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Summary

Thirty clones of a seed orchard of Pinus radiata were
assayed to determine their genotypes at 22 allozyme loci:
12 loci were monomorphic and 10 polymorphic. The aver-
age number of alleles per locus (A) was 1.54 and the esti-
mate of total genetic diversity (H) for the seed orchard
0.108. In three annual seed crops of the orchard the allelic
frequencies at eight polymorphic loci, both in the pollen
and maternal components of the progeny, were in good
agreement with the frequencies in the thirty parental clo-
nes. From the progeny arrays in the crops the overall rate
of outcrossing in the orchard was at least 90 %/o. There were
no significant differences between the rates of outcrossing
'n the three individual annual crops.

Key words: Pinus radiata D. Don, seed orchards, allozyme vari-
ation, genetic diversity, inbreeding levels.

Zusammenfassung

Dreiflig verschiedene Klone aus einer Samenplantage
von Pinus radiata wurden im Hinblick auf ihren Genotyp
an 22 Allozymloci untersucht, wovon 12 Loci monomorph
und 10 polymorph waren. Die durchschnittliche Anzahl
der Allele pro Locus (A) betrug 1,54, die geschitzte gene-
tische Gesamtvariation (H) fiir die Samenplantage 0.108.
In den Ernten dreier verschiedener Jahre stimmten die
Allelfrequenzen von acht polymorphen Loci sowohl beim
Pollen als auch bei den miitterlichen Komponenten der
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Nachkommenschaften gut mit den Hiufigkeiten in den 30
elterlichen Klonen liberein.

Nach den Herkunftsreihen zu schlieBen, karn die Fremd-
befruchtungsrate in der Plantage auf mindestens 90%/ ge-
schitzt werden.

Es ergaben sich keine signifikanten Unterschiede in den
Fremdbefruchtungsraten zwischen den Erntejahren.

Introduction

An essential requirement for evaluating the status of the
genetic resources of forest tree species under various
strategies of domestication is the estimation of the genetic
variability in populations within tree breeding programs.
The better-performing clones in tree improvement pro-
grams are usually grown in seed orchards with the aim
of producing superior seed for commercial plantations.
The measurement of genetic variability in seed orchards
would therefore seem a desirable first step in the monito-
ring of the genetic variability in current and future plan-
tations of tree species. Such estimates would alsc enable
comparisons to be made of the levels of genetic diversity
between natural and planted populations of a species. The
isozyme technique is the best currently available method
for measuring genetic variation (Brown and Moran 1980).

Breeding programs commonly used for pine species assu-
me random mating. In particular, in the case of clonal
seed orchards the premise is that natural wind-pollination
will give virtually complete outcrossing. Progeny tests
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of wind-pollinated progenies are often analysed as half-
sib families on the assumption of random mating. If this
premise is invalid, such analyses can result in over-estima-
tes of additive genetic variance and hence heritability and
eventually genetic gain (SqQuiLLace 1974), although the es-
timates can be appropriately adjusted if the level of in-
breeding is known.

In conifer species estimates of the degree of self pollina-
tion in natural populations have been based on morpholo-
gical markers in a few trees and have generally been less
than 20%/o (BanNisTER 1965, SQuiLLace 1974). Until recently,
quantitative studies of inbreeding in seed orchards had not
been made (Happers and Koskr 1975) and even the estima-
tes now available have been based on only a few clones,
with unique alleles at isozyme loci (RubiN and LINDGREN
1977, Apams and Jory 1980). Thus, though some data exist
on the variation in level of selfing between a few clones
in seed orchards, there are almost no data on the overall
level of selfing based on all the seed orchard clones. Sel-
fing could be important in determining the genetic com-
position and size of commercial seed crops as it is gene-
rally agreed that selfing reduces seed yields following
selfing compared to outcrossing (Pawsey 1964, FRANKLIN
1970, Sorensen 1971, Koskr 1973). In a breeding program,
reduced seed output represents a loss of efficiency. In
addition, there is evidence of inbreeding depression in se-
veral pine species (Pawsey 1954, Sorensen and Mires 1974).
The development of strategies to avoid inbreeding may
quickly result in considerable gains, both in quantity and
quality of seed produced.

Pinus radiata D. Do~ is the most widely planted pine
species in the southern hemisphere. Of the approximate
22 000 ha planted in Australia per year at least 509 is
planted with seed orchard stock (Peperick and GrirriN 1978).
Here we report studies of the mating system and the
genetic structure of a Pinus radiata seed orchard and of
the genetic composition of the seed crops using allozymes
as genetic markers.

