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Abstract 

Some applications o f  the isozyme technique for studies irz seed orchards are 
discussed. The basis for these studies is the opportunity to use clones in the 
seed orchard which are isozynzetically distinct from the others. I f  a clone ill 
one locus carries one or two alleles unique or rare to the orchard, it may then 
be possible to trace the contribution o f  this particular clone to the seed fornm- 
tion. The use of this method in studies oiz the net effect of open pollinatioiz 
in a seed orchard is poirzted out. 

l i z  the absence o f  such unique alleles for tile estimation o f  the pollination 
situation, another method is suggested. This method cart be niade use o f  by 
collecting open-pollinated seeds from a clone and counting plants from these 
which, by means of the isozyrne pattern, st'zow a documented cross-pollination. 
In this way it is possible to obtain information on the occurrence o f  seljing. 

Checking of the isolation technique for controlled crosses is also possible 
wit11 tlze isozyme technique. 

The theoretical opportunities for future studies of correlations between 
economically important traits and allozymes (allelic isozynzes) are disc~~ssed 
briefly. 

The theoretical possibilities are partly illustrated by results obtained from 
Swedish Scots pine seed orchards. iLTo indication o f  deviatiort from random 
mating were found. The frequency o f  plants originating from seljing following 
open pollination was indicated to be in the range of 2-5 per cent. Such plants 
seemed to be more comnzoiz in the loiver than in the upper part o f  the crowns 
of the ramets. The releva17ce o f  checking controlled crosses is demonstrated 
by means of an applied exanzple. 
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1 Introduction 

The use of the isozyme technique for forest 
genetical purposes was first employed to 
any marked extent by some research groups 
in 1968-1969. 

The advantage of this technique is due t o  
the fact that  the enzymes are  the executive 
tools of the genes. Thus, this technique 
offers a n  opportunity to  acquire informa- 

tion from the genome very close to  the 
source of information. According to this the 
allele expression is mostly codominant a t  
this level. 

Isozymes are  proteins consisting of amino 
acids. T h e  determination of amino acids is 
controlled by the genetic code. Proteins 
which are  very similar to  each other (e.g. 

Table 1. Studies of inheritance of isozymes in forest trees 

Species Enzymes studied1 Tissue Reference 
number of loci 

Picea abies dip1 
hapl 
hapl 

Bartels 

Bergmann 

Bergmann 

Picea abies 

Picea abies hapl 

Simonsen and Wellendorf Picea 
sitclzensis 

Picea glauca 
Pinus 
attenuata 
Pinus nigra 
Pinus 
sylvestris 
Pinus 
sylvestris 
Pinus 
sylvestris 
Pinus taeda 

dip1 
dipl 

Feret 
Conkle 

hapl 
dipl 

Nicolic and Bergman 
Rudin and Rasmuson 

dip1 
hapl 
dipl 
hap1 
dipl 
hapl 

Rudin 

Rudin 

Ulnzus pumila Feret and Stairs 

Abbreviations: 

ADH = Alcohol DeHydrogenases LAP = Leucine Amino Peptidades 
dip1 = diploid tissue MDH = Malate DeHydrogenases 
EST = ESTerases PEROX = PEROXidases 
GOT = Glutamate-Oxalate PGI = PhosphoGlucose Isomerases 

Transaminases PGM = PhosphoGluocoMutases 
hap1 = haploid macrogametophyte PHOS = acid PHOSphatases 

(endosperm) from seeds 



differing in a single amino acid) may be 
separated by gel electrophoresis. In this way, 
the presence of different genes (alleles) can 
be studied. 

Several investigations on the inheritance 
of isozyme alleles are presented. At least 15 
loci are now available for study (Table 1) 
and the number is increasing rapidly. 

With these investigations as a basis, the 
opportunities afforded by using the isozyme 
technique in forest research may be sum- 
marized in the following way: 

1.1 I t  is now possible to characterize in- 
dividual trees, stands and provenances 
(Bergmann 1975, Lundkvist and Rudin 
1976). 

1.2 Several basic forest genetical problems 
are available for study. 
1.2.1 Linkage studies (Bergmann 1974, 

Simonsen and Wellendorf 1975). 
1.2.2 Evolutionary studies (Clarkson 

et al. 1974). 

1.2.3 Introgression (Hare and Switzer 
1969). 

1.2.4 Studies of gene flow (Sakai and 
Park 1971, Park 1972). 

1.2.5 Effects of natural selection (Ka- 
vacs and Rone 1975). 

A collection of papers concerning seed or- 
chard management was recently compiled 
by Faulkner (1975). The use of isozyme 
gene markers for the estimation of the de- 
gree of selfing is discussed briefly by Had- 
ders and Koski in Chapter 11. Although the 
isozyme technique as a tool for forest ge- 
netics is less than 10 years old, some addi- 
tional applications in seed orchard studies 
are already emerging. This paper is mainly 
concerned with the possibilities of studying 
different components of the net effect of 
natural pollination in orchards measured 
by means of viable plants which are derived 
from open pollinated seeds, and with the 
checking of controlled crosses. 



2 General methodological comments 

There are three main ways of handling iso- 
zymes for forest genetical purposes. 

