .7777 - 4 .7738 4.7329 - 4 .7282
56.1 196.7 4 .8560 - 4 .8478 4.7901 - 4.7817
59.1 117.1 4 .7402 - 4 .7345 4 .7633 - 4.7571

108.1 98.1 4 .7985 - 4.7930 4 .7239 - 4.7183
109.1 113.9 4 .8060 - 4.7995 4.7783 - 4 .7 7 1 8
109.2 93 .9 4 .7222 - 4 .7177 4 .7020 - 4 .6975
115.1 67 .6 4.7931 - 4 .7898 4.7240 - 4 .7 2 0 4
115 .2 167.7 4 .8066 - 4.7991 4 .7854 - 4 .7778
174.2 39 .3 4 .7428 - 4 .7403 4 .7734 - 4.7710
180.3 11 .9 4 .7 6 4 2 - 4 .7637 4 .7648 - 4 .7643
181.2 18.4 4 .7865 - 4.7861 4 .7602 - 4.7601
223.1 7 . 4 4 .7247 - 4.7241 4 .7523 - 4 .7517
223 .2 12.2 4 .7946 - 4 .7942 4 .7960 - 4 .7 958
223 .3 4 .9 4 .7 354 - 4 .7345 4 .7552 - 4.7541
291 .1 3 .9 4 .7266 - 4 .7264 4 .7579 - 4 .7 5 7 9
291 .2 7 . 4 4 .7375 - 4.7371 4.7337 - 4 .7 334
292.2 4 .2 4 .7568 - 4 .7566 4 .6733 - 4 .6 729
292 .3 4 .5 4 .7740 - 4.7735 4.7318 - 4 .7 318
335.1 2 3 .4 4 .7019 - 4.7011 4.7457 - 4.7451
147.2 6 . 4 4 .7215 - 4.7210 4 . 7566 - 4 .7566
199.2 37 .6 4.7665 - 4.7655 4 .7048 - 4.7041
199.3 8 .4 4 .7488 - 4.7486 4.8091 - 4 .8089
200.2 11.2 4 .7195 - 4 .7189 4.7206 - 4 .7206
271 .2 2 .9 4 .7684 - 4.7683 4.7677 - 4 .7677
272.2 6 .6 4 .7034 - 4 .7033 4 .7202 - 4 .7202
301 .1 7 . 2 4 .7367 - 4 .7362 4 .6945 - 4 .6944
321.2 4 .9 4.7081 - 4 .7079 4.7877 - 4 .7 876
323.3 8 .7 4 .7386 - 4 .7385 4.8100 - 4 .8096
337.2 11 .8 4 .7284 - 4.7275 4.8245 - 4 .8242

18.1 116.2 4.7435 - 4 .7387 5 .4763 - 5 .4 7 0 9
54.1 67 .6 4 .7809 - 4.7787 5 .2 773 - 5 .2753

146.3 6 2 .9 4 .7498 - 4.7475 4.7618 - 4 .7 584
222.2 6 . 8 4 .6917 - 4 .6917 4.7549 - 4 .7545
271 .3 9 .6 4 .7760 - 4.7758 4.8033 - 4 .8030
301.2 2 .7 4 .7150 - 4.7151 4.7461 - 4 .7460
322.3 13 .6 4 .7838 - 4.7836 4.7656 - 4.7651
359.2 31.6 4 .6 6 2 0  ■- 4.6609 4.7402 - 4.7388
360 .4 27 .4 4 .8192 — 4 .8184 4 .7734 - 4.7720
360 .8 34 .4 4 .7 6 5 8 - 4.7644 4 .7 232 - 4.7216
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P r o c e s s e d  Da ta

F i n a l  fo rm o f  a n a l y z e d  d a t a  f rom C h a p t e r  I  i s  shown h e re .  

C o n c e n t r a t i o n ,  l e v e l ,  and c o n t e n t  o f  each  component  i s  g i v e n ,  t o g e t h e r  

w i t h  e s t i m a t e d  s t a n d a r d  e r r o r s  f o r  t h o s e  m ea s u rem e n ts .  I n  a d d i t i o n ,  

a n i m a l  mass ,  gonad m ass  ( b o th  w e t  and d ry ) ,  d r y  mass i n d e x  o f  gonad,  

p e r c e n t a g e  w a t e r  c o n t e n t  i n  gonad, r e l a t i v e  s p e r m a t o g e n i c  s t a g e  

( o r d i n a l  s c a l e  r a n k i n g s  o f  t e s t e s  based  on h i s t o l o g i c a l  o b s e r v a t i o n s ) ,  

and o r n i t h i n e  d e c a r b o x y l a s e  a c t i v i t y  a r e  shown. In  t h i s  t a b l e ,  row 

number can be used  t o  compare  m ea s u r e m e n ts  f rom t h e  same a n i m a l  which  

a r e  no t  a d j a c e n t .

