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Sampling Strategies for Using Female Gametophytes 
to Estimate Heterozygosity in Conifers 
R.W. Morris and P.T. Spieth 
Department of Genetics, University of California, Berkeley, California (USA) 

Summary. Unbiased estimators of genotype and allele frequencies and their respective variances are obtained 
for loci identified by mendelian segregation in haploid female gametophytes from individual trees. By a mini- 
mum sampling variance criterion, the allocation of experimental effort between the number of female game- 
tophytes analysed per tree and the number of trees sampled per population is examined for a fixed total amount 
of experimental effort. For estimating heterozygosity, the optimum sampling design for many-'~enerally most) 
cases is three female gametophytes per tree, but may be more than three depending upon the true genotype fre- 
quencies in the population. For estimating allele frequencies, the optimum sampling design is one female game- 
tophyte per tree except in cases where a strong negative correlation exists between alleles within genotpyes. 
Guidelines are discussed for determining a suitable number of female gametophytes to be analysed per tree in 
order to estimate heterozygosity. 

Key words: Allozyme Data - Genetic Variation - Sampling Efficiency 

Introduction 

Techniques of gel electrophoresis are currently be- 

ing extended to an ever-increasing array of organisms 

for the purpose of identifying and quantifying allelic 

variation at structural gene loci within natural popu- 

lations (Lewontin 1974~ Powell 1975). Coniferous 

trees are no exception~ however, certain features of 

conifer biology give allozyme studies of coniferous 

trees a unique character that leads to certain metho- 

dological questions. Properly done, allozyme studies 

of natural populations have two phases. First, allelic 

relationships among protein phenotypes must be de- 

termined by genetic analyses. Second, the genetic 

organization of natural populations must be charac- 

terized by surveys that estimate allele frequencies 

and genotype frequencies within a number of popula- 

tions. As a rule, the precision of such surveys de- 

pends upon analyzing as many individuals and popula- 

tions as time and resources permit. 

For conifers, the use of diploid sporophyte tissue 

to perform genetic analyses and test hypotheses con- 

cerning allelism among protein mobility variants is 

impeded by long generation time and difficulties in- 

herent in the technology required for controlled ma- 

tings. Investigators have circumvented these obstac- 

les by utilizing haploid female gametophyte tissue 

("endosperm") in seeds for genetic analysis of elec- 

trophoretically detectable protein variation. Female 

gametophyte tissue develops from the functional mega- 

spore, a product of meiosis, and thereby provides the 

basis for a direct analysis of gene segregation and 

determination of the genetic basis of the variants. A 

number of enzyme loci in several species of coniferous 

trees have been identified with this method of genetic 

analysis (Bartels 197i; Bergmann 1973a, 1973b; Fe- 

ret 1974; Simonsen and Wellendorf 1975). 

In principle, estimates of allele and genotype fre- 

quencies can be obtained directly from electrophoretic 

analyses of diploid sporophyte tissue in a manner ana- 

logous to the methods used for studies of animal popu- 

lations. However, tissue-specific differences in gene 

expression and enzyme extractability make it unwise 

to survey populations using tissue different from the 

tissue used for genetic analyses. Consequently, the 

method adopted for allozyme surveys of conifer popu- 

lations is based upon inferring the diploid genotype 

of mature trees by analyzing the haploid genotypes of 

a number of female gametophytes from each tree. 

This method avoids the problem of tissue specificity 

and has several additional benefits such as ease of 

storage, ease of enzyme extraction, and control of 
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d e v e l o p m e n t a l  s t a g e .  On t h e  o t h e r  h a n d ,  t h i s  a p p r o a c h  

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

The a c c u r a c y  w i th  w h i c h  g e n o t y p e  f r e q u e n c i e s  c a n  

b e  e s t i m a t e d  w h e n  u s i n g  h a p l o p h a s e  s e g r e g a t i o n  a n a -  

l y s i s  d e p e n d s  no t  on ly  upon  t h e  n u m b e r  of t r e e s  i n -  

c l u d e d  in  t he  s a m p l e ,  bu t  a l s o  u p o n  the  p r o b a b i l i t y  

of c o r r e c t l y  i d e n t i f y i n g  e a c h  t r e e ' s  g e n o t y p e .  A s  t he  

n u m b e r  of f e m a l e  g a m e t o p h y t e s  a n a l y s e d  p e r  t r e e  i s  

i n c r e a s e d ,  the  l i k e l i h o o d  of  a c o r r e c t  c l a s s i f i c a t i o n  

of  g e n o t y p e s  i s  i n c r e a s e d ,  bu t  s o  i s  t he  a m o u n t  of 

e x p e r i m e n t a l  e f f o r t  r e q u i r e d  to c l a s s i f y  e a c h  g e n o -  

t y p e .  A s  a c o n s e q u e n c e  of  f i n i t e  e x p e r i m e n t a l  r e -  

s o u r c e s ,  i n c r e a s i n g  t he  n u m b e r  of  f e m a l e  g a m e t o -  