The first way is to use isozyme variation 
in diploid tissue as it is. The primary cri- 
terion for use is repeatability of the isozqme 
pattern. Statistical methods are used to test 
the significance of different isozyme pat- 
terns. 

The second way involves analysis of iso- 
zymes in diploid tissue where genetic re- 
levance can be checked by controlled cros- 
ses. The advantages of this method are 
obvious. I t  is possible to perform many 
experimental studies on young plants from 
different crosses and other seed sources. For 
example, studies on the father population 
in natural stands and seed orchards, and on 
response to different kinds of selection have 
been carried out. The drawbacks largely 
concern recessive and "null" alleles which 
do not produce any detectable isozymes. 
These may lead to incorrect gene- and geno- 
type frequencies in the diploid tissue. 

The third way is to use haploid tissue, for 
example, the macrogametophytes of conif- 
erous seeds. Genetical relevance can be 
checked by 1: 1 segregation in seed lots from 
heterozygous trees. This method has some 
important advantages. Seeds are simple to 
transport and store, the isozyme patterns 
are often very distinct, recessive alleles are 
clearly manifested, and heterozqgotes with 
one allele producing no detectable isozymes 
("null" alleles) can be distinguished from 
real homozygotes. Furthermore, the inter- 
pretation of banding patterns is simpler. 

The obstacles may be: lack of seeds (es- 
pecially for Picea in the northern part of 
Scandinavia) and difficulties in obtaining a 
representative seed sample if no single tree 
collections are available. If female game- 
tophyte segregation deviates markedly from 
1:1 in a locus, estimations of gene fre- 
quencies for the stand itself will be incor- 
rect if no single tree collection is made. 

To become an efficient tool for breeding 
purposes, the available isozyme loci should 
be satisfactorily polymorfic and together 
represent a major part of the linkage groups 
of the genome. Therefore, linkage studies 
on available loci are important. 

The most useful allelic constitution of an 
isozyme locus probably comprises at least 
two alleles with frequencies just below 0.50, 
together with some rare alleles. 

I t  is also of great advantage to have a 
sufficient number of loci available to facili- 
tate allozyme profilation of several clones. 

In addition, some experiences of the de- 
velopment of the isozyme technique and 
sampling are reported by Rudin (1976). 
These studies concerned: 

- biochemical methods of electropho- 
resis and isozyme staining 

- the season for collection of needles in 
relation to stability of isozyme pat- 
terns 

- where in a tree to collect needles 
- isozyme patterns in relation to en- 

vironment. 



3 Theoretical aspects 

3.1 Studies of the relative contribution to 
the pollination by different clones and 
random mating 

I t  is obvious that there are good possibilities 
to identify clones by the isozyme technique. 
These possibilities are increasing rapidly, 
since the number of available isozyme loci 
are also increasing. 

For studies on the relative contribution 
by different clones, it is suitable to find 
clones in the seed orchard, which have rare 
or, to the orchard, unique isozyme alleles. 
If there is a clone homozygous for, e.g. 
LAP-A2, and no other clone in the or- 
chard carries this allele, that particular 
clone may be traced as the father whenever 
it appears among the open-pollination pro- 
geny (Fig. 1, clone 5). If there is a heterozy- 
gote LAP-Al/A3, and A1 is the unique 
allele, only half the progeny from this clone 
can be traced (Fig. 1, clone 9). I t  is of 
value to be able to analyse many isozyme 
loci in order to distinguish as many clones 
as possible from the others. Obviously it is 
very difficult to obtain a complete picture 
of the contributions by all clones, but the 
method affords a means of calculating the 

magnitude of the clifferences in pollination 
capacity between clones. Therefore, it is 
always possible to test the deviation from 
a random mating case. An applied example 
is shown in 4.2. 

3.2 Studies of the proportion of plants 
originating from selfing following 
open pollination 

3.2.1 Using rare alleles 

To study the proportion of selfing, at least 
three methods are available, one of them 
referring to the situation mentioned above. 
If there are clones, each of which is homo- 
zygous and unique to the orchard, it is easy 
to count the homozygotes among the open- 
pollinated progeny (Fig. 1, clone 5). Such 
homozygous mother clones will produce 
only homozygous individuals after selfing. 

Also clones heterozygous for a unique 
allele may be used. Only one-quarter of the 
individuals after spontaneous selfing of a 
heterozygous mother clone (Fig. 1, clone 9) 
will be homozygous for the unique allele. 
The possibilities of estimating the propor- 

Figure 1. An example of a zymogram (the result of an isozyme separation) from mother clones. 
One band indicates a homozygote, two bands a heterozygote. 

Designation of the allele A1 
A2 
A3 - - - -  
A4 

Mother clone No. 1 2 3 4  

Types of progeny after 
selfing of mother 
Clone Nos. 5 and 9 
Segregations 

A1 - - 
- 

A3 - - 
all 1 : 2 : 1  

Only this These typ-s may also 
type is be created by cross 
useful pollination 



/ M I  P R O G E N Y  I M ( P R O G E N Y  
Figure 2. Photo illustrating detectable Individuals After Cross-Pollination (IACPs). It shows a 
gel stained for the GOT-A and -B regions. The mother clone, Y 4501 (M), has the genotype 
GOT-B21B2. Heterozygotes in the B-region have three bands. All heterozygotes are IACPs. 
0 designates start of, and arrow direction of, migration of isozyme bands in the gel. 

tion of selfing of a heterozygous clone are 
thus considerably lower than is the case for 
an individual carrying a unique allele in a 
homozygous condition. An applied example 
is presented in 4.3.1. 