G e n e ra l  I n f o r m a t i o n

YEAR DATE # MASS WET MASS DRY MASS GDMI $WATER STAGE
ROW

1 1982 18 1 190.8 2 .2 1 6 9 0 .3 669 0 .1 9 2 83.4 8
2 1981 53 2 68 .6 3 .5 937 0.6451 0 .9 40 82 .0 8
3 1981 53 3 66.1 4 .9869 0 .8609 1.302 82 .7 7
4 1981 54 1 5 8 .6 3 .6470 0.5873 1 .002 83.9 7
5 1981 54 2 90 .5 6 .4267 1 .1330 1 .252 82 .4 8
6 1982 56 1 386 .2 41 .6511 7.1886 1 .861 82 .7 9
7 1981 59 1 81 .7 6.4491 1.1324 1.386 82 .4 9
8 1981 108 1 6 4 .3 7 .9 7 1 0 1 .4435 2.245 81 .9 11
9 1981 109 1 60 .3 4 .8352 0.9046 1 .500 81 .3 9

10 1981 109 2 5 9 .5 4 .1634 0 .8030 1.350 80.7 9
11 1981 115 1 39 .3 4 .1908 0 .7878 2 .0 0 4 81 .2 10
12 1981 115 2 24 5 .4 29 .9398 5.2209 2 .128 82.6 12
13 1981 146 3 52 .8 3 .4245 0.5233 0.991 84.7 11
14 1981 147 2 3 8 .8 0 .2917 0 .0309 0 .080 89 .4 13
15 1983 174 2 55 .7 0 .5214 0 .0802 0 .1 4 4 84.6 2
16 1983 180 3 81.1 0 .1 0 6 8 0.0268 0 .033 7 4 .9 2
17 1983 181 2 7 3 .5 0 .3506 0 .0832 0 .113 76 .3 2
18 1983 199 2 46 .3 0 .2515 0 .0705 0 .152 72 .0 2
19 1983 199 3 36 .3 0 .0805 0.0186 0.051 76 .0 1
20 1983 200 2 64 .7 0 .1317 0 .0246 0 .038 81 .3 2
21 1983 222 2 50 .9 0 .0844 0.0159 0.031 81 .2 4
22 1983 223 1 5 1 .2 0 .0726 0.0103 0 .020 85 .9 3
23 1983 223 2 75 .9 0 .1 0 1 8 0.0183 0 .0 2 4 82.0 4
24 1983 223 3 3 0 .8 0 .0437 0 .0072 0 .024 83 .4 4
25 1981 271 2 52 .3 0 .1066 0 .0 1 2 8 0 .0 2 4 88 .0 5
26 1981 271 3 46 .2 0 .2880 0 .0409 0 .089 85 .8 5
27 1981 272 2 37 .0 0 .1 9 9 4 0 .0292 0 .0 7 9 85.3 5
28 1983 291 1 39 .5 0 .0604 0 .0115 0 .029 80.9 3
29 1983 291 2 40 .6 0 .0 7 3 0 0 .0148 0 .036 7 9 .7 1
30 1983 292 1 52.1 0 .1573 0.0336 0 .065 78 .6 5



31 1983 292 2 34.1 0 .0265 0 .0 080 0 .024 69 .7 •
32 1983 292 3 51 .4 0 .0358 0 .0073 0 .014 79 .7 3
33 1981 301 1 4 8 .9 0 .2093 0 .0 348 0.071 83.4 *
34 1981 301 2 40.1 0 .2002 0 .0 275 0 .0 69 86 .3 5
35 1981 321 2 7 6 .2 0.1721 0 .0340 0 .045 80 .2 5
36 1981 321 3 93.2 0.0591 0 .0107 0.011 81 .9 5
37 1980 322 3 63.1 0.3471 0 .0 467 0 .074 86 .5 *
38 1981 323 3 50 .0 0 .1125 0 .0206 0.041 81 .7 5
39 1980 335 1 63 .3 1 .3537 0 .2023 0.320 85.1 *
40 1981 337 2 118.0 0 .2483 0 .0476 0 .0 40 80 .8 6
41 1980 359 2 40 .4 1 .0969 0.1777 0 .440 83 .8 *
42 1980 359 3 37 .4 1.1393 0 .1 824 0 .4 8 8 84 .0 •
43 1980 360 4 43.3 0 .5672 0 .0877 0.203 8 4 .5 •
44 1980 360 8 120.2 6 .3483 1.0837 0 .9 0 2 82 .9 «

