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SUMMARY

The prediction of the performance of hybrid plants as production material is
complicated by the genetic structure of the hybrid population. Fundamental quantitative
genetic concepts are defined with respect to disomic, randomly fertilized populations
which are in linkage and Hardy-Weinberg equilibrium. Hybrid populations of crosses
are, however, in disequilibrium and do not meet these assumptions of quantitative
genetic theory. The theory of inheritance in hybrid populations has not been fully
developed and the complex models that have been developed have not reached a stage
where they have been implemented to adapt selection practices for hybrid populations.
Therefore in practice hybrids are often selected using selection methodology that has
been developed for pure species despite large differences in the underlying genetic
properties of the populations. It is not known to which extent such selections are able to
predict the performance of progeny or clones in hybrid populations. This study was
based on historical data and investigated the efficiency of BLUP in hybrid populations.
As a case study the selection of ortets in three hyBudalyptuspopulations was
investigated. Ortet selection B grandis x E. saligna, E. grandis x E. urophyked

E. grandis x E. camaldulensiopulations was compared with selectiorEingrandis
populations. Clonal performance was predicted from a series of hybrid family trials
whereas realised clonal performance was assessed in clonal trials. The predicted and
realised clonal performances were correlated to assess the efficiency of the predictions.
A series of constructed indices was created that placed a range of weights on family
versus individual tree performances to obtain an indication of the range of correlations
that could be expected from the data. Different BLUP methods were compared
including selection for breeding and various forward selections for clonal forestry
(“clonal forward selection”). The clonal forward selections were based on different
estimates of the proportion of total genetic variance that is ascribed to non-additive
genetic variance. The results of the study indicated that there were no observable
differences in the efficiency of the BLUP predictions in the studied hybrids in
comparison to prediction irE. grandis There was, however, a decrease in the
correlations between predicted and realised clonal performances with increasing genetic

distance between the parents. Furthermore, the genetic values were better predictors of
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clonal performance than breeding values and genetic values which were based on higher
assumptions of non-additive genetic variances (37% of total genetic variance) were
more efficient than those based on assumptions of lower proportions (20%). This study
indicates that BLUP methods may be efficient in predicting the clonal performance in
the three hybrid populations that were investigated.
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DEFINITIONS

Selection of parents based on the performance of their progeny.

The breeding value of an individual is the part of the deviation of an
individual’s phenotype from the population mean that is attributed
to the additive effects of alleles and describes the value of an
individual as parent.

A clone is a group of genetically identical descendants that have
been propagated from a single mother plant (the ortet). Individual
trees within a clone are referred to as ramets.

Clonal prediction is the prediction of an individual’'s performance as
a clone, taking both additive and non-additive genetic components
into account.

A clonal trial is a trial in which the performance of clones is
evaluated.

A family is a group of related trees as a result of sexual
reproduction.

A family trial is a trial comprised of half-sib or full-sib families that
allow for the evaluation of the genetic worth of the individuals,
families and parents.

trees based on their own

Selection of the best individual

performance.

A group of trees that share the same mother and pollen parent. Full-
sibs usually result from controlled crosses.

The genetic value of an individual is the part of the deviation of an
individual’'s phenotype from the population mean that is attributed
to the additive and non-additive effects of alleles.

A group of trees that share either the same mother or the same
father. Half-sibs usually result from open pollination.

An ortet is the tree which is reproduced by means of vegetative
propagation to produce one or more genetically identical copies or
ramets.

A ramet is a tree that has been produced by means of vegetative
propagation and is genetically identical to its mother plant or ortet.
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CHAPTER 1
INTRODUCTION

For more than a century plant hybrids have played an important role in the improvement
of agricultural, horticultural and forestry crops. It has been suggested that the
exploitation of hybrid vigour has been one of the major successes in plant breeding
programmes of the 20century (Cooper & Merrill 1999). In the past 30 years
researchers have also intensified their investigations into the role of hybridization in
speciation and have worked towards a better understanding of the unique properties of
hybrids (Orr & Presgraves 2000). The need to understand the factors that promote and
influence hybridization and how hybrid populations function and evolve has to some
extent been driven by an increased concern about potential genetic pollution and
unwanted gene transfer between related species. Population, quantitative and molecular
studies have contributed greatly to a better understanding of the nature of hybrids, but
there are still many aspects that are not well understood éGab 2006; Baack &
Rieseberg 2007; Springer & Stupar 2007). It is not known, for instance, whether
selection methodologies, which are based upon assumptions of large randomly mating
populations, as is assumed to be the case of pure species, are sufficiently robust to be
applied to hybrid populations. There are two approaches to investigate the question of
selection in hybrid populations. The theoretical approach involves the development of
complex models which describe hybrid populations. This study followed an alternative
practical approach in which historical data from hybrid trials were analysed to
investigate the efficiency of selection procedures in hybrids. As a case study, the
prediction of clonal performance was investigated in thEaealyptus hybrid

populations.

1.1  Introduction to plant hybrids

The word *hybrid’ originates from the Latin word ‘hybridia’ or ‘ibrida’ and originally
referred to the offspring of a tame sow and a wild boar (Warren 1884). In breeding the

term hybrid refers to the offspring of genetically dissimilar parents. This definition is
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broad and includes crosses between different inbred lines, crosses between different
provenances as well as crosses between different species or genera. In addition to first
filial generation (k) hybrids, there are various advanced generations that are derived
from F hybrids: these include,FF;, F, hybrids and first and second generation
backcrosses, Band BG (Nikles & Griffin 1992). In addition to these nuclear hybrids

the technique of somatic hybridization yields cytoplasmic hybrids in which both nuclear
and cytoplasmic material of parents is united. In this dissertation the focus will be on

interspecific plant hybrids which have resulted from crosses between distinct species.

There are multiple barriers that may prevent the success of interspecific crosses. In
nature mechanical, temporal and ecogeographic barriers may prevent crosses (Rieseberg
& Willis 2007). In addition to these barriers there may also be pre-zygotic and post-
zygotic barriers that prevent such crosses. One species may lack the genetic information
to complete the processes which are required for the pre- and post-pollination processes
in the other species (van Tuyl & de Jeu 1997). Pre-zygotic barriers may include the
failure of pollen germination, slow growth of the pollen tube, poor penetration of the
pollen tube or arresting of pollen tube development (Khurana & Khosla 1998). Even if
pollination should succeed, the development of the hybrid embryo may be restricted by
post-fertilization barriers leading to abortion of the young embryo (van Tuyl & de Jeu
1997). Mitotic irregularities due to large differences in the genomes, deleterious gene
actions as well as cytoplasmic effects may play a role in preventing the development of
a hybrid (Potts & Dungey 2004).