3.2.2 Using detectable cross-pollination 

I t  is possible to assess relative selfing rates 
at different levels in the crown of clones 
with no unique alleles by a count of the 
progenies resulting from detectable cross- 
pollination. If it is assumed that a mother 
clone has the isozyme genotype B2/B2, the 
number of seedlings with an isozyme geno- 
type comprising other alleles than B2 can 
be used to estimate the frequency of cross- 
pollination (Figure 2). Different isozyme 
genotypes offer different opportunities to 
estimate the true number of these individ- 
uals. To evaluate the ability of such clones 
to distinguish the cross-pollinated progenies, 
a diagnostic value (DV) may be calculated 
according to the following example: 

Alleles at locus A A1 A2 A3 A4 

Gene frequencies 
among the cross- 
pollinating clones 0.1 0.3 0.5 0.1 

Alleles at  locus B B1 B2 B3 

Gene frequencies 
among the cross- 
pollinating clones 0.1 0.6 0.3 

Consider a clone of the genotype Al/A3 
and B3/B3. To identify an Individual After 
Cross-Pollination (IACP) in the offspring, 
it is sufficient to find one of the alleles A2, 
A4, B1 or B2. The probability of finding 
an IACP in locus A is 0.3; (for A2), + 0.1; 
(for A4) = 0.4; and in locus B, 0.1; (for B I), 
+ 0.6; (for B2) = 0.7. The probability of not 
finding an IACP then becomes 0.6 for locus 
A and 0.3 for B. The probability of identi- 
fication of an IACP in neither locus A nor 
locus B is 0.6 x 0.3 = 0.18. Finally, the prob- 
ability of identifying an IACP in either 
locus A or B or both is 1.00-(0.6~0.3)= 
0.82 (DV). Any number of loci can be in- 
cluded in a DV only by multiplication of 
additional probabilities of not finding an 
IACP. To get a high DV it is favourable to 
have clones with rare alleles. The DV 
(0 I DV 5 1) should be used as a measure of 
the usefulness for clones in a related type 
of study. They may be used as weights for 
results, or progenies from clones with a low 
value may be omitted from further calcula- 
tions and discussion of results. Based on the 
number of documented outcrossed plants 
(b) among all analysed plants (c), and the 
probability that a case of outcrossing be- 
comes documented (DV), a selfing index 
(I,) may be calculated. The expected fre- 
quency of cases with documented out- 
crossing will be (1-1,)- DV. Putting this 
equal to b/c and evaluating I, the following 
formula is attained: 

I, = 1 - b/cDV 



To improve the approximations, the male which carries a certain unique allele must 
flowering of the different clones may be be divided by the gene frequency for this 
estimated or the genotypic composition of allele in the surrounding stands. 
the fertilizing pollen cloud may be estimated 
by direct isozyme analysis. An applied ex- 3.4 Formation of provenance hybrids 
ample is demonstrated in 4.3.2. 

in a seed orchard 

3.2.3 Comparing the observed and the 
e.lipectec1 numbers o f  progeny 

A third possibility to discover tendencies of 
selfing is to compare the established and 
the expected numbers of progeny belonging 
to different genotypes. One or three geno- 
types may occur following selfing. If the 
proportion of these genotypes is higher 
than expected, this will indicate selfing. 
There are also opportunities to apply ad- 
vanced statistical analysis based on this idea 
using the method of "maximum likelihood". 
Brown et al. (1975) have used this method 
for analysis of isozyme data of Eucalyptus 
obliqrta in relation to questions of selfing. 

Several seed orchards are composed of 
clones of different origin. A reason for this 
is that hybrids may show hybrid vigour. If 
there are no hybrids formed, no hybrid 
vigour can be exploited. The formation of 
hybrids may be checked by isozymes. There 
rhould be good opportunity to characterize 
at least some of the clones from different 
provenances in a provenance-crossing seed 
orchard. In one provenance alleles are 
sought which are not represented in the 
other, so that attention is limited to the 
isozyme loci which best distinguish the 
provenances. It is then easy to recognize the 
alleles unique to one provenance in the 
open-pollinated progenies of the other. The- 
oretically, the proportion of the progenies 
which results from the s~~cc~essful inter- 

3.3 Studies of the contamination mit& 
provenance crosses may be calculated in the 

pollen from surrounding stands 
following manner, but with additional pro- 

Opportunities for a closer study depend on 
a situation in which the surrounding stands 
have alleles which deviate considerably 
from those found in the orchard. I t  is suit- 
able to estimate the allele composition in 
the pollen cloud from the surrounding 
stands during the years when no male 
flowers are formed. I t  is then possible to 
estimate the gradual decrease of the impact 
from the surrounding stand as the orchard 
develops. The estimations are based on gene 
frequencies in the pollen cloud manifested 
in open-pollinated progeny. I t  is of course 
important that no considerable alternation 
of genotype composition of surrounding 
stands occur during the period of study. 