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

t he  n u m b e r  of  t r e e s  i n c l u d e d  in  t h e  s a m p l e .  D i f f e r e n t  

w o r k e r s  h a v e  r e s p o n d e d  to t h i s  d i l e m m a  in  d i f f e r e n t  

w a y s .  F o r  e x a m p l e ,  B e r g m a n n  ( 1 9 7 3 c )  a n a l y s e d  9 

f e m a l e  g a m e t o p h y t e s  p e r  t r e e  a n d  15 to  20 t r e e s  p e r  

p o p u l a t i o n ;  T i g e r s t e d t  ( 1 9 7 3 )  a n a l y s e d  6 f e m a l e  g a m e -  

t o p h y t e s  f o r  e a c h  of 50 t r e e s  p e r  p o p u l a t i o n .  The p u r -  

p o s e  of t h i s  p a p e r  i s  to  a n a l y t i c a l l y  d e t e r m i n e  a n  a p -  

p r o p r i a t e  a l l o c a t i o n  of  e x p e r i m e n t a l  e f f o r t  b e t w e e n  

t he  n u m b e r  of  f e m a l e  g a m e t o p h y t e s  a n a l y s e d  p e r  t r e e  

a n d  t he  n u m b e r  of t r e e s  s a m p l e d  p e r  p o p u l a t i o n .  

To s t a t e  t he  p r o b l e m  m o r e  p r e c i s e l y ,  l e t  k d e n o t e  

t he  n u m b e r  of  f e m a l e  g a m e t o p h y t e s  a n a l y s e d  p e r  t r e e  

and  l e t  n d e n o t e  the  n u m b e r  of d i f f e r e n t  t r e e s  s a m p l e d .  

The t o t a l  n u m b e r  of a n a l y s e s  to b e  p e r f o r m e d  i s  N = 

k .  n .  F o r  a g i v e n  a m o u n t  of e x p e r i m e n t a l  e f f o r t ,  N ,  

we s h a l l  d e t e r m i n e  t he  v a l u e  of k t h a t  y i e l d s  t he  m o s t  

e f f i c i e n t  e s t i m a t e  of  t he  t r u e  g e n o t y p e  f r e q u e n c i e s  

in  a p o p u l a t i o n .  O u r  c r i t e r i o n  f o r  a n  o p t i m u m  ( i . e .  

m o s t  e f f i c i e n t )  v a l u e  of  k i s  t h a t  v a l u e  w h i c h  m i n i -  

m i z e s  t h e  s a m p l i n g  v a i r a n c e  of a n  u n b i a s e d  e s t i m a -  

t o r  of  g e n o t y p e  f r e q u e n c y .  B y  t h i s  c r i t e r i o n  we m i -  

n i m i z e  t h e  e x p e c t e d  s q u a r e d  e r r o r  of e s t i m a t i o n .  In  

t h i s  s e n s e  we s h a l l  c l a i m  to b e  f i n d i n g  a n  o p t i m u m  

v a l u e  f o r  k .  G e n e r a l l y  b o t h  a l l e l e  a n d  g e n o t y p e  f r e -  

q u e n c i e s  a r e  of i n t e r e s t  in  p o p u l a t i o n  s u r v e y s ;  we ,  

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

a s s o c i a t e d  w i th  e s t i m a t o r s  f o r  e a c h .  

s e g r e g a t i n g  a t  a p a r t i c u l a r  l o c u s  w i t h i n  a d i p l o i d  p o p -  

u l a t i o n  of a c o n i f e r o u s  t r e e  s p e c i e s .  Let  P . .  d e n o t e  
11 

t h e  t r u e  g e n o t y p e  f r e q u e n c y  of t h e  h o m o z y g e t e  A.A.  
1 1 

a n d  P i j  ( i / j )  t h a t  of  i n d i v i d u a l s  h e t e r o z y g o u s  fo r  

m i 
a l l e l e s  A i and  A j ;  ~ ~. P . .  = 1. Seed  s a m p l e s  

- -  i = 1  ~=1 xj 

a r e  c o l l e c t e d  f r o m  e a c h  of n d i f f e r e n t  t r e e s .  F o r  

e a c h  t r e e ,  k f e m a l e  g a m e t o p h y t e s  a r e  a n a l y s e d .  I f  

a l l  k f e m a l e  g a m e t o p h y t e s  e x h i b i t  t he  s a m e  a l l e l e ,  

t he  t r e e  i s  c l a s s i f i e d  a s  a h o m o z y g o t e ;  o t h e r w i s e ,  

i t  i s  c l a s s i f i e d  a s  a h e t e r o z y g o t e .  Let  n. .  d e n o t e t h e  
11 

n u m b e r  of  t r e e s  c l a s s i f i e d  a s  h a v i n g  t he  h o m o z y g o u s  

g e n o t y p e  A iA  i .  Le t  n . .  ( i  i g j )  d e n o t e  t he  n u m b e r  of 
_.L[ - 

t r e e s  c l a w e d  a s  h e t e r o z y g o u s  f o r  a l l e l e s  A i a n d  