If an interspecific cross has, however, succeeded, the highly heterozygous product has
the potential to outperform either parental species. Since Darwin has noted the
phenomenon of heterosis in 1876, breeders have been interested in its exploitation for
the improvement of crops and it has been considered to be a ‘miraculous agricultural
phenomenon’ (Lippman & Zamir 2007). In forestry, hybrid superiority is thought to be

a function of complementarity of parental traits and adaptability rather than true
heterosis (Verryn 2000; Volker 2002). In order to improve their capability to unleash
this potential of hybrids, breeders are interested in gaining a better understanding of the

nature of hybrids.
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1.2  Genetics of plant hybrids

Interspecific hybrids reunite differentiated genetic material of genetically distinct
populations (Riesebergt al. 2000). Such populations are distinct because genetic
isolation has facilitated independent evolution. Factors such as selection pressure,
random drift, mutation, population bottlenecks and migrations shape the genetic
composition of these evolving populations. Within these distinct populations it is likely
that large numbers of alleles and allele combinations of the nuclear and organelle
genomes have been selected for their joint effect on fitness, thus leading to their co-
adaptation or co-evolution (Falconer 1981; k#4&2005; Landnet al.2007).

The parent populations of interspecific hybrids may differ in many aspects. These
differences include different alleles at many loci (Snyeteal. 1985), differences in

allele frequencies (Snydest al. 1985), differences in co-adapted gene complexes
(Falconer 1981) and differences in regulatory elements of transcriptional networks
(Landryet al. 2007). In addition there may be differences in chromosome arrangement
due to inversions, duplications, deletions or translocations (Sngteal. 1985).
Chromosome re-arrangement may lead to differences in genome size and even basic
chromosome numbers, while polyploidization events may lead to differences in ploidy.
The magnitude of the differences between parental populations will depend on the

degree of divergence between the populations.

The differences between parental populations determine the heterozygous nature of
hybrids. The impact of the heterozygosity may be described on two levels, the genetic
and the chromosomal level. Differences at a genetic level will have an impact on the
phenotype of the plants. Although differences at a genetic level may lead to inviability
or poor performance, they may also contribute largely to the success of hybrids.
Heterosis, a greater adaptability to a range of environmental conditions, and the
combination of parental traits may contribute to their survival in nature and to their
success as domesticated crops. Differences at a chromosomal level may impact on the
fertility and thus the survival of the hybrid genotypes. This in turn may have an impact

on the ability to propagate hybrids.
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1.2.1 Plant hybrid genomes

Hybrids may be heterozygous at a chromosome level if duplications, deletions,
translocations and/or inversions have affected the linear arrangement of the genetic
material. Such differences in chromosome organisation as well as differences in ploidy
may lead to partial infertility as such hybrids may produce unbalanced and inviable
gametes due to irregular meiotic paring (Rieselargl. 2000; Hegarty & Hiscock
2005). Where parent species have unequal genome sizes there will be genetic material
that is hemizygous (Myburgt al. 2004). Hemizygosity may lead to a lack of allelic
interaction in parts of the genome and potentially a higher proportion of deleterious
genes being expressed. It is, however, expected that extreme chromosomal re-

arrangements between populations will prevent the formation of hybrids.

The presence of these structural differences in the genetic material of the parents may
also lead to a new series of re-arrangements. McClintock (1984) suggested that
hybridization may lead to a ‘genome shock’ which may lead to genomic modifications

such as chromosomal re-arrangements and mobilization of repetitive sequences. Some

of these changes may continue to arise in subsequent generations (McClintock 1984).

1.2.2 Gene expression in plant hybrids

The combination of elements that regulate transcription from two species may lead to a
‘transcriptome shock’ (Hegartgt al. 2005). Gene expression is regulated by various
elements of the transcriptional network including regulatory sequences, basal promoters
and protein complexes (Landst al. 2007). Expression is also modified by various
epigenetic processes such as DNA methylation, histone modification and chromatin
packaging (Hegartet al. 2005). The elements of the transcriptional network, which
include transcription factors and their binding sites, need to co-adapt to retain
functionality of the genes (Landmst al. 2007). Changes that have evolved within one
species may not be compatible with changes in another species and combination of the
elements of two species may lead to altered gene expression, new expression-
phenotypes or malfunctioning of the translation process (Laedgl. 2007). Several

changes in gene expression have been reported in hybrids, including changes in DNA
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methylation (Salmoet al. 2005), unequal expression of parental alleles, gene silencing,
organ or tissue-specific allelic expression and up and down-regulation of genes relative

to the parents (Zhuang & Adams 2007).

Genome-plastome incompatibility is a phenomenon that has been observed in a number
of hybrids including in the genef@enothera, TrifoliumandImpatiens(Mracek 2005)

The nuclear genome and the genomes of the organelles, the plastome and the
chondriome, have co-evolved as the development and function of the plant cells depend
on the interaction of these genomes (84t& 2005; Turelli & Moyle 2007). Where
hybridization is accompanied by the exchange of organelles between species, the
intracellular genetic balance may be disturbed greatly, even in closely related species
(Herrmannet al. 2003; Mr&ek 2005). If organelles are inherited maternally, the
organelles of the maternal species are under the influence of the hybrid nuclear genome,
potentially leading to changes in the expression level of the organelle genome (Hegarty
et al.2005).

1.2.3 Phenotype of plant hybrids

Burke and Arnold (2001) state that on average, interspecific hybrids tend to perform
poorly. There are many reasons for poor performance. As both the superior and the
inferior characteristics of the parents are transmitted to the next generation, some poor
performance can be expected (Zobel & Talbert 1984). However, some crosses between
species lead to outbreeding depression which is expressed as a reduction in fitness. This
reduction may be ascribed to a loss in the local adaptation, underdominance (i.e. where
homozygotes have and advantage over heterozygotes) or epistatic interactions
(Edmands 1999). It has been suggested that the breakdown of co-adapted gene
complexes of the parent populations will lead to the breakdown of biochemical and
physiological compatibilities of alleles and subsequently lead to outbreeding depression
(Siikamaki 1999; Hancock 2005).

On the other hand, some hybrids may show exceptionally good performance in relation

to one or more traits. Heterosis refers to the superior performance of a hybrid relative to
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its parents or to the superiority of heterozygous genotypes over homozygous genotypes
(Riegeret al. 1991). Mid-parent heterosis is the improvement of hybrid performance
over the mean of the two parents, whereas high-parent heterosis refers to cases where
hybrids perform better than the best parent (Lamkey & Edwards 1999). Lamkey and
Edwards (1999, p.31) state that “there are hybrids that do not exhibit heterosis but there
cannot be heterosis without hybrids.” Heterosis is not a phenomenon that applies to an
entire hybrid population as it is only a few hybrid genotypes that outperform their
parents and usually only under certain conditions as it is environment-dependent (Xu &
Zhu 1999; Burke & Arnold 2001; Volkeat al. 2008). Heterosis is generally considered

to be the opposite of inbreeding, in other words that heterosis restores the fitness that
has been lost through inbreeding (Falconer 1981). This was also the view of Shull, who
coined the term heterosis and defined it as “...increased vigour, size, fruitfulness, speed
of development, resistance to disease and to insect pests, or to climatic rigours of any
kind, manifested by crossbred organisms as compared with corresponding inbreds, as
the specific result of unlikeness in the constitutions of the uniting parental gametes”
(Shull 1952, p. 48). There are, however, also reports of heterosis resulting from crosses
between heterozygous parents such as crosses between forest tree species (Brewbaker &
Sun 1999).