C o n c e n t r a t i o n s  o f  B ioc he m ica l  Components

DNA SD-DNA RNA SD-RNA PROT SD-PROT
ROW

1 45.93 0 .86 7 .76 2 .6 9 480.6 24 .57
2 45 .79 1 .02 36 .92 1.72 383.6 15 .83
3 45.81 0 .83 36 .3 9 1 .30 359.2 12 .20
4 40 .32 0 .8 4 43.47 2 .7 4 380 .5 24 .7 5
5 44 .84 0 .5 8 28 .76 0 .9 9 361 .8 12.41
6 59.31 3 .59 18.20 1 .01 379 .6 9 .1 4
7 37 .99 0 .4 9 21.91 0 .8 2 371 .6 10 .63
8 58 .56 0 .73 19.76 0.91 349 .6 11 .68
9 43.66 0 .57 30 .67 1 .02 342 .7 12.81

10 51.76 0 .64 29 .20 1 .03 334 .7 12 .90
11 54.61 0 .68 20 .74 0 .93 359 .8 11 .84
12 43.43 0 .96 29 .39 0.81 392 .3 14 .52
13 53 .7 2 1.13 22 . . ’1 1.86 437.1 17.21
14 36.36 1 .67 88 .;n 6 .0 4 317 .5 53 .52
15 69 .67 4 .0 2 11.67 0 .75 313.1 11.65
16 7.01 0 .83 16.33 1.56 270.4 19.58
17 66 .1 9 3 .2 5 10.56 0 .6 0 319.3 10.52
18 1.99 0 .3 2 14.32 0 .64 229 .7 9 .0 9
19 3.51 0 .9 2 16.23 1.74 287 .7 2 1 .7 0
20 9.11 1.49 15.76 1.69 294 .5 21 .26
21 16.68 0 .66 33 .10 1.26 321 .0 15 .72
22 11.96 1.14 22 .60 2 .15 313 .9 26 .43
23 7 .1 9 0 .90 24.11 1.72 312.6 2 1 .4 4
24 13.95 1 .51 31 .45 2 .8 4 293 .8 34 .17
25 2 .9 0 1.45 29 .10 10.90 183.7 39 .3 9
26 8 .84 0 .9 4 39 .57 7.01 231 .4 2 5 .8 3
27 7.21 1.33 35 .15 9 .9 5 202 .4 3 6 .0 8
28 8 .8 8 2 .77 29 .37 5 .20 571 .6 6 3 .4 8
29 7 .1 6 1.61 20 .9 9 3 .03 145.0 36 .1 3
30 20 .37 0 .5 5 30 .04 0 .95 340.6 12 .82
31 9 .93 2 .8 4 28 .52 5 .35 306.5 6 4 .0 2
32 12.85 2.01 26.36 3 .7 8 281 .6 45 .3 2
33 13.47 1 .60 46 .95 11.83 292.1 43.27
34 7.36 1 .85 32 .42 13.82 235 .0 50 .1 0
35 7 .3 6 1.69 23 .9 8 12 .59 178.2 45 .4 2



36
37
38
39
40
41
42
A3
i

ROW
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

177

4 .44 4 .7 2 37 .60 17.84 220 .8 127.50
• • • • * *
8 .3 2 3 .16 37 .22 11.89 175.5 84 .85

17.72 1.25 41 .30 2 .3 3 277.1 2 0 .9 8
13 .47 1.07 35 .95 7 .8 8 326 .7 29 .65
19 .98 1 .00 48.71 6 .06 355.5 32 .74
32 .40 1.15 49 .44 4 .13 348.6 15.21
19.98 1.21 51 .2 0 7 .4 4 317.1 40 .0 9
40.36 0 .5 4 30 .65 1.00 353.1 12.50

CHO SD-CHO GLY SD-GLY

3.0 87 0 .0 64 8 .550 0 .2 99
3 .3 29 0 .2 50 4.791 0.247
3 .7 23 0 .0 94 5 .397 0 .1 22
2.683 0 .1 08 5 .422 0 .219
4 .1 98 0 .087 3 .835 0 .1 05
3.253 0 .056 2 .1 32 0.049
3 .7 92 0 .0 6 5 3.101 0 .0 79
3.001 0.076 1.274 0 .0 72
2.961 0 .066 3 .874 0.086
3.195 0 .0 79 2.931 0.093
4 .147 0 .1 1 0 1.800 0 .1 0 4
2 .2 52 0 .0 45 2 .5 1 2 0 .057
2 .686 0.116 3.983 0.127
8.731 1.144 8.436 1.180
7 .5 0 8 0 .1 90 5 .5 42 0 .217