If the orchard already produces male 
flowers, a more elaborate method would 
be to sample surrounding stands, in order 
to calculate the proportion of unique alleles 
in the contaminating pollen cloud in rela- 
tion to the orchard. In order to elucidate 
the total influence from these stands, the 
proportion of the open-pollinated progeny 

filing alleles and clones. 
A hypothetical seed orchard is composed 

of ten clones from each of provenances I. 
and 11.. Clone nos. 6 and 9 from pro- 
venance I. are of the genotype EST-B2/B4 
and EST-B4/B4, respectively. None of the 
clones from provenance IT., nor from the 
rest of provenance I., carries the B4 allel. 
If the pollen contribution is equal for all 
clones, the pollen cloud originating from 
provenance I. will carry the EST-B4 allel 

3 
in the frequency - = 0.15. 

20 
I t  is assumed that pollen distribution, 

fertilization and other factors up to pro- 
venance-cross progeny formation are not 
distorted in any way. In  random mating 
there will be a gene frequency of EST-B4 

- 
3 

= 0.075 among the progenies de- 
20 4- 20 

rived from provenance 11. If the frequency 
becomes markedly higher than expected for 
alleles unique to provenance I. in progenies 



from provenance 11, this will indicate a 
high proportion of successful interprove- 
nance crosses. A frequency significantly 
lower than expected of some alleles unique 
to provenance I. among the progeny derived 
from its own provenance, points in the same 
direction. 

3.5 Checking of the crossing technique 
for controlled crosses 

For work in forest genetics it is of impor- 
tance to make controlled crosses. Unfor- 
tunately, it may happen that the actual 
pedigree is not the same as the expected 
one. Through investigation of the isozyme 
type of mother, father and progeny, illegi- 
timate matings may be discovered. For such 
investigations the prerequisites mentioned 
in 3.1 and 3.2 must be fulfilled. 

The probability of detecting illegitimate 
progenies depends on the genotype of the 
parents and the contaminating pollen. When 
these facts are known, the percentage of 
pollen contamination may be estimated. 

The occurrence of pollen contamination 
may be especially severe following con- 
trolled selfing. A reason for this is that a 
selfpollinated embryo frequently aborts. 
This might be explained either by the 
homozygosity for one lethal or by the ac- 
cumulation of several semilethals (Anders- 
son et al. 1974). Nonetheless, such embryos 
will often be inferior in comparison with 
embryos produced by cross-pollination. 
Therefore, illegitimate pollens have a 
greater chance of forming viable seeds in 
selfed families. An applied example is de- 
monstrated in 4.4. 

3.6 Studies of correlations between 
economically important traits and 
the isozyme genotype 

Studies of such correlations are interesting 
and important, but are also complicated and 
laborious. For instance, correlations be- 
tween isozyme genotype and wood produc- 
tion, resistance to fungi and hardiness may 
be studied. 

Geldermann (1975) is optimistic as re- 

gards the use of monohybrid inherited char- 
acters (such as isozymes) as markers for 
sections of chromosomes. He maintains 
that this method allows a measure of the 
substitution effects on quantitative char- 
acters in natural and breeding populations 
of animals. Von Weissenberg (1976) has 
discussed the effectiveness of indirect selec- 
tion using gene markers and finds the pos- 
sibilities not too promising. His considera- 
tions are made on the basis of studies of 
fungus disease and insect resistance. The 
problems he discusses include: 

the causality between marker and de- 
sired trait 
heritability of the marker and the de- 
sired trait 
genetic control of correlation between 
the marker and the desired trait 
pleiotropic effects on marker and de- 
sired trait. 

The advice he gives in cases of noncausal 
relationships between marker and desired 
trait is to look for markers as a by-product 
of general studies in breeding populations. 

Weir et al. (1972) measured fitness values 
for locus pairs in ten separate generations 
of barley. Four loci were available for this 
study. The results indicated that single-locus 
selection estimates bear little relationship 
to two-locus estimates. Their conclusion is 
that complex epistatic selective forces oper- 
ate in that population. This and other stu- 
dies of Avena barbata strongly indicate that 
natural selection acts to structure the ge- 
nome (Clegg et al. 1972, Hamrick and 
Allard 1972) into coadapted gene com- 
plexes. This could also apply to forest trees. 
If so, it is an encourzging fact for studies 
of natural populations employing allozymes 
(allelic isozymes). This presents a much 
greater probability of obtaining a linkage 
between a locus of practical interest and 
isozyme gene markers in a coadapted gene 
group, than when single gene selection is 
pronounced. 

Tigerstedt (1973), supported by Levins 
(1963), emphasizes an opposite opinion on 
the basis of his results from allozyme studies 



of marginal and central populations in the 
following way: "The restriction of genetic 
variability in Picea abies is not due to co- 
adapted gene complexes." If Pinus and 
Picea have coadapted gene complexes or 
not must be judged in the future. But it 
must be pointed out that if the gene com- 
plexes are there, it will be somewhat more 
difficult to study associations between char- 
acters of interest and isozyme loci by pro- 
geny from orchards, because these co- 

adapted gene complexes might be broken 
up in the artificial offspring population 
from orchards. 

In  this situation the most efficient way 
to look for associations between isozyme 
profiles and economically important char- 
acteristics is to make selections for different 
traits in full sib families in order to keep 
the genetical background as isogenic as 
possible. 