An investigation of 46 studies of plant Rybrids shows that morphological traits are
often not predominantly intermediate to the parents, but instelybFds often show a
mixture of parental and intermediate traits (Rieseberg & Carney 1998). In some case
novel phenotypes may be obtained through new combinations of alleles as well as the
interaction of different transcriptional networks of the parent species (Latday.

2007).

Interspecific hybrids may display the combined favourable characteristics of their
parents in their phenotype. The superiority of such hybrids relies on the generation of
new combinations of genes that may not be achieved through within-population crosses
(Kain 2003). It is based on the simultaneous expression of the traits in fiegeny

(Verryn 2000). In breeding this combination of traits is referred to as complementarity.
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Interspecific hybrids tend to show a higher degree of phenotypic stability or
homeostasis across sitas their intrinsic variability lends them the capado buffer
against fluctuations of the environment (Li & Wu 2000; White 2001). The great
diversity of genes may also allow these hybrids to be adapted to a wider variety of

environments (Lerner 1954 cited in Kain 2003).

1.2.4 Inheritance in plant hybrids

Segregation in thefpopulations leads to a larger number of homozygote loci relative
to the k generation. The proportion of homozygote to heterozygote loci stabilises by
the K generation (Walsh & Lynch unpublished). Some decline in mean trait values is
expected in the Frelative to the E Such decline was demonstrated in a number of

experiments (Walsh & Lynch unpublished).

In intra- and interspecific hybrids deviations from the expected Mendelian segregation
ratios have been observed (Zamir & Tadmor 1986; Hall & Willis 2005). There are
indications that some genomes are more likely to retain their integrity than others and
that, as a consequence, these genomes transmit more alleles to the next generation than
expected from Mendelian segregation laws (Zamir & Tadmor 1986). The resulting
hybrid progeny is then more similar to one parent than to the other (Zamir & Tadmor
1986). This unequal segregation may be the result of differential inclusion of alleles in
the gametes, differential survival of these gametes, differential success of gametes in
fertilization or the differential survival of the zygotes (Fishman & Willis 2005). The
degree of this transmission ratio distortion is likely to be positively correlated with the

level of genomic divergence between the parents (Hall & Willis 2005).

Transgressive segregation is often noted pn of later generation crosses and
backcrosses (de Vicente & Tanksley 1993). Transgressive segregation refers to the
phenomenon that the phenotypes of some individuals exceed the parental phenotypic
values and is therefore similar to heterosis in thgRteseberget al. 1999). Such
segregation is commonly observed in plants and tends to affect morphological traits

(Rieseberget al. 1999). The transgressive phenotypes are reported to be highly heritable
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(Rieseberget al. 1999). Many reasons have been proposed for transgressive segregation
including complementary gene action of the parental species or unmasking of recessive
genes that are normally heterozygous (de Vicente & Tanksley 1993; Riestkadrg
1999).

1.2.5 Population and quantitative genetics of plant hybrids

The population genetic dynamics of hybrids are influenced by the fact that hybrid
populations are in Hardy-Weinberg disequilibrium (HWD) and linkage disequilibrium
(LD). If a population is in Hardy-Weinberg equiliom (HWE) there is a relationship
between the gene frequencies and the genotype frequencies which remain constant over
generations (Falconer 1981; Suzekial. 1981). If the allele frequency at a bi-allelic
locus is p and the frequency of the other allele is q in the parent population, the
genotypic frequency in the progeny will b& gpq and § Deviations from the HWE

are encountered in small populations, or may be the result of differences in fertility,
non-random mating, migration and mutation (Falconer 1981). In natural populations
hybridization may result from migration events. In breeding, the artificial mixture of
populations is usually accompanied by a reduction in population size and assortative
mating. Furthermore, in hybrid populations there is an excess of heterozygotes relative
to the parental species or populations (Kain 2003). All these factors contribute to the
fact that hybrid populations deviate from the HWE. In diploid organisms, only one

generation of random mating is required to restore the HWE (Falconer 1981).

Linkage disequilibrium is a deviation from equilibrium with respect to two or more loci
(Falconer 1981). Populations are in linkage equilibrium (LE) if alleles at different loci
are distributed independently of each other in the gametes that form the next generation.
In F; hybrids, however, the alleles on one chromosome originate from one species or
population and the alleles of the homologous chromosome from the other species or
population. The alleles have therefore not been distributed independently in the gametes
that formed the F(Kain 2003). Linkage equilibrium is progressively restored over a

number of successive generations (Falconer 1981). Strong associations even between
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unlinked genes are however sometimes maintained (Li & Nei 1974 cited in Barton
2000).

Most quantitative genetic concepts have been defined for large, randomly mating
populations that are in Hardy-Weinberg and linkage equilibrium, however, the genetic
organisation and structure of hybrid populations do not meet these assumptions (Gordon
1999; Wuet al. 2004). The definition of the additive and dominance genetic variance,
for example, differs for hybrid and pure species populations. If a population is in HWE,
the genetic variances{?) is the sum of the additives.£) and the dominances{)

genetic variances. However, if a population is in HWD, the genetic variance also
contains interaction between gene effects, allele frequency and coefficients of HWD
(Wu et al. 2004). Gordon (1999) goes further and argues that additive and dominance
genetic variances are not defined for hybrids as the concept of allele substitution is
guestionable in the case of hybrids. He therefore questions whether narrow-sense
heritability (tf) can be defined for hybrid populations. If these concepts are not valid,
forward selection for breeding values can not be predicted for hybrid populations as it

depends on the population additive genetic variance (Kain 2003).

Hybrids have been successfully produced and deployed in a large number of
horticultural, agricultural and forest crops despite a limited understanding of their

guantitative, molecular and epigenetic aspects.