14 .655 0.627 10 .482 0 .659
6.971 0 .3 9 8 3 .2 36 0 .418
9.793 0.201 5 .747 0 .209
8.007 0.871 17 .984 0 .940
9 .116 0 .655 13.873 0 .6 98
5 .2 9 2 1.071 16 .600 1.144
7 .613 0 .988 13 .198 1.059
4 .395 0 .597 12.116 0 .6 4 8
6 .000 1.488 11.425 1.587

10 .690 2 .5 3 2 15.909 2 .6 40
4 .5 58 0 .758 12 .9 28 0 .805
7 .1 40 1.106 18 .040 1.185
3 .899 1.865 10.968 1.991

10.116 0 .9 92 13.590 1.061
* * • *

14.826 1.766 13.585 1.860
6 .7 13 1.621 14.557 1.741
4.647 1.011 11.585 1.060

15.945 2 .7 55 63 .0 06 3 .6 97
13.583 2.241 10.557 1.544

• « • «
4 .5 69 0 .536 3 .1 2 2 0 .5 52
4 .4 45 0 .837 14 .164 0.891
2 .2 16 0.311 6 .1 7 4 0 .3 34

11 .788 0 .929 10.674 0 .653
4 .323 0.231 7 .9 95 0 .2 5 4

AA SD-AA LIPID SD-LIP

102.1 1.46 109.7 4 .0 9
139.6 1 .77 104.5 15 .98
146.1 2 .1 4 93 .2 5.86
146.7 2 .4 7 7 7 .6 6.81
150.3 2 .0 0 125.3 5 .4 8
126.8 1 .28 105.5 2 .56
140.3 1.53 127.0 4.11
124.6 1 .74 141 .4 4 .88
135.4 1.55 142.7 4.26
136.9 1 .83 119 .8 5 .0 2
124.4 2 .4 4 127.6 6 .8 9
112.7 1.10 112.6 2 .95
104.6 2 .5 8 113.3 7 .36

80.0 6 .5 8 97.7 71 .52
76.1 1 .15 155.9 11.75
65 .6 3 .56 105.0 38 .48
26 .4 2 .2 8 34 .0 24 .87
56 .7 1.23 56 .5 12 .18
7 0 .8 5 .0 0 59 .5 54 .4 8
6 3 .4 3 .77 6 7 .0 40.86

101.3 6 .3 3 73 .5 67 .3 0
129.6 5 .93 202 .7 61 .9 3

49.1 3 .4 5 6 1 .5 37.51
241 .7 9.91 510 .2 94 .10

6 3 .2 14 .37 43.1 157.80
103.4 4 .5 0 65.1 47 .67
101.8 6 .5 0 18.9 69 .33

86.6 10.94 64.1 117.34
7 4 .5 5 .7 4 118.2 61 .87

• » • *
69 .4 10.08 178.6 109.04

104 .8 9 .57 138 .9 101.74
83 .9 5 .8 8 104.2 63 .5 8
63 .6 15.65 46 .3 169.48
89 .9 12.70 76 .5 93 .40

« * « •
95 .4 3 .1 8 64 .3 33.66
9 8 .9 4 .9 8 7 1 .8 52.61

102.1 1.92 7 4 .8 19.57
95.6 5 .3 8 127.1 38.81

109.3 2.51 98 .9 14 .52
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42 * * * * * « « «
43 2 .512 0.266 11.952 0.311 116.4 2 .8 9 100.4 16.73
44 3 .162 0 .212 4 .360 0 .224 121.6 2 .34 109.0 13.35

L e v e l s  o f  B ioc he m ica l  Components 

RNA/DNA SD-R/D PROT/DNA SD-P/D CHO/DNA SD-CH/D GLY/DNA. SD-G/D
ROW

1 0 .17 0.036 10.46 0 .57 0.0672 0 .0 019 0 .1862 0 .0074
2 0.81 0 .034 8 .3 8 0 .3 9 0 .0727 0.0058 0 .1046 0.0059
3 0 .7 9 0 .0 2 9 7 .8 4 0 .3 0 0.0813 0 .0025 0 .1 1 7 8 0 .0034
4 1.08 0 .047 9 .44 0 .64 0.0665 0.0030 0.1345 0.0061
5 0 .64 0 .0 2 4 8.07 0 .3 0 0.0936 0.0023 0.0855 0.0026
6 0.31 0 .025 6 .4 0 0 .4 2 0.0548 0.0034 0.0359 0.0023
7 0 .5 8 0 .025 9 .7 8 0.31 0 .0998 0.0021 0 .0816 0 .0023
8 0 .3 4 0 .017 5 .97 0.21 0.0512 0.0014 0 .0218 0.0013
9 0 .7 0 0.025 7 .8 5 0.31 0.0678 0.0017 0 .0887 0.0023