4 Some applied studies in Swedish Scots pine seed orchards 

4.1 Material and methods 

4.1.1 Material 

Cones were collected following open pol- 
lination in the seed orchards at Nedansjo 
and Solleron. Seeds from these were grown 
to two-year-old plants. Needles from all 
plant material from the last growing season 
were harvested during the dormancy period: 
in October 1971 for material from Nedan- 
sjo and Solleron, and in November 1974 for 
Skogsnabben. 

Nedansjo. The 405 Nedansjo (Stode) seed 
orchard is situated at lat. 62O 23' N, long. 
16" 48' E, 70  m above sea level. The seed 
orchard comprises two separate sectors 
which will be designated A and B. Each 
sector comprises 25 clones. Three of them 
are common (Z 4000, Z 4005 and Z 4018). 
The purpose is to use seeds from the dif- 
ferent sectors in different climatic zones. 
In the analyses below, it will be assumed 
that the two sectors may be regarded as 
different units. However, certainly some 
pollen will fly from one sector to another. 
This has to be kept in mind on analysis of 
the data. Cones were collected at two dif- 
ferent levels in the crowns of the ramets; 
the top level (High) and the bottom level 
(Low). Offsprings from 25 ramets repre- 
senting 15 clones were grown to plants. 

Solleron. The 442 Solleron seed orchard 
is situated at lat. 60" 55' N, long. 14" 36' E, 
165 m above sea level. The orchard com- 
prises 21 clones. Progeny from five clones 
were included in this study. 

Skogsnabben. The 49 Skogsnabben seed 
orchard is situated at lat. 5S0 57' N, long. 
13" 06' E, 85 m above sea level. The or- 
chard comprises 30 clones, six of which 
have been selfed. Needles from four-year- 
old plants from these selfed families were 
analysed. 

4.1.2 Biochemical and genetical methods 

Isozyme separations and ihe interpretation 
of the band pattern were performed ac- 
cording to the methods described by Rudin 
and Rasmuson (1973) and Rudin (1975 and 
1977). The isozyme systems analysed are 
esterases (EST), leucine-amino peptidases 
(LAP) and glutamat-oxalate transaminases 
(GOT). Only one locus per enzyme system 
was utilized in this study. 

@or all three loci, a rough check of geno- 
types and segregations of clones investi- 
gated in this study was made by analysis of 
genotype distribution in half sib families 
(one example, see Table 2). In a few cases 

Table 2. Genotype distribution of open pol- 
linated progeny from the high level of clone 
Z 3001. Data from two ramets are sum- 
marized. Only combinations in thick type 
are correct if inheritance is regular. In this 
case no improper combinations occurred. 

Clone genotype EST - BOlIB2 

Allele 
B01 B1 B2 B3 B4 comb. 
- 11 1 - B01 . ~ ~ ~ .  . ~-,~. - - - - B 1 

19 3 1 B2 
- - - ~ 3  

B4 

Clone genotype GOT - B11B2 

Allele 
B1 B2 B3 comb. 
- 6 4 B1 

15 8 B2 
- B 3 

Clone genotype LAP - Bl/Bt 

Allele 
B1 B2 B3 comb. 

1 14 - B1 
19 1 B2 

- B3 



genotypes of plants could not be related 
to the mother clone. Results from these 
plants were omitted from further calcula- 
tions. 

4.1.3 Confidence interval o f  a low 
proportion 

For the proportions calculated in this study, 
a 95 per cent confidence interval will be 
given. This means that in 95 per cent of all 
random samples the true population mean 
will be within the confidence interval. In  
2.5 per cent of the samples the true value 
will be below the lower limit, and in 2.5 
per cent, the true value will be above the 
upper limit. 

The technique of calculating the intervals 
may be studied, e.g. in Pearson and Hartley 
(1956 pp. 74- and corresponding tables). If 
there is a low frequency of plants carrying 
an allele, the Poisson distribution may be 
used. The confidence limits are tabulated 
in Pearson and Hartley (1956 p. 203). The 
statistical technique is illustrated by an 
example (cf. 4.2.1). 

Among 444 analysed plants eight were 
found to be heterozygous for GOT-B1. 
The tables mentioned by Pearson and 
Hartley give us a probability of less than 
0.025 of obtaining 8 or more heterozygotes 
if the expected number is below 3.45. The 
probability of obtaining 8 or  less is less than 
0.025, if the expected number is above 
15.76. The confidence interval of the pro- 
portion of heterozygous plants (X) is ob- 
tained by dividing these expected numbers 
by 444. 

0.0078 < X < 0.0355 

The table mentioned stops at 50. If the 
number of "deviating" elements is higher, 
the binomial distribution may be used and 
the following expression will be sufficiently 
accurate for applications to confidence in- 
tervals: 

The area above + z or below - z of the stand- 
ardized normal distribution corresponds to 

the confidence level. If z=  1.96, 0.025 of the 
distribution will be above + z, and 0.025 be- 
low -z, thereby corresponding to a 95 per 
cent confidence interval. 

N = size of the random sample 
X = proportion of "deviating" elements, e.g. 

originating from a heterozygous clone 
in the orchard with a rare allele. 