Material and Methods

The first P. radiata seed orchard in Australia was esta-
blished in Tallaganda State Forest, N.S.W. in 1957. The
total area of the seed orchard is 4.4 ha and it is situated
at least 12 kilometres from the nearest plantation. Thirty
clones are planted in 34 blocks with one ramet of each
clone in each block (FieLpiNG 1964, BrowN 1971).

Open pollinated seed was collected from a ramet of the
thirty different clones located in either of two of the cen-
tral blocks in the orchard. In a few instances seed from
some clones had to be collected in adjacent blocks. The
collections were made after cones had ripened in October
-November in each of the years 1974, 1977 and 1978. The
seed in each crop results from pollination two years pre-
viously. For the 1974 crop, seed was available for only 27
clones.

Assays were performed on the tissues of five seedlings
and the corresponding haploid megagametophytes from
five seeds in each clone. An additional five seedlings were
assayed per clone for five enzyme systems. The young seed-
lings and megagametophytes were crushed in one and two
drops respectively of 0.1M phosphate buffer (pH 7.0) con-
taining 1mg per ml of dithiothreitol and the extracts
absorbed onto paper chromatography wicks (6 mm X 5 mm).
Samples were run in a horizontal electrophoresis system
with 12.5%0 starch gels. Two gel buffer systems were em-
ployed. In the first, gels were buffered with §mM histidine
titrated to pH 8.0 and electrophoresis was conducted for
41/> hours at 7v em—! with a connecting buffer of 0.41 M
sodium citrate pH 8.0. On this gel system the enzyme sys-
tems assayed were isocitrate dehydrogenase (IDH), 6-phos-
phogluconate dehydrogenase (6-PGD), alcohol dehydroge-

nase (ADH), phosphoglucosisomerase (PGI), phosphoglu-
comutase (PGM), malate dehydrogenase (MDH), aconitase
(AC), shikimate dehydrogenase (SDH) and menadione re-
ductase (MDR). Standard assay methods (Guries and Lepic
1978, Conkire 1971) were employed with slight modifications
except for SDH and MDR where the assays were those used
by Broue (et al. 1977) and Burpbon (et al. 1980) respectively.
In the second system, a tris-citrate-lithium hydroxide —
borate buffer (Browsaker et al 1986) was employed. The
slices from these gels were assayed for glutamate — oxal-
oacetate transaminase (GOT), leucine aminopeptidase (LAP).
glutamate dehydrogenase (GDH), acid phosphatase (AP),
and glucose 6 phosphate dehydrogenase (G6PD) by standard
procedures (BRewBAkeR et al. 1968, Suaw and Frasap 1970).

The maternal genotypes of the thirty clones were deter-
mined from each array of 15 haploid megagametophytes
(i. e. 5 seed from each crop for each clone). The allelic
frequencies in the progeny were based on a minimum of
150 seed per crop. Mating system parameters were estima-
ted by maximum likelihood procedures (Brown et al. 1975,
CLEGG et al. 1978).

Results

The thirty clones are monomorphic for the same geno-
types at the following twelve loci: PGI-1, PGM-1, LAP-2,
SDH-1, GOT-1, 6PGD-2, G6PD-1, MDR-1, MDR-5, and 3
MDH loci. However, the seed orchard clones are polymor-
phic at 10 loci (Table 1). The level of polymorphism is low at
five of these loci and in fact for three loci, only one of the
thirty clones is heterozygous. For the 22 loci surveyed in the
seed orchard, the average number of alleles per locus was
1.54 and the total genetic diversity, H, was .106 where H
--is the mean expected panmictic heterozygosity (INer 1975).
The average number of heterozygous loci/clone was 2.23.

The allelic frequencies in the progeny of the three crops
are very similar to those in the parental clones (Table 2).
The AP-2 and MDR-3 loci were not assayed in the progeny
because of difficulty in reliably scoring genotypes in di-
ploid material. The survey of 5 seeds/clone’crop for both
haploid megagametophyte and the diploid embryo enabled
direct allelic frequencies in the ovule and the pollen com-
ponents to be determined (Table 2). At the four loci for
which the level" of ‘polymorphism is low, there was close

Table 1. — Genotypic arrays at ten polymorphic loci for the thirty
clones in Tallaganda Seed Orchard.

Genotype
Locus
MM* MS SS MV Total
GDH-1 27 3 0 30
ApP-2 11 14 4 1 30
IDH-1 28 2 0 30
PGI-2 22 6 2 30
FF M MM MS S5 'S

GOT~-2 0 1 29 - ~ - 30
6PGD-1 0 1 29 - - - 30
MDR-3 o] 1 29 - - - 30
AC-1 3 12 15 - - - 30
LAP-1 0 7 19 4 0 0 30
ADH-2 3 4 9 8 4 2 30

* F, M, S and V refer to the fast, medium, slow and very slow
alleles at each locus.