10 0 .56 0.021 6 .4 7 0 .26 0.0617 0.0017 0 .0566 0.0019
11 0 .38 0 .0 1 8 6 .5 9 0 .23 0.0759 0 .0022 0 .0 330 0 .0020
12 0 .69 0.026 9 .03 0 .3 9 0 .0518 0.0015 0 .0 578 0 .0018
13 0.41 0.027 8 .14 0 .36 0.0500 0.0024 0.0742 0 .0028
14 2 .43 0.130 8.73 1 .53 0.2401 0.0333 0.2320 0.0341
15 0.17 0 .016 4 .5 0 0.31 0.1078 0.0068 0.0796 0.0055
16 2 .33 0 .3 28 38 .5 7 5 .35 2 .0905 0 .2628 1 .4952 0 .2002
17 0 .16 0 .014 4 .8 2 0 .2 9 0.1053 0.0079 0 .0 489 0.0068
18 7 .20 1.212 115 .43 18.90 4.9201 0.7884 2 .8874 0 . 47 0 8
19 4 .6 3 1.267 82 .07 22 .3 2 2.2843 0.6466 5 .1 305 1.3673
20 1.73 0 .317 32 .34 5 .77 1 .0011 0.1786 1.5236 0.2603
21 1 .98 0 .1 0 4 19 .25 1.21 0 .3173 0.0655 0 .9954 0.0792
22 1.89 0 .2 1 8 26 .24 3 .34 0.6363 0.1026 1 .1031 0 .1378
23 3 .36 0 .4 5 8 43 .50 6.21 0.6115 0.1129 1 .6859 0 .2295
24 2 .25 0 .272 21 .06 3 .34 0 .4302 0.1163 0 .8190 0.1441
25 0 .0 4 5 .155 63 .3 9 34 .53 3.6884 2.0430 5 .4888 2.8953
26 4.47 0 .562 26.16 4 .0 4 0 .5154 0.1018 1 .4616 0.1802
27 4 .87 0 .999 28 .0 6 7 .2 0 0.9897 0.2384 2.5006 0.4897
28 3.31 1.062 64 .3 9 21 .30 0 .4392 0.2508 1.2356 0 .4455
29 2 .93 0 .7 0 2 20 .2 5 6 .7 9 1.4123 0 .3463 1.8974 0.4514
30 1.47 0 .0 6 2 16.72 0 .7 7 « « • «
31 2 .87 0 .8 5 5 30 .87 10.94 1 .4930 0.4630 1.3681 0.4341
32 2 .0 5 0 .355 21 .92 4 .9 2 0.5225 0 .1504 1 .1331 0 .2232
33 3 .4 9 0.487 21 .69 4 .1 2 0 .3449 0 .0855 0.8600 0 .1290
34 4 .40 1.216 31 .92 10.51 2.1655 0.6601 8.5570 2 .2068
35 3.26 0 .889 24 .23 8 .30 1 .8467 0 .5214 1.4353 0.3901
36 8 .46 9 .043 49.71 6 0 .1 2 « « • •
37 » * * • * • • *
38 4.47 1 .750 21 .10 12 .98 0.5345 0.2267 1 .7029 0.6561
39 2 .3 3 0.186 15.64 1 .62 0.1251 0.0196 0 .3485 0 .0310
40 2 .67 0 .298 24 .2 5 2 .9 3 0.8751 0.0980 0.7924 0.0795
41 2 .4 4 0 .173 17.80 1.86 0.2164 0 .0158 0 .4002 0 .0236
42 1.53 0 .083 10.76 0 .6 0 « ft « *
43 2.56 0.207 15.87 2 .2 3 0.1257 0.0153 0.5983 0.0396
44 0 .76 0 .027 8 .75 0 .3 3 0 .0783 0.0054 0 .1080 0 .0057
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AA/DNA SD-AA/D AA/WATER SD-AA/W LIP/DNA SD-L/D
ROW