1.3  Hybrids in plant breeding

The use of hybrids in plant improvement dates back to the I§tedr@ury (Goldman

1999), but it was the success of intraspecific hybrid maize in the beginning of'the 20
century that demonstrated the true potential of hybridization. The first hybrid maize was
produced in the USA in the 1920s and yielded in excess of 15% more than the best open
pollinated varieties (Duvick 1999). Shull (1908) proposed the use of single crosses
between inbred lines but there were practical constraints as the inbred lines were weak.
This problem was solved by Jones who in 1918 proposed the use of double crosses

(Poehlman 1979). In the 1960s and 70s the single crosses gained increasing popularity
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as improved pest control, soil fertility and cultural practices had improved the yields of
the inbred lines (Poehlman 1979). By 1965 nearly all maize planted in the USA was of
hybrid origin (Duvick 1999). Today approximately 95% of all maize planted in the
USA and 65% of the maize worldwide are hybrids (Hochholdinger & Hoecker 2007).

The success of maize hybrids promoted the development of other agricultural,
horticultural and forestry hybrid crops, including self-fertilizing crops (Fehr & Hadley
1980; Kuckucket al. 1985; Singhet al.2004). A number of vegetable and ornamental
crops are cultivated almost exclusively as hybrids (Duvick 1999). By the end of'the 20
century approximately 65% of the maize, sorghum and sunflower crops worldwide were
hybrid-based (Lippman & Zamir 2007). It has been estimated that, depending on the
crop, increases in yield of between 15% and 50% could be realised through

hybridization (Lippman & Zamir 2007).

The seeds of the first hybrid crop species were mainly produced by open pollination,
which yielded only 40 to 80% hybrid seeds (Kumar & Singh 2004). The use of self-
incompatibility and cytoplasmic male sterility allowed for the large scale commercial
production of hybrid crops (Kumar & Singh 2004). These systems have reduced the
costs associated with manual emasculation and manual pollination considerably. In
tomatoes for example, these activities accounted for 40% of the total cost of seed
production (Kumar & Singh 2004). The systems have also ensured that the crosses yield
100% hybrid seed.

In forestry, there are many opportunities for interspecific hybridization as many genera
consist of related species that have not developed strong barriers that prevent crossing
(Wright 1976). Furthermore, as forestry largely depends on the vegetative yields, a
decrease in fertility has less of an impact than in crops that are cultivated for their seeds
or fruit (Wright 1976). The oldest known artificial tree hybrids go back to the late 1920s
and early 1940s. They includguercus, Pinus, JuglarendLarix hybrids (Khurana &

Khosla 1998). Today many of the poplars, eucalypts and pines that are planted in
commercial plantations are of hybrid origin (Khurana & Khosla 1998).
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A number of hybrid breeding and production strategies have been developed to exploit
the benefits of hybrids. The strategies developed for agricultural and horticultural crops
generally differ significantly from the strategies that are commonly used in forest tree

improvement.

1.3.1 Hybrid production strategies in agricultural and horticultural crops

The two principal reasons for creating agricultural and horticultural hybrid crops are
hybrid vigour and introgression. The exploitation of complementarity and adaptability
which are important in forest tree improvement seems to plays a smaller role in these

crops.

The first commercial plant hybrids were made with the aim of exploiting hybrid vigour
and it remains an important reason for the production of intraspecific hybrid crops
today. Most hybrid breeding strategies for heterosis involve the crossing of homozygous
plants to produce hybrids. Parental homozygosity is, however, not a prerequisite for the
expression of heterosis in the offspring, but if the parents are homozygous, the progeny
will be uniform (Dodds 1955). As self-fertilizing crops are homozygous at most or all
loci by nature, it is possible to cross plants directly for assessment of hybrid vigour
without prior inbreeding and production of inbred lines (Dodds 1955). In contrast,
cross-fertilizing crops require the production of inbred lines prior to crossing. These
inbred lines allow for the production of homozygous lines that can be maintained
unchanged (Dodds 1955).

In the 1940s and 50s plant breeders came to realise the potential of introducing traits
from wild relatives into related domesticated crops as a way of increasing the utilisable
genetic pool (Gur & Zamir 2004, Hajjar & Hodgkin 2007). In this case interspecific
hybrids are made between the domesticated crop and the wild relatives and are
subsequently backcrossed to the domesticated crop parent to remove undesirable traits
(Hajjar & Hodgkin 2007). Pre- and post-zygotic barriers as well as sterility of these

hybrids have hampered the success of backcrosses, but the development of ovule culture
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and embryo rescue have facilitated introgression from wide crosses (van Tuyl & Lim
2003).

Somatic hybridization allows for the transfer of genetic material, both nuclear and
cytoplasmic, between species that cannot be crossed successfully (Waara & Glimelius
1995). Interspecific, intergeneric and even intertribal somatic hybrids have been
produced (Waara & Glimelius 1995). In contrast to interspecific hybrids that have been
produced by means of sexual reproduction, interspecific somatic hybrids are mostly
polyploid as they combine the full genomes of both species. In some cases asymmetric
hybrids are produced in which only a limited amount of the genetic information of one

parent is transferred (Waara & Glimelius 1995).

An alternative strategy, which has shown success in the past but is not commonly
applied, involves the creation of a new hybrid species. The hybrid is stabilised by means
of polyploidization. One successful example is the production of Triticale, an
intergeneric hybrid between whealriicum spp.) and rye Secalespp.) (Larter &
Gustafson 1980). The early hybrids were sterile but fertile hybrids were obtained

through chromosome doubling.

1.3.2 Hybrid production strategies in forest tree improvement

Hybrid breeding in forestry differs from the strategies that are widely applied in the
breeding of crops and ornamental plants. In forestry the development of inbred lines is
usually not a viable option, because of long generation intervals, high costs of
controlled pollination, the severity of inbreeding depression and a potential temporary
shift in selection emphasis to selection for fitness traits which may be at the expense of
traits that are of economic value (Williams & Savolainen 1996). There are, however, a
few research programmes that have investigated the use of inbreeding in forest trees
(e.g. Durel & Kremer 1995; Wanegt al. 1996; Hettasclet al. 2007). Backcrossing
followed by selection is rarely applied in forestry because of the long generation

intervals. Therefore, introgression is less likely to become a widely adopted strategy. In
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forestry thus, hybridization usually involves the crossing of different species or

provenances without the use of inbreeding or backcrossing.

Clonal forestry is generally used to capture the hybrid vigour or combination of traits
for deployment in plantations (Bradshaw & Grattapaglia 1994). Hybrids are usually
deployed as clones because hybrid seed production relies largely on controlled
pollinations, which are associated with high costs and low success rates. The use of
controlled pollinations is necessitated by the apparent lack of male sterility and self-
incompatibility systems in forestry species. Thus far there seems to have been only one
study on the use of self-incompatibility systems for the production of eucalypt hybrids
(Junghanset al. 1998). The study was based on the use of a single highly self-
incompatibleE. grandisclone in a seed orchard. The study showed that the concept is
feasible, as isozyme studies showed that more than 95% of the seeds were hybrids.
However, the success of such a system relies on the availability of such highly self-
incompatible genotypes and because these have not been identified on a larger scale it is
not a viable option at this stage. The use of the clonal deployment option, however,
tends to limit the use of interspecific hybridization to genera that can easily be
multiplied by means of vegetative propagation, sudBuaslyptugsome speciespalix
andPopulus(Bradshaw & Grattapaglia 1994). In these genera, it is possible to test the
hybrid clones before selected clones are deployed on a commercial scale. However, in
tree species where true-to-type mass propagation of mature material is technically
challenging, as is the caseRmus clones may be deployed as untested half-sib or full-

sib families.