A . .  The  t o t a l  n u m b e r  of  t r e e s  s a m p l e s  i s  
__l 

m i 
n = ~. ~. n . . .  F o r  s i m p l i c i t y ,  we a s s u m e  t h a t  

i_-1 j=~ - 2 1  

g e n o t y p e  s a m p l i n g  o c c u r s  wi th  r e p l a c e m e n t ;  in  p r a c -  

t i c e ,  t h i s  u s u a l l y  i m p l i e s  t he  a c t u a l  n u m e r  of  t r e e s  

in  t he  p o p u l a t i o n  i s  m u c h  g r e a t e r  t h a n  n .  We a l s o  

a s s u m e  t h a t  t h o s e  t r e e s  w h i c h  p r o d u c e  s e e d s  c o n s t i -  

t u t e  a r a n d o m  s a m p l e  of  g e n o t y p e s  w i t h i n  t he  p o p u l a -  

t i o n .  

H e t e r o z y g o u s  t r e e s  wi l l l  b e  m i s t a k e n l y  c l a s s i f i e d  

a s  h o m o z y g o t e s  w h e n ,  a s  a c h a n c e  r e s u l t  of  m e n d e -  

l i a n  s e g r e g a t i o n ,  a l l  k f e m a l e  g a m e t o p h y t e s  e x h i b i t  

t he  s a m e  a l l e l e .  F o r  a n y  h e t e r o z y g o u s  g e n o t y p e  the  

p r o b a b i l i t y  of  t h i s  e v e n t  o c c u r r i n g  i s  k = ( 1 / 2 )  k - 1  . 

On t he  a v e r a g e ,  h a l f  of t he  m i s c l a s s i f i e d  i n d i v i d u a l s  

of g e n o t y p e  A .A .  wi l l  b e  a s s i g n e d  to e a c h  of  the  two 
1 j 

h o m o z y g o u s  c l a s s e s  A.A.  a n d  A . A . .  A s  a c o n s e -  
x x  j j 

q u e n c e  of the  n o n - z e r o  p r o b a b i l i t y  of m i s c l a s s i f y i n g  

h e t e r o z y g o u s  g e n o t y p e s ,  t he  r a n d o m  v a r i a b l e s ,  n i i  

a r e  m u l t i n o m i a l l y  d i s t r i b u t e d  wi th  p a r a m e t e r s  n and  

, r  
P i i  + ~ k P i j  f o r  AiA i 

j / i  

a n d  (1 )  

(1 - X ) P . .  f o r  A . A . ,  
1j 1 j 

A n a l y s i s  

The t y p i c a l  s a m p l i n g  s i t u a t i o n  c a n  b e  r e p r e s e n t e d  a s  

f o l l o w s .  S u p p o s e  m a l l e l e s ,  _A 1 ,_A2, . ,  �9 ,--A m ,  a r e  

E s t i m a t i o n  of  G e n o t ~ p e  F r e c ~ u e n c i e s  

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

o b t a i n e d  b y  d i r e c t  c o m p e n s a t i o n  f o r  t he  i n f l a t i o n  of  
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the  h o m o z y g o u s  c l a s s e s  - and the  c o r r e s p o n d i n g  r e -  

duc t ion  of the  h e t e r o z y g o u s  c l a s s e s  - tha t  o c c u r s  

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

u n b i a s e d  e s t i m a t o r s  fo r  the  i nd iv idua l  g e n o t y p e  f r e -  

q u e n c i e s  a r e  

n.n" ~ ~ n~-q~n _ 11 1 
Pii  k f o r  A.A.  

1 1 

j~i 

and (2) 

n . .  

Pij  = ~ f o r  A iA ~. 

R a t h e r  than  ob ta in  a v a r i a n c e  fo r  the e s t i m a t o r  of  

e a c h  g e n o t y p e ,  c o n s i d e r  an a r b i t r a r y  g r o u p i n g ,  d e n o t -  

ed  by S,  of  one o r  m o r e  of  the  m ( m  - 1) d i f f e r e n t  
- -  2 

h e t e r o z y g o t e s .  S m a y  r e p r e s e n t  any p a r t i c u l a r  c o l -  

l e c t i o n  of h e t e r o z y g o t e s ,  r a n g i n g  f r o m  a s i n g l e  h e t e r o -  

z y g o u s  c l a s s  ( e . g .  A1A 2) to the  c o l l e c t i o n  of  a l l  h e -  

t e r o z y g o t e s  in the  p o p u l a t i o n .  Let  H S = E s P i j  deno te  

the  t r u e  f r e q u e n c y  of  the c o m b i n e d - ~ o u p  of  h e t e r o z y -  

g o t e s .  The e s t i m a t o r  of  H S i s  

Zsn i . 
Ks :  sPij = 

As  the  s u m  of  u n b i a s e d  e s t i m a t o r s ,  i t  too i s  u n b i a s e d .  