1 2.222 0 .0 5 2 2 0 .2 5 0.290 2 .3 9 0.100
2 3 .048 0 .0 7 8 30 .53 0 .3 88 2 .2 8 0.353
3 3 .1 8 8 0 .0 7 4 3 0 .4 8 0.447 2 .0 4 0 .133
4 3 .637 0.097 28 .15 0 .4 74 1 .93 0 .174
5 3 .3 5 2 0 .0 6 2 32 .17 0 .4 2 9 2 .7 9 0 .128
6 2 .137 0.131 26.45 0 .2 6 8 1 .78 0 .116
7 3 .694 0 .0 6 2 29 .8 9 0.326 3 .34 0 .116
8 2 .1 2 8 0 .040 27.55 0 .384 2 .4 2 0 .0 8 8
9 3 .102 0 .054 31 .17 0 .3 5 8 3 .27 0.106

10 2 .645 0 .048 32 .7 2 0 .437 2.31 0.101
11 2 .277 0.053 28 .79 0 .564 2 .3 4 0 .1 30
12 2 .594 0 .063 23.79 0 .233 2 .5 9 0 .089
13 1.948 0 .063 18.87 0 .466 2.11 0 .144
14 2.201 0 .207 9 .47 0 .780 2 .6 9 1 .971
15 1.092 0 .0 65 13.82 0.211 2 .2 4 0 .212
16 9 .350 1 .217 21.91 1 .198 14.98 5.767
17 0 .3 9 9 0 .0 4 0 8 .2 2 0 .7 0 8 0.51 0 .377
18 28 .473 4.567 2 2 .0 9 0.483 28 .39 7 .605
19 20 .207 5 .4 7 0 21 .3 0 1.518 16.98 16.163
20 6 .959 1.209 14.55 0.871 7 .35 4.646
21 6 .0 7 5 0 .450 2 3 .5 0 1.490 4.41 4 .040
22 10 .832 1.149 21 .33 1.032 16.94 5 .424
23 6 .8 3 8 0.981 10.79 0 .763 8 .55 5 .329
24 17.325 2 .003 48 .02 2 .269 36 .58 7 .8 1 9
25 21 .793 11.986 8 .5 9 1.957 14.87 54 .948
26 11.685 1.344 17.13 0 .749 7 .36 5.447
27 14.106 2 .7 5 4 17 .48 1.120 2 .6 3 9.623
28 9 .754 3 .279 20 .39 2 .593 7 .2 2 13.409
29 10.406 2 .4 7 2 18.95 1.474 16.51 9.401
30 * * « * * *
31 6 .993 2 .2 4 5 30 .19 4.441 17.98 12.128
32 8.157 1.478 26.71 2.516 10.81 8 .098
33 6 .2 3 0 0 .8 6 0 16.75 1.176 7 .7 3 4 .808
34 8.638 3.037 10.13 2 .493 6 .2 9 23 .072
35 12 .228 3.291 22 .17 3.134 10.40 12.920
36 • « • • * *
37 * * 14.85 0 .498 * «
38 11.895 4.561 22 .1 2 1.131 8 .64 7 .126
39 5 .7 6 2 0.421 17.94 0 .338 4 .2 2 1.144
40 7 .0 9 8 0 .692 22 .6 9 1.279 9 .44 2 .978
41 5 .4 7 2 0 .300 21 .13 0.486 4 .95 0.767
42 « « • * * *
43 5 .8 2 8 0 .383 21 .2 9 0 .529 5 .0 2 0 .892
44 3.013 0.071 25 .03 0.482 2.70 0 .333

T o t a l T e s t i c u l a r  C o n t e n t  o f B ioc he m ica l  ComDonents

DNA:TOT SD-DNA:T RNA:TOT SD-RNA:T PRT:T0T SD-P:
ROW

1 8.83 0 .165 1 .49 0 .517 92 .43  4 .7 2
2 43.03 0 .9 6 4 34 .70 1 .617 360.45  14 .88
3 59 .67 1.088 47 .40 1.704 467.86 15.90
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4 40.41 0 .8 40 43.56 2.743 381.28 24.81
5 56 .1 4 0 .7 3 2 36 .00 1.240 452.96 15.55
6 110.41 6 .683 33 .87 1.878 706 .5 2 17.02
7 52 .66 0 .679 30 .37 1.135 515.11 14.75
8 131.46 1.647 44 .35 2.051 784 .78 26 .24
9 65 .5 0 0 .8 6 0 46.01 1.536 514 .13 19.24