1.4  Eucalyptus hybrids — a case study of forest tree hybrids

Eucalyptushybrids have been successfully deployed in plantations in many countries in
the tropics and subtropics. The combination of hybrid breeding and clonal propagation
has proved to be very successful in improving wood and wood properties (Grattapaglia
2007). Eucalyptus hybrids will be discussed here to illustrate the successes and
limitations of hybrid breeding in forestry and to provide a background to the material

used in this study.
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1.4.1 Introduction to eucalypt species

Eucalypts originate from Australia and the islands north of Australia. They are the most
widely grown tree species throughout the world and are grown in most of the tropical
and temperate climatic regions of the world between the latitud&s d6d 40N
(Eldridge et al. 1997). Globally, approximately 18 million hectares Edicalyptus
forests have been planted in more than 90 countries (FAO 2001). The success of
eucalypts lies in their intrinsic capacity for fast growth and their ability to withstand and
recover from harsh environmental conditions (Eldridgal. 1997). They are cultivated

to meet a wide range of needs including paper pulp, fuel, poles and timber (E&tridge
al. 1997). It was however, an increased demand for short fibre pulp, which has lead to
an immense increase in the planting of eucalypts during tfecéftury (Turnbull
1999).

Eucalypts are evergreen hardwood species that vary in growth habit from shrubs to
large trees (Potts 2004). They regenerate by means of seed but have mechanisms of
vegetative recovery when damaged (Potts 2004). Although eucalypts preferentially
outcross, they have a mixed mating system and a degree of self fertilization does occur
(Potts 2004).

1.4.2 Eucalypt classification

The genu€ucalyptuswas formally named by L'Héritier de Brutelle in 1789 (Brooker
2000). The classification of eucalypts has, however, been challenged in recent years.
The first comprehensive classification was published in 1934 by Blakely (Brooker
2000). Later, a new informal classification was published by Pryor and Johnson (1971),
who developed a classification system, which groups the species into subgenera,
sections, series, subseries, superspecies, species and subspecies. In this classification the
authors proposed the recognition of seven subgenera. In 1995 Hill and Johnson
proposed a new genuSprymbiaHill & Johnson, which contains the ghost gums and
bloodwoods, previously belonging to the geriascalyptus. The new genus was
accepted by many scientists, but some institutions such as the Australian National

Herbarium, have followed a more conservative approach, by rejecting the new genus



UNIVERSITEIT VAN PRETORIA 15

. UNIVERSITY OF PRETORIA

Qo YUNIBESITHI YA PRETORIA
Corymbia(Euclid n.d.). In 2000, Brooker presented a new classification system based
on Pryor and Johnson’s classification but combining the gehegaphoraCav. and
Corymbiainto one single genugucalyptus consisting of 13 subgenera. The validity of
this classification has been disputed by Ladiges and Udovicic (2000). It has become
clear that eucalypts form a large group with complex relationships which are, as yet, not
completely understood. In this dissertation the term eucalypt is used to recognise the

variation in terminology portrayed by the different classification systems.

Depending on the classification between 700 (Delapsired. 2001) and 800 (Pottst

al. 2000) Eucalyptusspecies have been recognised. Most plantation eucalypt species
belong to the subgen@ymphyomyrtuand most are from major sectiohnsversaria
(e.g.E. grandisandE. pellita), Exsertaria(e.g.E. camaldulensjs Maidenaria(e.g.E.
globulus, E. nitens, E. dunpiBisectaria(e.g.E. cladocalyx, E. horistes, E. kochii, E.
occidentalis, E. polybract¢aand Adnataria(e.g.E. sideroxylon, E. tricarpa(Pottset

al. 2000).

1.4.3 Eucalypt genome

Eucalypts are diploid and have 11 pairs of chromosomes (Eldetdigé 1997). No

natural polyploids have been identified thus far (Eldriegal. 1997). The nuclear DNA
content varies among species. Sizes varying from 370 mega base pairs (MBEp) for
citriodora to 710 Mbp forE. salignahave been reported (Grattapaglia & Bradshaw
1994). Species from the same sections tend to have a similar nuclear DNA content,
whereas species from different subgenera tend to have large differences in genome size
(Grattapaglia & Bradshaw 1994). Hybrids tend to have genome sizes that are

intermediate to the parental genomes (Grattapaglia & Bradshaw 1994).

A review of the literature has revealed only two reports of studies investigating the
correspondence between the genome£uwdalyptusspecies. Myburget al. (2003)
studied genome differences betwéergrandis(sectionTransversaria andE. globulus
(sectionMaidenarig and the corresponding hybrid. They found general co-linearity of

the genomes with no gross chromosomal re-arrangements, and therefore suggested that
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incompatibility between these species is genic rather than chromosomal. The two
species studied by Mybugg al. (2003) differ in genome sizes with the nuclear genome
size ofE. grandisbeing larger than that d. globulus Their study of the f£hybrid
revealed that hemizygous loci were dispersed througholE.theandischromosomes.
Brondaniet al. (2006) who studied differences betweengrandisand E. urophylla

(both sectiorTransversaria reported that they had found no evidence of chromosomal

re-arrangements in & grandis x E. urophylldybrid.

1.4.4 Eucalypt species cross compatibility

There are many records of interspecific hybrids in eucalypts, both natural and artificial
(Meddingset al. 2003). Eucalypt species tend to have weak reproductive barriers (Potts

et al. 2000). However, the authors did report that there is a tendency for natural
hybridization to decrease with increasing taxonomic distance between parents where
subgenera tend not to hybridize; intersectional crosses are less likely to be successful
than interseries crosses; intraseries tend to be more successful than interseries crosses.
On the other hand, both interseries and intersectionauEalypt hybrids have been
artificially produced (Pottst al. 2000).

Currently most interspecific eucalypt hybrids that have been developed and tested are
from the subgenusSymphyomyrtusfrom the sectiondMaidenaria Exsertaria and
Transversaria (Potts & Dungey 2004). Of these the most important commercial
eucalypt hybrids includ&. grandis x E. urophyllakE. grandis x E. camaldulensend
hybrids including at least one of the spediessaligna, E. pellita, E. exsertand E.
tereticornis(Potts & Dungey 2004).