When the c o m b i n e d  g r o u p  of h e t e r o z y g o t e s ,  S ,  i s  d i s -  

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

f r o m  the  p a r a m e t e r s  of the  m u l t i n o m i a l  d i s t r i b u t i o n  

g i v e n  by (1)  tha t  Zsn  i .  i s  b i n o m i a l l y  d i s t r i b u t e d  with 

p a r a m e t e r s  n and -~/11- k_)H S. T h e r e f o r e ,  

Var"~'S 'tm ) HS[I - (I - k)H S] 
= (1 - k)n 

R e a r r a n g i n g ,  s u b s t i t u t i n g  k = ( 1 / 2 )  k -1  and i m p o s i n g  

the  c o n s t r a i n t  n = N / k  g i v e s ,  

kHSJ 
V a r ( f i S )  = ~ 1 - ( 1 / 2 )  k -1  

The p r o b l e m  now i s  to f ind the v a l u e  of  k tha t  m i n i -  

m i z e s  V a r ( H  s)  f o r  any g i v e n  N and H s .  S ince  k 

t a k e s  on on ly  i n t e g r a l  v a l u e s ,  the  e f f e ~ - ' o n  Var (~ tS)  

c a u s e d  by i n c r e a s i n g  the  n u m b e r  of  f e m a l e  gameto--:" 

p h y t e s  a n a l y s e d  p e r  t r e e  f r o m  k to k + 1, whi le  k e e p -  

ing  the  to ta l  a m o u n t  of  e f f o r t  N c o n s t a n t ,  c a n  be  e x -  

Tab le  1. C r i t i c a l  V a l u e s  of T rue  H e t e r o z y g o s i t y  

k C k n e 

2 0 1 
3 0 . 5 7 1 4  2 . 3 3  
4 0 . 7 6 1 9  4 . 2 0  
5 0 .8602  7 . 1 5  
6 0 . 9 1 7 6  12 .14  
7 0 . 9 5 1 9  20 .79  
8 0 . 9 7 2 3  3 6 . 1 0  
9 0 . 9 8 4 3  63 .69  

10 0 . 9 9 1 2  113 .64  

I n c r e a s i n g  the  n u m b e r  of  m a c r o g a m e t o p h y t e s  
p e r  t r e e  f r o m  k to k +  1 wil l  g i v e  a m o r e  e f -  
f i c i e n t  e s t i m a t e - o f  h ~ t e r o z y g o s i t y  i f ,  and only  
i f ,  the  t r u e  h e t e r o z y g o s i t y  i s  g r e a t e r  than  the  
c r i t i c a l  v a l u e ,  [ C k / n  e ]  i s  the  e f f e c t i v e  n u m b e r  

of a l l e l e s  c o r r e s - p ' o n ~ n g  to the  c r i t i c a l  l e v e l  of  
h e t e r o z y g o s i t y  

a m i n e d  by a d i f f e r e n c e  e q u a t i o n .  Let  A__V = V a r ( H  S : 

k_ + 1) - V a r ( H  s : k)  d e n o t e  the  c h a n g e  in v a r i a - ' ~ e  

tha t  r e s u l t s  f r o m  a uni t  i n c r e a s e  in k .  Us ing  the above  

e x p r e s s i o n  fo r  the  V a r ( H s )  g i v e s  

AV = H s [ C  k - H s ] / N  , 

w h e r e  

k + l  k 

Ck : 1 - (1 /21  k 1 - ( 1 / 2 )  k -1  " 

C o n s e q u e n t l y ,  i n c r e a s i n g  the  n u m b e r  of  g a m e t o p h y t e s  

p e r  t r e e  f r o m  k to k + 1 wi l l  r e d u c e  the  v a r i a n c e  of  

K S ( t ha t  i s ,  A__V wil l  be  n e g a t i v e )  i f ,  and on ly  i f ,  the  

t r u e  v a l u e  H S i s  g r e a t e r  than  C k ,  which  is  a f u n c -  

t ion of k a l o n e .  F o r  e a c h  i n t e g r a l  v a l u e  of  k we r e f e r  

to C k a s  the  c r i t i c a l  v a l u e  of h e t e r o z y g o s i t y .  Table  1 

lists'---the v a l u e s  of  C k fo r  a n u m b e r  of  v a l u e s  of  k .  

B e c a u s e  A_._V<0 i f ,  and only  i f ,  H S > C k ,  i t  f o l -  

l ows  tha t  a p a r t i c u l a r  k wi l l  m i n i m i z e  the  v a r i a n c e  

of  the  e s t i m a t e  HS when the t r u e  h e t e r o z y g o s i t y  i s  

such  that  Ck_ 1 < H S < C k .  F o r  e x a m p l e ,  u s ing  t h r e e  

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

when H S < .57 ;  u s i n g  f o u r  d o e s  so  when . 5 7 < H  S < 

.76 ;  u s ing  f i v e  d o e s  so  when .76  < H  S < .86 ;  and so  

f o r t h .  The key  point  f r o m  th i s  r e s u l t  i s  tha t  the  o p -  

t i m u m  v a l u e  of k ,  by a m i n i m u m  v a r i a n c e  c r i t e r i o n ,  

d e p e n d s  upon the  t r u e  f r e q u e n c y  of the  c l a s s  of  h e t e r -  

o z y g o t e s  whose  f r e q u e n c y  i s  to be  e s t i m a t e d .  
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Al though  S d e n o t e s  an  a r b i t r a r y  c l a s s  of h e t e r o -  

z y g o t e s ,  in p r a c t i c e ,  two c a s e s  a r e  of m o s t  i n t e r e s t :  