10 69 .85 0 .8 8 2 39.41’ 1 .391 451.67 17.42
11 109.47 1.388 41.57 1.864 721.31 23 .80
12 92.40 2 .045 63 .60 1.724 834.66 30 .9 0
13 53 .24 1.124 22 .0 2 1.845 433 .25 17 .08
14 2 .8 9 0 .134 7 .0 2 0 .4 8 2 25.26 4 .26
15 10.03 0 .580 1.68 0 .1 0 8 45.07 1.68
16 0.23 0 .027 0.54 0 .052 8 .92 0 .6 5
17 7 . 4 9 0 .369 1.20 0 .068 36 .15 1.19
18 0 .30 0 .048 2 .1 8 0.097 35 .00 1.39
19 0 .1 8 0.047 0.83 0 .089 14.75 1 .12
20 0 .35 0.057 0 .60 0 .064 11 .20 0.81
21 0 .5 2 0 .022 1.03 0.041 10 .02 0 .5 0
22 0.24 0 .023 0 .4 5 0 .044 6 .3 0 0 .5 4
23 0 .1 7 0 .022 0 .5 8 0 .042 7 . 5 4 0 .5 2
24 0 .33 0 .036 0 .7 4 0 .069 6.91 0 .8 2
25 0 .07 0.035 0.71 0 .266 4 . 4 8 0 .96
26 0 .7 8 0 .083 3.51 0.621 20.51 2 .2 9
27 0 .57 0 .105 2 .7 8 0.786 15 .99 2 .8 5
28 0 .26 0.081 0 .86 0 .1 52 16.66 1 .87
29 0 .26 0 .0 5 9 0 .7 6 0.111 5 . 2 9 1 .32
30 1.32 0 .036 1 .94 0 .0 62 21 .98 0 .8 3
31 0 .2 3 0 .067 0 .6 7 0.127 7 . 2 2 1.52
32 0 .1 8 0 .0 29 0 .3 7 0 .054 3 .9 8 0 .6 5
33 0 .96 0 .1 14 3 .3 4 0.843 20.81 3 .0 8
34 0 .50 0 .127 2 .2 2 0 .949 16 .12 3 .4 4
35 0 .3 3 0 .0 7 5 1.07 0 .562 7 .9 6 2 .0 3
36 0 .05 0 .0 54 0 .43 0 .205 2 .5 3 1.46
37 • * « * « *
38 0 .34 0 .1 30 1.53 0 .4 89 7 .2 2 3 .4 9
39 5 .6 6 0 .4 00 13 .20 0 .7 44 88.56 6.71
40 0 .54 0 .0 43 1.45 0 .3 1 8 13 .18 1.20
41 8 .7 9 0 .4 3 8 21 .4 2 2 .665 156.36 14.41
42 15.80 0 .563 24.11 2 .015 170.02 7 .4 3
43 4 .0 5 0.246 10 .37 1.507 64 .23 8 .1 2
44 36 .39 0 .486 27 .63 0 .8 98 318.37 11 .2 8

CH0:T0T SD-CH0:T GLYjTOT SD-GLY:T AA:T0T SD-AA:T LIPrTOT SD-LIP:T
ROW

1 0.594 0 .0 124 1.644 0 .0 5 8 19.6 0.281 21 .10 0 .0145
2 3 .1 29 0.2386 4 .5 02 0.233 131 .1 1.679 98 .23 0.1461
3 4 .849 0 .1 2 2 4 7 .0 2 9 0 .1 5 9 190.2 2 .807 121.44 0.1856
4 2.689 0 .1087 5 .4 34 0 .2 19 147.0 2 .4 88 7 7 .8 3 0 .1 348
5 5.256 0 .1095 4 .802 0 .1 3 2 188.1 2 .518 156.86 0.1753
6 6.056 0.1051 3 .9 68 0.091 236.0 2.390 196.36 0 .0 512
7 5.256 0 .0902 4 .2 9 8 0 .1 0 9 194.5 2 .136 176.07 0 .2174
8 6.736 0.1700 2.860 0.162 279.7 3.927 317 .52 0 .4954
9 4.443 0.0986 5 .812 0 .129 203 .2 2.356 214 .03 0.3571