191



Table 2. — Allelic frequencies at eight pol

ymorphic loci among the parental clones,

progeny, and pollen and maternal components of progeny.

*
Locus Allele Parent Progeny Pollen Maternal

1974 1977 1978 1974 1977 1978 1974 1977 1978

GDH-1 M 0.95 0.95 0.90 0.96 0.97 0.93 0.97 0.92 0.96 0.95
s 0.05 0.05 0.10 0.04 0.03 0.07 0.03 0.08 0.04 0.05

GOT-2 F 0.02 0.02 0.05 0.01 0.01 0.03 0.02 0.02 0.02 0.01
M 0.98 0.98 0.95 0.99 0.99 0.97 0.98 0.98 0.98 0.99

IDH~-1 M 0.97 0.97 0.95 0.96 0.96 0.98 0.98 0.98 0.96 0.94
S 0.03 0.03 0.05 0.04 0.04 0.02 0.02 0.02 0.04 0.06

ADH-2 F 0.20 0.20 0.20 0.24 0.26 0.24 0.29 0.18 0.23 0.17
M 0.50 0.46 0.49 0.44 0.42 0.42 0.36 0.51 0.51 0.53

s 0.30 0.3¢ 0.31 0.32 0.32 0.34 0.35 0.31 0.26 0.30

6PGD-1 F 0.02 0.02 0.03 0.01 0.02 0.03 0.00 0.02 0.03 0.02
M 0.98 0.98 0.97 0.99 0.98 0.97 1.00 0.98 0.97 0.98

PGI-2 M 0.83 0.81 0.81 0.80 0.82 0.78 0.78 0.79 0.83 0.8l
S 0.17 0.19 0.19 0.20 0.18 0.22 0.22 0.21 0.17 0.19

LAP-1 F 0.13 0.11 0.13 0.13 0.10 0.11 0.14 0.12 0.13 0.13
M 0.82 0.83 0.80 0.80 0.86 0.78 0.81 0.80 0.77 0.79

S 0.05 0.06 0.07 0.07 0.04 0.11 0.05 0.08 0.10 0.08

AC-1 F 0.32 0.26 0.27 0.24 0.30 0.32 0.15 0.25 0.27 0.31
M 0.68 0.74 0.73 0.76 0.70 0.68 0.85 0.75 0.73 0.69

* For the first five loci 300 progeny (10 embryos/clone) per

the other three loci 150 progeny were assa;

agreement in allelic frequencies between parental clones
and ovule and pollen components of the progeny. Likewise,
at the PGI-2 and LAP-1 loci the allelic frequencies in the
parental, pollen and maternal samples are very similar.
However, at the ADH-2 locus there is an apparent defi-
ciency of the M allele in the progeny and this is mirrored
by a significant deficiency of this allele in the pollen pool.
Maximum likelihood (ML) estimates of allelic frequencies
in the pollen pool of the total progeny confirm the signif-
icantly low frequency of the M allele in all crops (i.e. S.E’s
of p are * .04 —.05). The deficiency of the M allele could
be due to low pollen production or abnormal time of pollen
shedding by some of the clones homozygous for the M allele.
There is a marked deficiency of the F allele at the acon-
itase locus in the 1978 pollen pool.

There tends to be an excess of heterozygoles at the four
most polymorphic loci in the progeny compared to those
in the parental clones (Table 3). The parental clones were
part of a synthesised population and the cbserved hetero-
zygote frequencies in the three crops agrez closely with
those expected after a cycle of random mating.

The ML estimates of the outcrossing rates (7c) from the

progeny arrays of four loci are listed in Table 4. The %
values indicate high levels of outcrossing in all crops as
measured at the viable embryo stage. The overall level of
outcrossing in the seed orchard was 90°. Most of the esti-

mates of £ for individual loci are not significantly different

from t = 1.0 given the size of the standard errors. Esti-
mates of the mean outcrossing rates for the 3 crops show
very close agreement which suggests that the frequency of
outcrossing in different seasons is essentially the same.
Levels of selfing for individual clones in the orchard can
be determined for those which have unique alleles. Thus
the clone 12419 is heterozygous at GOT 2 (FM) whereas all
the other clones are homozygous (MM). Homozygotes for
the rare allele from open-pollinated progeny of this clone
would arise from selfing events. 20 progeny from each of
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crop were assayed; for
yed.

Table 3. — Observed heterozygosity in the progeny and parental
clones of four loci and the expected level after random mating

(ERM).