( i )  the f r e q u e n c y  of  e a c h  p a r t i c u l a r  g e n o t y p e ,  f o r  

which the  e s t i m a t o r s  a r e  g i v e n  by ( 2 ) ;  and ( i i )  the  

to ta l  f r e q u e n c y  of  h e t e r o z y g o t e s  in the popu la t ion  fo r  

m m 
which the  e s t i m a t o r  i s  ~ ~ n i j / { n ( 1  -_k )} .  In 

i=1 j= i+ l  

the f i r s t  c a s e ,  s i g n i f i c a n t  p e r t u r b a t i o n  f r o m  H a r d y -  

W e i n b e r g  p r o p o r t i o n s  in the  d i r e c t i o n  of  h e t e r o z y g o t e  

e x c e s s  i s  n e c e s s a r y  fo r  the t r u e  f r e q u e n c y  of  any one  

h e t e r o z y g o t e  to e x c e e d  . 57.  C o n s e q u e n t l y ,  t h r e e  f e -  

m a l e  g a m e t o p h y t e s  p e r  t r e e  i s  g e n e r a l l y  the  o p t i m u m  

s t r a t e g y  fo r  e s t i m a t i n g  i nd iv idua l  geno type  f r e q u e n -  

c i e s .  In the  s e c o n d  c a s e ,  with a l a r g e  n u m b e r  of a l -  

l e l e s ,  the to ta l  f r e q u e n c y  of h e t e r o z y g o t e s  m a y  e x c e e d  

s o m e  of the  c r i t i c a l  v a l u e s  in Tab le  1, t h e r e b y  m a k i n g  

a s t r a t e g y  of  m o r e  than  t h r e e  f e m a l e  g a m e t o p h y t e s  p e r  

t r e e  o p t i m u m .  

If  s o m e  p r e l i m i n a r y  w o r k  has  b e e n  d o n e ,  an i n d i -  

c a t i on  of the  o p t i m u m  k c a n  be  ob t a ined  f r o m  the  n u m -  

b e r  of a l l e l e s  known to be  at  the  l o c u s  in q u e s t i o n .  

Tab le  1 l i s t s  the e f f e c t i v e  n u m b e r  of  a l l e l e s ,  ne ,  

that  c o r r e s p o n d  to the  c r i t i c a l  v a l u e s  of h e t e r o z y -  

g o s i t y .  E q u a t i n g  the a c t u a l  n u m b e r  of a l l e l e s  to the 

e f f e c t i v e  n u m b e r  of a l l e l e s  p r o v i d e s  a c r u d e  i n d i c a -  

t ion  of  the t r u e  l e v e l  of  h e t e r o z y g o s i t y  in the  p o p u l a -  

t ion :  n i s  b a s e d  upon e q u a l l y  f r e q u e n t  a l l e l e s  and e 
r a n d o m  m a t i n g ;  in a r e a l  popu la t i on ,  with unequa l  

a l l e l e  f r e q u e n c i e s  and a c e r t a i n  a m o u n t  of p o s i t i v e  

a s s o r t a t i v e  m a t i n g ,  the t r u e  l e v e l  of h e t e r o z y g o s i t y  

wi l l  be  l e s s  than  that  g i v e n  by e q u a t i n g  the  ac tua l  to 

the  e f f e c t i v e  n u m b e r  of  a l l e l e s .  C o n s e q u e n t l y ,  the  

v a l u e s  of n in Table  1 i n d i c a t e  tha t  u s i n g  m o r e  than  
e 

f o u r  f e m a l e  g a m e t o p h y t e s  p e r  t r e e  i s  a p p r o p r i a t e  

only  fo r  l oc i  wi th  a l a r g e  a c t u a l  n u m b e r  of a l l e l e s .  

A s  a r u l e ,  t h e r e f o r e ,  u s i n g  t h r e e  o r ,  in s o m e  

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

the  o p t i m u m  s a m p l i n g  s t r a t e g y  fo r  the m a j o r i t y  (but  

not  a l l )  of s i t u a t i o n s  tha t  m i g h t  be  e n c o u n t e r e d .  