10 4.311 0 .1069 3.955 0.126 184.8 2.489 161.68 0 .2 7 3 8
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11 8.313 0 .2207 3 .6 08 0 .2 09 249 .3 4 .924 255 .75 0.6531
12 4.791 0.0953 5 .3 45 0 .1 2 2 239.7 2 .3 50 239 .4 5 0 .0980
13 2 .6 62 0 .1 154 3 .9 48 0 .126 103.7 2 .568 112 .28 0 .2 155
14 0 .695 0.0911 0.671 0 .0 94 6 .4 0 .525 7 .7 7 0 .0433
15 1.081 0 .0274 0 .7 98 0.031 11 .0 0 .1 6 8 2 2 .4 4 0 .0 588
16 0.483 0 .0 209 0 .346 0 .0 2 2 2 .2 0 .118 3 .47 0 .0 218
17 0 .789 0.0451 0.366 0 .047 3 .0 0 .2 5 8 3 .8 4 0.0095
18 1.492 0 .0 310 0 .876 0 .0 3 2 8.6 0 .189 8.61 0.0280
19 0.411 0 .0 448 0 .9 22 0 .049 3 .6 0 .2 59 3 .0 5 0 .0 2 8 8
20 0.347 0 .0 250 0 .527 0.027 2 .4 0 .144 2 ,5 5 0 .0 170
21 0 .165 0.0335 0 .518 0 .036 3 . 2 0.201 2 .3 0 0 .0 250
22 0.153 0 .0 199 0 .2 64 0 .0 2 2 2.6 0 .126 4 .0 6 0 .0 634
23 0.106 0 .0144 0 .292 0 . 0 1 6 1 .2 0 .0 84 1 .48 0 .0 134
24 0.141 0.0351 0 .2 6 9 0 .038 5 .7 0 .2 6 8 12.00 0.2801
25 0.261 0 .0619 0 .3 8 8 0 .0 65 1 .5 0.351 1 .05 0 .0 136
26 0 .4 04 0 .0 672 1.146 0 .0 7 2 9 .2 0.401 5 .7 7 0 .0253
27 0 .564 0.0875 1.425 0 .0 94 8 .0 0 .516 1 .50 0.0091
28 0.114 0 .0 544 0 .3 2 0 0 .0 5 8 2 .5 0.321 1 .87 0 .0270
29 0 .369 0.0364 0.495 0 .0 39 2 .7 0.211 4.31 0 .0 480
30 • « « • * • * *
31 0 .349 0.0423 0.320 0 .0 44 1.6 0 .2 40 4 .2 0 0 .0 917
32 0 .095 0 .0 230 0.206 0 .025 1.5 0 .1 40 1 .96 0.0441
33 0.331 0.0720 0 .825 0.076 6 .0 0 .420 7 .4 2 0 .0 378
34 1.094 0 .1 892 4 .3 23 0 .2 55 4 .4 1.074 3 .1 8 0 .0227
35 0 .6 07 0 .1 002 0 .4 72 0 .069 4 .0 0 .5 6 8 3 .4 2 0 .0 192
36 • • » • « « * «
37 0 .3 38 0 .0397 0.231 0.041 7.1 0 .2 37 4 .77 0 .0179
38 0 .183 0 .0344 0 .582 0 .0 37 4.1 0 .2 0 8 2 .9 5 0 .0 265
39 0 .708 0.0993 1 .973 0 .107 32 .6 0 .6 1 8 23 .90 0.0426
40 0 .476 0 .0376 0.431 0.026 3 .9 0 .217 5 .1 3 0.0194
41 1.901 0.1018 3.516 0.112 48.1 1 .112 43.49 0 .1150
42 * • « « * • * «
43 0 .509 0 .0538 2.421 0.063 23 .6 0 .589 20 .33 0 .0592
44 2.850 0 .1910 3.931 0.201 109.6 2 .114 98 .2 8 0 .0838

O r n i t h i n e  D ec a rb o x y la s e  A c t i v i t y  ( r e l a t i v e  s c a l e )

DATE CPM/UGP
ROW

1 18 9.81
2 53 9 .7 3
3 53 2.81
4 54 6 .3 4
5 54 12.95
6 56 0 .3 7
7 59 1 .10
8 108 0 .7 0
9 109 4 .53

10 109 4 .0 7
11 115 0 .2 8
12 115 0 .3 9
13 146 0.41
14 147 0 .06
15 174 1.21
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3

16 180 0 .7 5
17 181 1 .85
18 199 - 0 . 4 6
19 199 2 0 .3 2
20 200 1 .37
25 271 1 .42
26 271 - 0 . 2 5
27 272 - 0 . 1 9
33 301 - 2 . 1 3
34 301 - 3 . 0 4
35 321 - 2 . 0 3
36 321 1 .4 8
37 322 - 0 .5 1
38 323 2 . 4 8
39 335 3 .36
40 337 0 .6 8
41 359 4 .6 8
43 360 0 .2 5
44 360 0 .6 0
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