Locus Type 1974 1977 1978 Parents ERM
PGI-2 Ms 0.28 0.29 0.31 0.20 0.28
AC-1 FM 0.40 0.44 0.37 0.40 0.43
ADH-2 FM 0.18 0.21 0.18 0.13 0.20

Fs 0.13 0.11 0.13 0.07 0.12
MS 0.30 0.30 0.34 0.27 0.36
Total 0.61 0.63 0.65 0.47 0.68
LAP-2 FM 0.20 0.19 0.22 0.23 0.21
Fs 0.01 0.03 0.02 0.00 0.01
MS 0.09 0.11 0.11 0.13 0.08
Total 0.30 0.33 0.35 0.36 0.30

Table 4. — Estimates of the outcrossing rate ('f) in three seed crops
of the Tallaganda Seed Orchard

Locus Crop
1974 1977 1978 Total
ADH-2 0.8240.08 1.00+0.07 0.92+0.08 0.93+0.07
PGI-2 0.92+0.12 0.96+0.12 0.81+0.14 0.92+0.07
LAP-2 1.02+0.16 0.66+0.19 0.93+40.17 0.72+0.10
AC-1 0.97+0.09 0.99+0.12 1.0440.12 1.01+0.07
mean 0.93 0.90 0.92 0.90

10 ramets in the orchard for two crops, 1972 and 1978, were
assayed for their genotype at this locus (Table 5). The data
indicate an average of 14% selfing for this clone in the
two crops. This figure includes two components — (1)
selfing within ramets and (2) selfing between ramets of
clone 12419. The removal of the selfing component that
would occur between ramets of the same clone due to ran-



Table 5. — GOT-2 genotypes of open-pollinated progeny of clone
12419 from Tallaganda Seed Orchard and level of selfing (s) for

this clone
Year FF. FM MM Total s(%)
1972 9 91 100 200 18
1978 5 95 100 200 10

dom pollination leads to an average of 10°/ selfing within
ramets of clone 12419. Unfortunately seed from. ramets of
the other clones with unique alleles was unavailable, so
estimates of selfing for these clones could not be obtained.

Discussion

One objective of tree breeding programs should be to
maintain as broad a genetic base as possible to allow
changes of selection criteria, e.g. safeguard plantations
against attacks of diseases and pests. Estimates of genetic
diversity in seed orchards enable a monitoring of such a
genetic base. Results from this study indicate that in the
Tallaganda seed orchard of Pinus radiata the average
number of allelles per locus (A) was 1.54 and the genetic
diversity was .108. In marked contrast, ApamMs and Jory
(1980) found that in two loblolly pine seed orchards the
levels of genetic variability for both diversity measures
(A=3.4, H=.200) were twice those for P. rcdiwata. In the
light of these results the questions of how much genetic
diversity is present in the natural populations of P. radiata
and whether the levels of genetic diversity have changed
with domestication of the species are of considerable im-
portance. Studies are currently in progress to answer these
questions. The genetic structure of the orcliard, especially
the low average number of heterozygous loci/clone, sug-
gests that breeding strategies for P. radiata which use seed
orchards consisting of a low number of clones, e.g. 2-clone
orchard (WiLcox et al. 1975) may lead to a rapid loss of
genetic variability in the plantations. As well such strate-
gies imply an increase in the number of ramets/clone in
an orchard which would result in more selfing between
ramets of the same clone even with complete random wind
pollination.

The overall level of selfing of 10°% indicates that most
viable embryos are the products of outcrossing. Likewise
for one clone in the seed orchard 14% on average of the
progeny were derived by self-fertilization. These data do
not necessarily reflect how much selfing occurs at time of
fertilization. It is generally conceded that there can be
considerable embryo abortion beetween fertilization and
germination and that many of the embryos which die are
products of self-fertilization (Sarvas 1962, FranxrLin 1970).
There is independent evidence for this in P. radiata
(MaTHESON 1980). Variation in the size of the seed crop
from year to year, both in total and within and between
clones, could in part be due to variable rates of selfing
and the abortion of resultant embryos. Whether the net
selection against selfed seed is as strong in natural pop-
ulations of P. radiata and other conifers as in seed or-
chards and plantations is unknown. In contrast to the evi-
dence for eucalypts (MoraN and Brown 1980) this study
showed that there was no significant variation between 3

crops of the seed orchard in the level of inbreeding as
measured at the viable embryo stage of the life cycle.
Nevertheless the fact that nearly all the seedlings from the
orchard crop are from outcrossing events is encouraging
for the current tree breeding strategies of Pinus radiata.
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