A number of reproductive barriers have been identified in the gemeelyptusPottset

al. (2003) have identified two major pre-zygotic barriers to hybridization. The first
barrier is a unilateral structural barrier which relates to differences in flower size, where
pollen tubes from small-flowered species (&gniten$ are not able to reach the ova of
large-flowered species (e.B. globulu3. A second pre-zygotic barrier is physiological

and results in pollen tube abnormalities and pollen tube arrest in the pistilg¢Palts
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2003). Physiological barriers may also act after fertilization and take the form of failure
of the embryo to divide, slow embryo development or reduced cellularisation of the
endosperm (Potts & Dungey 2004). Knowledge of reproductive barriers has contributed
to the development of techniques to overcome physiological and morphological barriers

between species when producing artificial hybrids (Rettd. 2003).

1.4.5 Eucalypt hybrid inviability

In the event of successful interspecific hybridization, the resultingybrids often
produce abnormal plants; referred to as hybrid inviability. The frequency of hybrid
inviability is often high in crosses between highly diverged parent species éPatts

2003). Such hybrid inviability often manifests shortly after germination; expressed as
failure to develop seedling leaves, seedling abnormalities or dwarfism, usually leading
to reduced growth and survival at later stages (de Assis 2000). In some cases young
seedlings appear to be normal with inviability only manifesting at a later stagedPotts

al. 2003); up to two years after establishment in the field (de Assis 2000). The impact of
inviability on hybrid crosses is illustrated by Griffet al. (2000) who reported on
crosses betweek. globulusand E. grandis Only 0.15% of the Fseed harvested

produced normal plants after two years of field growth.

1.4.6 Eucalypt hybrid breeding

Most eucalypt improvement programmes are focused on the improvement of eucalypts
for pulpwood production. These programmes aim at improving volume production,
wood density and pulp yield (Grattapaglia 2007). Secondary in importance are traits
such as disease resistance, pest resistance, and resistance against wind, drought, salinity
and frost. In the past decade, however, there has also been interest in improving
eucalypts for products such as saw timber, veneer and medium density fibreboard
(Grattapaglia 2007). The production of hybrids is one of the breeding options explored

by eucalypt breeders to improve the genetic resource.
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Many of the early successes of eucalypt hybrids have resulted from spontaneous
crosses, rather than from well-designed breeding programmes. The PF1 and HS2
varieties deployed in Congo as well as Ehaurograndisclones that have been selected
from open pollinated orchards in Aracruz, Brazil, are examples of such hybrids (Griffin
et al. 2000; Vigneroret al. 2000). Although in both programmes there have been efforts
to improve on the performance of these hybrids, it has proved to be difficult to exceed

the performance of the spontaneous hybrids (Gr&fial. 2000).

Breeders are increasingly interested in breeding eucalypt hybrids, despite difficulties in
improving on the performance of spontaneous hybrids (Vakat. 2008). The authors
suggest that eucalypt hybrid development is usually aimed at breeding hybrids that are
adapted to marginal sites, where neither parent species thrive, or alternatively to
combine economically important traits. There is also interest in the exploitation of
heterosis, although hybrid superiority may often rather lie in complementarity and
adaptability than true heterosis (Verryn 2000; Volkeal. 2008).

Most traits are reported to be intermediate to the traits of the parent species, in particular
many of the morphological and physiological traits (Tibbital. 1991; Delaportet al.

2001, Potts 2004; Volkeet al. 2008). There are, however, a number of reports of
heterosis in eucalypts, but not all cases have been confirmed as many trials are
unsuitable for the identification of heterosis as there are no proper pure species controls
and therefore the observed heterosis could be a case of adaptability @@ke008).
Heterosis is often associated with growth traits (Bisbral. 2006). Reports include
better-parent heterosis . camaldulensis x E. grandiand E. camaldulensis x E.
globulusin saline conditions in Australia (Dale & Dieters 2007), mid-parent heterosis in
diameter at breast height h grandis x E. urophyllahybrids in Brazil, and. saligna

x E. urophylla hybrids in South Africa which have displayed superior growth
performance to both parental species, even in sites where one would expect the parents

to perform best (Pierce 1994 a).

Many eucalypt improvement programmes aim at combining the superior traits of two
parent species. Examples include attempts to combine the fast grdsvtgrahdiswith

high salt tolerance d&. camaldulensigDale & Dieters 2007); high pulp yield and good
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growth of E. globuluswith salt-water logging tolerance & camaldulensigMeddings
et al.2003); fast growth oE. grandiswith higher wood density d. saligna(Gwazeet
al. 2000) and good wood quality and growthEofgrandiswith the resistance to canker
in E. urophylla(Muro-Abadet al.2005).

Two breeding strategies are being used for the production efidalypt hybrids. The
two strategies, recurrent selection and reciprocal recurrent selection, are discussed in
section 1.5.2.2.

High costs of controlled pollination and low seed set because of incompatibility prevent
the production of control-pollinated hybrid seed in commercial quantities. Most
commercially planted eucalypt hybrids are therefore propagated as clones (E&dridge
al. 1997; Shelbourne 2000). The clones are usually propagated from mature ortets
which are induced to produce juvenile coppice shoots for propagation purposes
(Shelbourne 2000). Some species, for exarfpleitens do not root well and are thus

vegetatively propagated from very young seedlings (Shelbourne 2000).

1.5 Prediction of performance in plant hybrid populations

The progress of any genetic improvement programme relies on accurate predictions of
the genetic value of individuals or families (Bouchez & Goffinet 1990; Lofgren &
Stewart 1991). Breeders are, therefore, interested in obtaining the best predictions of the
genotypic values possible to allow for the correct identification of the best individuals
(Bouchez & Goffinet 1990). When selection traits are highly heritable simpler selection
techniques based only on individual tree performance may provide sufficient genetic
gains. With low heritability traits, more sophisticated techniques are generally needed
for adequate progress as individual tree selection is not expected to be efficient (Cilas
2003; Walsh 2007).

Breeders wanting to select clones or seed parents from hybrid populations need to be
able to predict the performance of the progeny or clones. The reliability of the

identification of superior genotypes is key to the success of selection, and therefore the
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genetic gains that can be achieved through breeding. However, in hybrids there are
many factors that may impact negatively on the ability to predict performance, e.g.
altered gene expression, unequal gene expression and unequal segregation. In addition,
it is not known whether current selection methodology can be successfully applied to
hybrids, because hybrid populations do not conform to the assumptions of large
randomly mating populations which underlie current selection theory. Furthermore,
disequilibrium in the hybrid population leads to instability of the genetic structure from
one generation to the next (Kain 2003). This presents a problem for selection theory, as
it relies on genetic equilibrium to predict the outcome of forward selection and

recombination reliably (Kain 2003).