E s t i m a t i o n  of  A l l e l e  F r e q u e n c i e s  

The t r u e  f r e q u e n c y  of a l l e l e  A. in the  popu la t i on  is  
1 

Pi = P i i  + 1/2 ~ P . . .  The ob--vious m e t h o d  of  e s t i -  
j~i ~J 

m a t i n g  Pi i s  to s i m p l y  count  the  A i g e n e s ,  so  tha t  

the estimator is 

1 ~ n . .  
nii  + ~ ] i 1J 

Pi  = n 

F r o m  ( 1 ) ,  the  e x p e c t e d  v a l u e  of Pi  i s  P i '  h e n c e  the  

e s t i m a t o r  i s  u n b i a s e d .  M i s c l a s s i f ~ a t i o ~ - o f  h e t e r o z y -  

g o t e s  d o e s  not  a f f e c t  the  e x p e c t e d  v a l u e  of  Pi b e c a u s e  

a g i v e n  h e t e r o z y g o t e  i s  e q u a l l y  l i k e l y  to be  c l a s s i f i e d  

as  h o m o z y g o u s  f o r  e i t h e r  of the  two s e g r e g a t i n g  a l l e -  

l e s .  An e x p r e s s i o n  fo r  the  v a r i a n c e  of Pi can  be  o b -  

t a i n e d  th rough  s t r a i g h t - f o r w a r d  applicai~-on of  s t a t i s -  

t i c a l  t h e o r y ,  but  the d e r i v a t i o n  i s  t e d i o u s  and we g ive  

on ly  the  r e s u l t :  

2Pi(l - pi ) - (I - k)(pi -Pii ) 
V a r  ( Pi ) = 2n 

This  e x p r e s s i o n  c a n  be  put in a f o r m  m o r e  a m e n a b l e  

to i n t e r p r e t a t i o n  by m a k i n g  s o m e  c h a n g e s  of v a r i a b l e s .  

Subs t i t u t i ng  k = ( 1 / 2 )  k - 1  and P i i  = P~ + fiPi ( 1 - pi ) 

and i m p o s i n g  the c o n s t r a i n t  n = N/k" y i e l d s  m 

Pi (1 - Pi ) k ( ~ ) k - 1  
V a t  (Pi)  = n ~ [ 2 -  ( 1 - f i ) ( 1 -  ) ] "  

The quan t i ty  fi ( -  1 ~ fi ~< 1) i s  i n t r o d u c e d  s i m p l y  a s  

a c h a n g e  of  v a r i a b l e  fo r  the  h o m o z y g o t e  f r e q u e n c y ,  

P i i  ; h o w e v e r ,  i t  c an  be  i n t e r p r e t e d  a s  the  c o r r e l a -  

t ion b e t w e e n  A. and non-A,  a l l e l i c  s t a t e s  wi th in  1 1 
i n d i v i d u a l s  and r e f l e c t s  any p e r t u r b a t i o n  f r o m  H a r d y -  

W e i n b e r g  p r o p o r t i o n s  that  m a y  e x i s t  at  the  t i m e  of  

s a m p l i n g .  

F o r  k = 1, the  v a r i a n c e  of Pi r e d u c e s  to the b i -  

n o m i a l  v a r i a n c e ,  pi (1 - p i ) / N T ] n  g e n e r a l ,  any i n -  

c r e a s e  in k wi l l  i n c r e a s e  the  v a r i a n c e  of  Pi" Th is  

g e n e r a l i t y  b r e a k s  down only i f  t h e r e  e x i s t s ,  f o r  w h a t -  

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

t ion b e t w e e n  a l l e l i c  s t a t e s  wi th in  i n d i v i d u a l s  in the  

popu la t i on .  In p a r t i c u l a r ,  when - 1 ~< f. < - .707  s o m e  1 
v a l u e s  of  k o t h e r  k = 1 wi l l  g i v e  a l o w e r  s a m p l i n g  

v a r i a n c e .  H o w e v e r ,  such  s t r o n g l y  n e g a t i v e  v a l u e s  of 

fi c a n  o c c u r  in n a t u r a l  p o p u l a t i o n s  only  in r a t h e r  u n -  

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

C o n s e q u e n t l y ,  i t  i s  s a f e  to a s s e r t  that  a n a l y s i n g  one  

f e m a l e  g a m e t o p h y t e  p e r  t r e e  i s  the  o p t i m u m  s a m p l i n g  

d e s i g n  fo r  e s t i m a t i n g  a l l e l e  f r e q u e n c i e s .  
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D i s c u s s i o n  

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

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

a l l e l e  f r e q u e n c i e s  a n d  g e n o t y p e  f r e q u e n c i e s .  F o r  a l -  

l e l e  f r e q u e n c i e s  t h e  o p t i m u m  p r o c e d u r e ,  e x c e p t  in  

r a r e  c a s e s ,  i s  to  u s e  one  f e m a l e  g a m e t o p h y t e  p e r  

t r e e ,  w h i l e  t he  o p t i m u m  f o r  g e n o t y p e  f r e q u e n c i e s  i s  