4.2 Studies concerning the effective father 
population 

4.2.1 The impact from single clones studied 
b y  use o f  rare or ~ ~ n i q u e  alleles 

Clone Z 3001 from Nedansjo, section A! 
carries two unique alleles in a heterozygous 
condition. GOT-B1 is unique to the whole 
orchard, while LAP-B1 is unique to sec- 
tion A. In section B another clone, Z 4019, 
is also a heterozygous carrier of this allele. 

Among the 444 analyzed offsprings (ex- 
cluding offsprings from Z 3001 itself), eight 
heterozygous GOT-B1 plants were found. 
If the two homologous alleles contribute 
equally, this indicates the following contri- 
bution of this clone as a father to the other 
clones in the orchard (p): 

A 95 per cent confidence interval is cal- 
culated as outlined in 4.1.3. As it is only 
possible to trace half of the offspring, since 
only one allele is known, the confidence 
limits given for the proportion of hetero- 
zygous plants are doubled; thus: 

There were 8 LAP-B1 plants among 633 
investigated. These reveal a contribution of 
2X- 0.025 from Z 3001 and 

derived in the same way as above. 
In  this case, however, the true impact 

from Z 3001 may be somewhat lower, 
owing to pollen from Z 4019 in sector B. 



The expected contribution from one clone 
to the other 24 in the sector (excluding 
selfing) is 1/24=0.042. Owing to pollen dis- 
persal between sections, this proportion may 
be a little lower. This figure agrees well with 
the findings with respect to Z 3001. 

Also at Solleron, there is one clone with 
an allele which is unique to the seed or- 
chard, viz. clone W 4013, heterozygous for 
LAP-B4. Segregation of B2 and B4 in 
macrogametophytes revealed a ratio of 
0.43: 0.57, which is no significant deviation 
from 0.50: 0.50. Four plants out of 110 in- 
vestigated carried this allele, thus: 

The expected value following random 
mating, excluding selfing, is 0.050. This 
value is also close to the one observed. Thus 
it may be stated that two investigated clones 
in two different seed orchards transmitted 
their genes on the male side to about the 
same extent as would have been expected 
following random mating. Certainly there 
may have been other clones deviating from 
random mating. 

To obtain the best information from this 
type of study it is necessary: 

- to include more isozyme systems in order 
to identify more unique alleles; 

- to investigate more plants in order to 
improve the statistics; 

- to collect the cones in a proper way 
(cf. e.g. Lindgren and Lindgren 1977); 

- to check allele segregation in hetero- 
zygotes; 

- to count male strobili. 

4.2.2 Comparison between expected and 
observed father population 

The most frequent allele of locus LAP-B 
is B2. A number of offsprings from LAP- 
B2/B2 grafts were studied. In these cases it 
is known that the mother contributes a B2, 
so the genotypes of fertilizating pollens may 
be determined. The results obtained a t  
Nedansjo, and a comparison with the results 
expected if all clones in the seed orchard 
contributed equally, are shown below: 

LAP-B 1 LAP-B2 LAP-B3 

Expected 
sector A 0.02 0.92 0.06 
Expected 
sector B 0.02 0.94 0.04 
Observed 
numbers 10 595 3 1 
Observed 
proportions 0.016 0.936 0.049 

Expected and observed values agree re- 
markably well. This indicates no selection 
against nor in favour of B1 and B3. 

4.2.3 Effective father population for 
different ramets 

I t  is obvious that close neighbours may 
contribute to a considerable extent to the 
pollen cloud in special situations. (A special 
study of this phenomenon is under way in 
which the impact of an allele unique to the 
seed orchard is studied in different neigh- 
bours of a ramet carrying the unique allele.) 
I t  may be possible to trace such a difference 
as a heterogenous distribution of rare alleles 
among the progenies. This was tested with 
LAP-B. From each seed sample (High and 
Low kept separate), 15-20 plants were 
analyzed. Because the results from High 
and Low did not differ, the results were 
pooled. The distribution of the events when 
B1 or B3 were found among progenies from 
different levels of the crown in ramets not 
carrying the allele was as follows: 

Number of B1 or B3 in 
sample from each ramet 
and level 

B 1 observed 29 10 2 0 0 
B1 expected 29.1 9.9 1.7 0.2 0 
B3 observed 16 14 3 3 1 
B3 expected 15.2 13.5 6.0 1.8 0.5 

The expected values were calculated ac- 
cording to a Poisson distribution. As can 
be seen, the agreement is good, showing 
that no indications of local differences in 
the pollen cloud could be found. However, 



it has to be emphasized that important 
effects may pass unnoticed owing to the 
small number of investigated ramets and 
the few loci and alleles studied. 