1.5.1 Predicting performance in agricultural and horticultural hybrid crops

There are two stages of selection that relate to hybrid breeding programmes. One is the
selection of parents which are to be hybridized, and the other is the selection of
individuals within a hybrid population for further breeding or production purposes. The
techniques used to select in agricultural and horticultural crops will be discussed only
briefly.

1.5.1.1 Selection of parents for the production of hybrids

Research on prediction in hybrid breeding programmes in agricultural and horticultural
crops, seems to have been focused on the prediction of hybrid performance based on
information of the parents to allow for the selection of the best parents, preferably
without the need of prior field testing of the hybrids. Many techniques have been
explored, including techniques such as genetic distance models (e.getahA®97),
factorial regression models (e.g. Charcossetl. 1998), marker associated studies (e.g.
Vuylsteke et al. 2000), methods based on best linear unbiased prediction (e.g. dos
Santoset al, 2005; Piephecet al. 2008), and the support vector machine regression
technique (e.g. Maenhowdt al. 2007). Some methods such as the support vector
machine regression and marker-based BLUP have been reasonably successful in maize
(Maenhoutet al. 2007) but will not be discussed here in detail as these prediction

methods are generally not related with the problem of prediction in a hybrid population.
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There seems to be limited information on predictions of the performance of the progeny
of hybrids.

1.5.1.2 Selection of plants for clonal production

Selection in many asexually propagated crops, both hybrids and pure species, including
sugarcane, potatoes, forage crops, rubber plants, cassava and several fruit species, is
based on mass selection and therefore family performance is not taken into account (de
Resende & Barbosa 2006). Better results may be obtained if family and within family
selection is practised and it is therefore expected that better results may be obtained

through improved selection methodology, such as BLUP.

Best linear unbiased prediction (BLUP see section 1.5.2) is widely used for selections in
animal breeding programmes, but it has not gained the same degree of popularity
amongst plant breeders working with annual crops as trials in these crops are usually
well balanced and only information from one generation is considered in the selection
process (Piephet al. 2008). It has, however been used in a number of forestry and
perennial crops. One example of BLUP being used in an improvement programme of an
annual crop is that of the sunflowétdlianthus annuus.) improvement programme in
Argentina. Here BLUP was used to measure genetic progress of the intraspecific hybrid
programme over a number of years and a number of sites rather than for selection of
hybrids (de la Vegat al. 2007).

BLUP has been applied for clonal selection in some asexually propagated crops. BLUP
was, for example, used in Brazil to predict genetic and genotypic valueanafum
maximumplants obtained from intraspecific hybrid crosses (Reseha@e 2004). The

aim was also to predict the performance of the progeny from existing and potential
hybrid crosses. The analysis needed to be adapted to take into account the autotetraploid
nature of the crop. The genotypic values were predicted for the production of apomictic
hybrids (or clones), whereas the sexual hybrids were selected based on their additive
genetic value. In a cashew improvement programme in Australia, BLUP was used to
determine breeding values to identify parents for further crosses (Bdaiki€2002). At

the same time, individuals were selected on the basis of their phenotype for vegetative
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deployment. The breeders found a large degree of correspondence between the
individuals that were identified by means of the two different selection methods. In a
sugarcane improvement programme in Brazil, BLUP was adapted to deal with the fact
that in some crop species (such as sugarcane, soybean, rice and some grain crops) it is
easier to record performance on a family rather than an individual basis. De Resende
and Barbosa (2006) have, therefore proposed a BLUP-based analysis for these crops
which they have named ‘simulated individual BLUP’. The method is used to determine
the number of families that are to contribute to the clonal selections, the number of

individuals per family which are to be selected, and the total number of clones.

There are only a limited number of reports on selection of clones in agricultural and
horticultural hybrid crops. The examples cited illustrate that, although mass selection
seems to be commonly used, some breeders are applying BLUP for the selection of
clones. In the above mentioned examples the applicability of BLUP in hybrid
populations was not questioned. There are also no indications as to whether BLUP was

successful in identifying the best genotypes.

1.5.2 Predicting performance in hybrid forest tree species

In forest trees several strategies are employed for the selection of parents for hybrid
production and for the selection of hybrids for production purposes. These strategies
require different selection methods such as forward, backward and clonal selection.
Different selection techniques are used in forestry to address needs that are unique to
forestry. As improvement of horticultural trees has similar constraints, examples from

these programmes will also be cited.

1.5.2.1 Selection techniques used in forestry

In tree breeding, breeders are faced with long generation intervals, as well as
environmental and to a lesser extent seasonal effects. The data obtained from such
forestry trials are often ‘messy’ (Cotterill & Dean 1990). It is often found that parents
are not represented in equal numbers at all sites or have not been planted at all sites. The

precision of tests at sites may also differ (Cotterill & Dean 1990). There are a number of
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different selection techniques that have been used in forest tree improvement
programmes but not all deal with the problem of unbalanced data. It is believed that
these selection techniques are applied both in hybrid and pure species improvement
programmes.

Individual selection or mass selection is a technique in which the individual trees are
assessed and selected on the basis of their phenotype only (Cilas 2003). No information
on the performance of relatives is used (Cotterill & Dean 1990). This method is
typically applied when selecting trees from unimproved stands where family structure is
not known (Cotterill & Dean 1990). The success of this type of selection mainly
depends on the heritability of the trait: success is limited if the heritability is low,

whereas more success can be expected from traits of high heritability (Cilas 2003).

The Smith-Hazel index (Smith 1936; Hazel 1943) is a selection index which has been
widely applied in forestry (White & Hodge 1989; Cotterill & Dean 1990). The index
places the same relative weights to family mean and single tree values for all families.
This would only be appropriate if all families are tested equally; the same number of
individuals per family, the same age and equal precision of different tests (White &
Hodge 1989). The index will, therefore, only give the best linear prediction of the

breeding values of individuals if the data were balanced (White & Hodge 1989).

Henderson (1984) developed best linear prediction (BLP), a method that is based on
mixed models that is appropriate for unbalanced data. BLP and best linear unbiased
prediction (BLUP) calculate index weights for each candidate depending on the quantity
and quality of the data (White & Hodge 1989). While earlier approaches used in tree
breeding treat breeding values as fixed effects, both BLP and BLUP treat genetic values
as random effects. With BLP it is assumed that the fixed effects are known constants,
whereas with BLUP, the fixed effects are estimated simultaneously with the prediction
of the random genetic effects (Henderson 1984). The predictions of BL(U)Ps are
unbiased, the error variance of the predictions are minimised and the correlations
between the predicted and true genetic values are maximised (Henderson 1984; White
& Hodge 1989).
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In hybrids these selection methods are applied for the selection of parents which are to

be hybridized as well as for selection of hybrids for commercial deployment.