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

u p o n  t h e  t r u e  v a l u e  of  h e t e r o z y g o s i t y .  C h o o s i n g  a 

s a m p l i n g  s t r a t e g y ,  t h e r e f o r e ,  r e q u i r e s  s u b j e c t i v e l y  

w e i g h i n g  t he  o b j e c t i v e s  of  e a c h  p a r t i c u l a r  s t u d y .  U s i n g  

on ly  a s i n g l e  f e m a l e  g a m e t o p h y t e  f r o m  e a c h  t r e e ,  

w h i l e  m a x i m i z i n g  t h e  e f f i c i e n c y  of e s t i m a t i n g  a l l e l e  

f r e q u e n c i e s ,  e x c l u d e s  a l l  i n f o r m a t i o n  a b o u t  g e n o -  

t ype  f r e q u e n c i e s .  U s i n g  two o r  m o r e  f e m a l e  g a m e t o -  

p h y t e s  p e r  t r e e  p r o v i d e s  i n f o r m a t i o n  on  b o t h  k i n d s  

of  f r e q u e n c i e s ;  h o w e v e r ,  t h e r e  i s  a r e d u c t i o n  in  e f -  

f i c i e n c y  in  t he  e s t i m a t i o n  of  a l l e l e  f r e q u e n c i e s  b e -  

c a u s e  t h e  n u m b e r  of i n d e p e n d e n t l y  s a m p l e d  a l l e l e s  

i s  r e d u c e d .  

W h e n  b o t h  k i n d s  of  f r e q u e n c i e s  a r e  of i n t e r e s t ,  

a c o m p r o m i s e  s t r a t e g y  of two f e m a l e  g a m e t o p h y t e s  

p e r  t r e e  m a y  b e  c o n s i d e r e d .  The c o n s e q u e n c e  of 

s u c h  a c o m p r o m i s e  i s  a n  i n c r e a s e  in t he  s t a n d a r d  

d e v i a t i o n s  of  b o t h  e s t i m a t e s  r e l a t i v e  to t h e i r  r e s p e c -  

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

u p o n  t h e  r e s u l t i n g  i n c r e a s e s .  F o r  H S < . 5 ,  u s i n g  

k = 2 i n s t e a d  of  k = 3 wi l l  i n c r e a s e  the  s t a n d a r d  d e -  

v i a t i o n s  of  t h e  e s t i m a t e s  f o r  g e n o t y p e  f r e q u e n c i e s  by  

l e s s  t h a n  t e n  p e r c e n t .  C o n c o m m i t a n t l y ,  t h e  s t a n d a r d  

d e v i a t i o n s  of t he  e s t i m a t e s  f o r  a l l e l e  f r e q u e n c i e s  wi l l  

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

u e s  f o r  k = I .  

The s t r a t e g y  of  u s i n g  on ly  t h r e e  o r  f o u r  f e m a l e  

g a m e t o p h y t e s  to  d e t e r m i n e  t h e  g e n o t y p e  of  a p a r e n t a l  

t r e e  i s  s o m e w h a t  s u r p r i s i n g .  I t  i s  w o r t h w i l e  to a t -  

t e m p t  a h e u r i s t i c  e x p l a n a t i o n .  C l a s s i f i c a t i o n  b a s e d  

upon  so  f ew  f e m a l e  g a m e t o p h y t e s  p e r  t r e e  r e s u l t s  in  

s u b s t a n t i a l  m i s c l a s s i f i c a t i o n :  w i th  k = 3,  o n e  of  e v e r y  

f o u r  h e t e r o z y g o t e s  wi l l  b e  e r r o n e o u s l y  c l a s s i f i e d  a s  

a h o m o z y g o t e .  The e s t i m a t o r s  g i v e n  b y  (2 )  c o r r e c t  

f o r  m i s c l a s s i f i c a t i o n  a t  t he  p o p u l a t i o n  l e v e l ;  i n t e r m s  

of  i n d i v i d u a l  t r e e s ,  t he  m i s t a k e s  in  c l a s s i f i c a t i o n  

r e m a i n .  The  i n c r e a s e d  a c c u r a c y  of e s t i m a t i o n  i s ,  

t h e r e f o r e ,  s o l e l y  a t  t he  p o p u l a t i o n  l e v e l ,  w h e r e  the  

a b i l i t y  to  c o r r e c t  f o r  e r r o r s  of  c l a s s i f i c a t i o n  a l l o w s  

an increased number of different parental trees to be 

included in the study without changing the total num- 

ber of assays N_. 

Several points are worth specific mention. First, 

when working with the array of "observed" genotype 

frequencies, it is necessary to keep in mind that there 

is a high level of misclassification. For example, if 

the array is to be tested against Hardy-Weinberg pro- 

portions, the expected Hardy-Weinberg frequencies 

need to be corrected. In particular, expected geno- 

t ype  f r e q u e n c i e s  s h o u l d  b e  c a l c u l a t e d  a s  n[p~__ + kp~i 

(1 - p i ) ]  f o r g e n o t y p e  A AI 1 a n d a s  n ( 1  _ ),)2PiPjN~ 

f o r  A A a n d  c o m p a r e d  wi th  t he  " o b s e r v e d "  f r e q u e n -  
1 j 

c i e s  a s  c l a s s i f i e d  by  s e g r e g a t i o n .  