4.3 Studies of the proportion of open 
pollinated plants originating from 
spontaneous selfing 

4.3.1 Using rare alleles 

LAP-B3 is a rare, but not unique, allele. 
There were 5 homozygotes found in 193 
offsprings of heterozygotes. Assuming ran- 
dom mating without selfing, 3.2 would have 
been expected. The excess of 1.8 might be 
interpreted as the result of selfing. I t  does 
not seem probable that the cause is inten- 
sive pollen production of B3 carriers, as the 
incidence of LAP-B3 in the pollen cloud 
agreed well with the expected incidence 
following random mating (4.2.2). A very 
rough estimate of the proportion of selfing 

One means of obtaining information about 
is: 4 x  1.8/193=0.037. As the lower con- 

the frequency of selfing in seed orchards is 
fidence limit is 0, and s cannot be below 

to study the occurrence of a unique allele 
that, it seemed justified to allow a 5 per 

in the homozygous condition in the progeny 
cent confidence on the high confidence 

following open pollination of a heterozygous 
level in this case. 

mother. In the material mentioned earlier, 
homozygotes of the following types were 
found in the progenies from two hetero- 
zygous mothers: 

Z 3001 LAP-Bl/Bl 1/70 
Z 3001 GOT-B 1/B 1 0176 
W 4013 LAP-B4/B4 0125 

Pooled 11171 

If there is Mendelian segregation, four 
times as many self-fertilizations will be ex- 
pected thus the proportion of selfing (s) 
will be estimated to 0.023. 

The confidence interval will be: 

The interval will be somewhat larger as the 
analysis of LAP-B1 and GOT-B1 was 
made on the same plants. 

However, this calculation may be mis- 
leading owing to the following considera- 
tions: 

- The calculation is based on a single 
homozygous plant 

- The plant may originate from a contami- 
nation from the other sector of Nedan- 
sjo; thus, the incidence of selfing may 
be overestimated 

- there might be gametic selection against 
the rare alleles; thus the amount of 
selfing may be underestimated in spe- 
cific cases. 

4.3.2 Using detectable cross-pollination 

Selfing may be analysed based on the fre- 
quency of plants with a documented cross- 
pollinated origin compared with expected 
frequency (Diagnostic value, DV, see 3.2.2). 
In  this example needles were collected from 
plants originating from a high (H) and a 
low (L) level in the crowns of 25 ramets of 
15 clones in the seed orchard at Nedansjo. 
The needles were collected in 1969 and 
1970. Diagnostic values were calculated 
based on a cross-pollinating pollen-cloud, 
with each of the 24 other clones in that 
sector of the orchard providing an equal 
share. The gene frequency of the three iso- 
zyme loci used for the calculations is pre- 
sented in Table 3. The genotype of each 
clone is given in Table 4. The calculated 
DV are found in Table 5. The DV's of most 
genotypes utilized in this investigation are 
somewhat too low to give reliable results. 

I, (see 3.2.2) was estimated for each 
sample. The statistical accuracy of each 
sample was low. Therefore, a statistical 
analysis including I, for all samples was 
carried out. 

Average values and 95 per cent con- 
fidence intervals are shown in Table 6. 

I t  seems as if the incidence of selfing is 
low in the "High" cones but high in the 



"Low" cones. The difference is significant 
if based on a comparison between the two 
categories within each ramet. 

I t  is not quite certain that a high I,-value 
may be interpreted as a high incidence of 
selfing. Other types of deviation from ran- 
dom mating may also be responsible; e.g., 
if the proportion of the most common 
allele in the pollen-cloud is under-estimated 
by the equal-share assumption, a false posi- 
tive I, may easily occur. However, a dif- 
ference between Low- and High-cones from 
the same ramets is very hard to explain 
other than being a real occurrence of self- 
fertilization. 

The I, estimates are more certain the 
higher the diagnostic value is. Thus, it may 
be justified to weight the I, values with the 
DV values, in calculation of the average, in 
order to obtain a higher statistical accuracy. 
This was done in the last column of Table 6. 
The weighted values indicate a somewhat 
higher level of self-fertilization than the 
unweighted values. 

In conclusion, it may be said that a cer- 
tain frequency of selfing is expected in a 
seed orchard. In  this special case there are 
tendencies for the frequency of selfing at 
the lower levels of the ramets to be higher 
than that expected. At the higher levels, 
however, the selfing frequency is signifi- 
cantly lower than at the lower levels. The 
same tendency was found by Hadders (1971) 
for the same material by means of empty 
seed frequencies, but not for the frequencies 
of abnormal one-year-old plants. Based on 
an investigation of filled seeds in a stand 
of Loblolly Pine, Franklin (1971) estimated 
the natural self-fertilization in upper crowns 
to be 7 per cent and in lower crowns 34 per 
cent. 

4.4 Checking of the crossing technique 
for controlled selfing 

Selfing pollen usually have a considerably 
lower probability of producing plants than 
have outcrossing pollen. (The quantitative 
consequencies were discussed by Lindgren 
1976.) Therefore, a rather low percentage 

Table 3. Gene frequencies estimated from 
isozyme analyses in the seed orchard at  
Nedansjo. 

Enzyme Allele Gene frequencies 
system 

Sector A Sector B 

Esterases 
(EST) 

Glutamate- 
oxalate 
transaminases 
(GOT) 

Leucine- 
amino 
peptidases 
(LAP) 

'Table 4. Clones from which seeds were 
collected at two levels in the crown and 
their genotypes. 

EST-B GOT-B LAP-B 
- 

Sector A 

Y 4500 
Y 4501 
Y 4506 
Y 4507 
Y 4508 
Y 4510 
Z 3001 
Z 4000 
Z 4002 

AC 4103 
AC 4106 
AC 4109 

Sector B 

Z 4006 
Z 4012 
Z 4013 

of contaminating pollen in artificial selfing 
may cause a high fraction of plants origi- 
nating from outcrossing. The occurrence of 
such contaminations has been tested in 
progenies from clones at the Skogsnabben 
seed orchard. A considerable incidence of 
contamination was suspected. 