S e c o n d ,  i f  f o r  a n y  r e a s o n  i t  s h o u l d  b e  n e c e s s a r y  

to d e t e r m i n e  t he  g e n o t y p e  of  an  i n d i v i d u a l  t r e e  wi th  

a h i g h  d e g r e e  of  a c c u r a c y ,  t h e n  m o r e  f e m a l e  g a m e -  

t o p h y t e s  m u s t  b e  e x a m i n e d  t h a n  a r e  n e e d e d  f o r  e s t i -  

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

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

s e s  o r  r e d u c i n g  t he  a c c u r a c y  w i th  w h i c h  p o p u l a t i o n  

p a r a m e t e r s  a r e  e s t i m a t e d .  

F i n a l l y ,  two a s s u m p t i o n s  a b o u t  t he  e x p e r i m e n t a l  

s y s t e m  a r e  c e n t r a l  to t h e  p r e c e d i n g  m a t h e m a t i c a l  

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

a p p l i c a t i o n  of  t he  r e c o m m e n d e d  s a m p l i n g  s t r a t e g y .  

The  a n a l y s e s  in  t h i s  p a p e r  a r e  b a s e d  upon  e x c l u s i v e  

u s e  of f e m a l e  g a m e t o p h y t e s  f o r  e s t i m a t i n g  m a t e r n a l  

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

p e c u l i a r  to c o n i f e r s .  O t h e r  m e t h o d s  o f t e n  e m p l o y e d  

fo r  e s t i m a t i n g  t h e s e  p a r a m e t e r s  in  p l a n t  p o p u l a t i o n s  

d e p e n d  on s o m e  f o r m  of p r o g e n y  t e s t i n g .  T h e r e  a r e  

s t r o n g  s i m i l a r i t i e s  b e t w e e n  t h e  t h e o r e t i c a l  c o n s i d e r -  

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

t e s t s  a n d  t h o s e  d i s c u s s e d  h e r e ;  h o w e v e r ,  t he  s t r a t e -  

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

by  B r o w n  s h o u l d  be  c o n s u l t e d  ( B r o w n  a n d  A l l a r d  1970;  

B r o w n ,  W e i r ,  a n d  M a r s h a l l  1970;  B r o w n  1 9 7 5 ) .  

The  p r i n c i p a l  a s s u m p t i o n  in  t he  t r e a t m e n t  of  t h i s  

p a p e r  i s  t h a t  t he  t o t a l  n u m b e r  of e l e c t r o p h o r e t i c  a s -  

s a y s  to  b e  d o n e  i s  a g i v e n  c o n s t a n t ,  s o  t h a t  u s i n g  

f e w e r  f e m a l e  g a m e t o p h y t e s  p e r  t r e e  a l l o w s  a g r e a t e r  

n u m b e r  of  t r e e s  to b e  s a m p l e d .  Tha t  i s ,  k a n d  n 

a r e  r e l a t e d  by  t he  c o n s t a n t  c o n s t r a i n t  nk  = N.  A s  a 

r u l e ,  a n  u p p e r  b o u n d  on  N i s  i m p o s e d  by  l a b o r a t o r y  

c o n s i d e r a t i o n s ;  h o w e v e r ,  i t  i s  p o s s i b l e  t h a t  f i e l d  c o n -  

d i t i o n s  m i g h t  l i m i t  t h e  n u m b e r  of t r e e s  a v a i l a b l e  f o r  
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sampl ing  to a d e g r e e  that makes  the sugges ted  s t r a -  

tegy inappropr i a t e .  Suppose,  for e x a m p l e ,  that l a b o r -  

a tory  r e s o u r c e s  a l low 150 a s s a y s  for  each locus .  The 

opt imum s t r a t egy  for  e s t ima t ing  genotype f r e q u e n c i e s  

would, usua l ly ,  be to a s say  th ree  f e m a l e  gametophytes  

f r o m  each  of 50 t r e e s .  If the max imum number  of a s -  

says  should subsequent ly  be r a i s e d  to 240, the bes t  

r e s p o n s e  would be to i n c r e a s e  the number  of t r e e s  

sampled  to 80, while continuing to use  only th ree  g a m e -  

tophytes per  t r e e .  Howeve r ,  if seed  s a m p l e s  can only 

be obtained f rom a max imum of 30 t r e e s ,  doing 150 

a s s a y s  using f ive gametophy tes  f rom each of the 30 

t r e e s  will give be t t e r  data than would s taying with t h r ee  

game tophy te s  and doing only 90 a s s a y s .  

The point i s  that the s t r a t egy  advocated  by this 

paper  i s  appl icable  to s i tua t ions  in which the l imi t ing  

fac tor  is the total number  of e l e c t r o p h o r e t i c  a s s a y s  

r a t h e r  than the ava i lab i l i ty  of t r e e s  for  sampl ing .  As 

long as such is  the c a s e ,  the sampl ing  s t r a t e g i e s  g iven 

above wil l ,  for  the amount  of work done,  y ie ld  the 

most  a c c u r a t e  e s t i m a t e s  of a l l e l e  f r e q u e n c i e s  and gen-  

otype f r e q u e n c i e s .  
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