Table 5. Number of plants after discovered cross pollination fram the high (H) and 
low (L) levels in the crown of investigated ramets. 

IACP = Individuals After Cross Pollination 

Year of Clone Seed Diagnos- IACP Analysed Average Selfing 
collec- lot tic value plants plants frequency index 
tion No. (DV) b c of IACP- b 

plants I-- 

blc 
c . D V  



Table 6. Selfing index (I,) for High- and Low-cones. 

Selfing index (Is) 

Category Arithmetic 95 per cent confidence DV-weighted 
average interval average 

H-cones - 0.020 -0.138<Is<0.114 0.013 
L-cones 0.122 - 0.032 < Is < 0.275 0.158 
Difference L-H 0.134 0.020 < diff < 0.248 0.145 

Table 7. Alleles and gene frequencies of 
fathers for crosses in the Skogsnabben seed 
orchard. 

Locus Alleles and gene frequencies 

LAP-A A2 A3 
0.98 0.02 

LAP-B B 1 B2 B3 
0.02 0.94 0.04 

GOT-A A2 
1.00 

GOT-B B 1 B2 B3 
0.02 0.45 0.53 

In  order to screen the possibilities to 
detect illegitimate pollination, all the 
mother clones and all the fathers which 
took part in the crossing programme of 
that particular year were isozyme analysed. 
The gene frequencies for these fathers were 
compared with the genotypes of the six 
mother clones that had been selfed (Table 7 
and 8). One family (H 55) was found to be 
suitable for further tests. As can be seen in 
Table 8, the mother of this family is homo- 
zygous GOT-B2/B2. 

This allele is present at a frequency of 

0.45. The probability of discovering an 
illegitimate pollination is 1.00-0.45 = 0.55. 
The corresponding probability for the other 
selfed families varied between 0.00 and 
0.06. A total probability of discovery of an 
illegitimate pollination may be calculated 
in the same way as the diagnostic value 
(DV), (see 3.2.2). 

Five out of the six mother clones had a 
DV = 0.10, and one mother clone (H 55) had 
a DV = 0.59. From this latter mother clone 
32 plants from selfing were isozyme ana- 
lysed. Seven of these plants were classified 
as a result of illegitimate pollination. They 
had one band of the mother type and one 
band in a position which did not correspond 
to the type of the mother. The average 
height of these plants was 95.7 cm, ranging 
between 77 and 122 cm. For the 25 other 
plants the average height was 58.2 cm, 
ranging between 26 and 98 cm. A t-test 
between the average values resulted in t = 

4.363***. This result supports our classifica- 
tion of the seven plants as being a result of 
illegitimate pollination. With further poly- 
morphic loci in needle analyses the possi- 
bility to distinguish contamination increases 
rapidly. 

Table 8. Allele con~position of selfed mother clones at Skogsnabben. 

Mother clone Locus and alleles 

LAP-A LAP-B GOT-A GOT-B DV 



5 Sammanfattning 

Anvandning av isozymmetodiken vid skogs- 
genetiska undersokningar i froplantager dis- 
kuteras och belyses med n5gra exempel. 

Isozymerna ar proteiner som direkt av- 
speglar genotypen. Mycket obetydliga ge- 
netiska skillnader (utbyte av enstaka amino- 
syror) kan upptackas genom att protein- 
molekylerna ror sig olika snabbt genom ett 
elektriskt falt. 

Om flera polymorfa isozym-loci ar till- 
gangliga utgor den totala isozymprofilen 
underlag for identifiltation av kloner an- 
vanda i ett forldlingsprogram. 

Om en klon ar ensam om en viss iso- 
zymtyp (allel) i en plantage, kan denna 
klons faktiska bidrag till pollineringen i 
plantagen studeras. 

Genom jamforelser mellan moderns och 
avkommans genotyper kan slutsatser dras 
rorande den effektiva faderpopulationens 
sammansattning. B1.a. diskuteras foljande 
typer av fragestallningar: 

- eventuella avvikelser f r h  slumpmiissig- 
het betraffande de olika klonernas gen- 
bidrag till avkomman 

- graden av sjalvbefruktning 
- forekomsten av pollen fr5n kallor utan- 

for plantagen 
- frekvensen av hybridfro i en proveniens- 

korsningsplantage 
- forekomsten av pollenkontaminering vid 

kontrollerade korsningar, sarskilt sjalv- 
pollinering 

- eventuella kopplingar mellan isozymtyp 
och praktiskt vardefulla karaktarer. 

Praktiska applikationer av isozymtekniken 
har utforts vid tallfroplantagerna Nedansjo, 
Solleron och Skogsnabben. Resultaten kan 
sammanfattas enligt foljande: 

Ingen indikation pa avvikelser fran 
slumpmassig parning foreligger. 
Sjalvbefruktningsfrekvensen verkar rora 
sig om 2-5 procent. 
Kottar f r h  nedre delen av kronan fore- 
faller inneh&lla mer sjalvpollineringsfro. 
En stor andel av avkommor f r in  kon- 
trollerad sjalvbefruktning kan vara ett 
resultat av pollenkontaminering. 
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