1.5.2.2 Strategies for the selection of hybrid parent trees

There are two basic breeding strategies that are used for the selection of parents in forest
hybrid improvement programmes. Where hybrid performance can be successfully
predicted from the performance of the parents in pure species combinations, recurrent
selection (see Figure 1.1) may be applied. However, where the correlation between pure
species parental performance and hybrid performance is poor, a reciprocal recurrent
selection strategy (see Figure 1.2) needs to be implemented (Vigeemn2000;

Verryn 2000; Shelbourne 2000; Dieters & Dungey 2000; Potts & Dungey 2004). There
are contradictory reports about these correlations and it seems to be a function of both
parental species and the traits (Potts & Dungey 2004; Vadkeal. 2008). Poor
correlations between pure species parental performance and hybrid performance may be
ascribed to three reasons (Potts & Dungey 2004; Vaked. 2008): different genes

may be involved in trait expression in the hybrids and pure species; chromosomal re-
arrangements may affect gene expression in the hybrids; and there may be a larger

proportion of non-additive genetic variance in hybrids.
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Figure 1.1 Recurrent selection strategy for breeding hybrids.

In a breeding programme that is based on the recurrent selection strategy, the hybrid
family tests are aimed at the selection of material for commercial deployment. The
parents are selected only on the basis of their performance as pure species, therefore any
problems with reliability of the selection in hybrid populations does not affect the

selection of the parents in this strategy.

Poor correlations between hybrid and pure species performance may dictate that parents
be selected based on hybrid performance. In the reciprocal recurrent selection strategy,
parents for hybrid production are selected based on the information on the performance
of the hybrid progeny in the family tests. Kain (2003) argues that prediction of the
degree of improvement from backward selection is a statistical matter and requires no

assumptions on the genetic architecture of the hybrid population.



UNIVERSITY OF PRETORIA

.
=
g‘ UNIVERSITEIT VAN PRETORIA 26
& YUNIBESITHI YA PRETORIA

r ’ POPULATION A ‘

POPULATION B ‘

First . ]
Selection Selection
Cycle -
Cross A with B

Info used to cross best parents Info used to cross best parents
with each other with each other

A

— Family Test

]« |
’ POPULATION A2 ‘

é Determine best parent
[ ’ Select best offspring in A2
Cross A with B

Info used to cross best parents

Second with each other .‘
Cycle l @ Family Test

Determine best parent

POPULATION B2 ‘

¢

Select best offspring in B2 ‘

Info used to cross best parents
with each other

|

i N S

Selection: @ Backward selection @ Forward selection

Figure 1.2 Reciprocal recurrent selection strategy for breeding hybrids.

Volker et al. (2008) state that there is no reliable method to predict which parents will
yield good F hybrids. The authors based this statement on reseakehgtifbulus x E.

nitens hybrids, which tend to have a high incidence of abnormalities and generally
produce poor performing hybrids, despite the fact that both species belong to the section
Maidenaria (Brooker 2000). Their experience may not be valid for other hybrid
combinations.

An example of successful prediction of hybrid performance was reported by researchers
working on the improvement of oil palm. In both Malaysia and Indonesia research has
shown that BLUP was suitable for the prediction of hybrid performance as high
correlations were obtained between predicted and observed hybrid performance (Soh
1994; Purbaet al 2001). The improvement programme was based on reciprocal
recurrent selection, but hybrids were intraspecific hybrids between different groups or

provenances.
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It has been suggested that the use of molecular markers may assist in the selection of
parents for the production of successful hybrid combinations, as has been investigated
in crop species (see section 1.5.1). One option is to determine the genetic distance
between parents and select only parents that are genetically diverse. This has proved to
be successful in the selection of parents irEamglobulusimprovement programme,

where such crosses tended to produce the best full-sib families (MacRae & Cotterill
2000). However, if the improvement of hybrids is a function of complementarity rather
than heterosis, this method is likely to fail. Henry and Shepherd (2000) suggested that
such a strategy may be of less value in the highly heterozygous tree species as high

levels of heterozygosity may not be related to performance.

In the view of the uncertainty around the prediction of performance in hybrids,
molecular markers may play a role in more accurate identification of traits through
marker-aided selection. However, the reasons that may be responsible for poor
correlation between parental and hybrid performance (other genes that may play a role
in determination of the trait, chromosomal re-arrangement and large proportion of non-

additive genetic variation), will still play a role.

1.5.2.3 Selection for deployment of hybrids in plantations

Once parents have been selected and crosses have been made, hybrids need to be tested
and selected for commercial deployment in plantations. There are a number of different
options for the deployment of hybrids. Some of these options are illustrated in Figure
1.3. In option 1 hybrid crosses are made by means of controlled pollination and the
seedlings are established in a family trial. The family trial is evaluated and genotypes
are selected for vegetative propagation. Clones are established in clonal trials for the
evaluation of clonal performance. These trials may be repeated at a number of sites.
Selected clones may be re-tested at a larger number of sites before clones are selected
for deployment in plantations. This strategy is, for example, generally applied for the

deployment of eucalypt hybrids.

In option 2 the time to deployment is reduced by cloning the hybrid seedlings and

planting clonal trials without prior evaluation in family trials. Family identity is
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however, retained in the clonal trials to allow for the selection the evaluation of family

and individual performance.

Options 3 and 4 involve the deployment of hybrids as seedlings. The first option is to
deploy hybrids as {Fseed. The best performing parental combinations are selected
based on performance in family trials. These controlled crosses are then repeated for
deployment in plantations. There is, however, a risk of high within-family variance in
the R (Volker 2001). But, as the success of controlled pollinations is relatively low and
the associated costs are high, it has been suggested to deploy the hybyritiglarsds’

(option 4).

In option 4 individuals that are selected from the family trials are grafted in a seed
orchard. | seed is produced by means of open pollination. This reduces the cost of
mass production of the hybrid significantly, but there is the risk of variability in

performance of the s due to segregation.

Options 5 and 6 are primarily designed for genera where vegetative propagation of
mature material is not feasible. In option 5, the hybrids are established as seedlings in a
family trial for the evaluation of hybrid performance. The crosses that yield the best
hybrids are identified and repeated. The resulting seedlings are then established in
hedges from which material is harvested for the establishment of clonal trials. Clones
are deployed as families rather than individual genotypes. This deployment strategy is
also known as family forestry.

In option 6 the seedlings are immediately established in hedges and clonal trials are
established from material collected from these hedges. If the hedges can be maintained
in a juvenile condition until the trial has been evaluated, selected families may be
harvested from the original hedges for deployment purposes. Alternatively, new hedges
could be established.
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Figure 1.3 Different options available in forestry for the deployment of hybrids.

There are three different types of selection required in the deployment options
presented. Clonal selection is based on the genetic value of an individual and is used for
the selection of clones in options 1 and 2. In the context of this study, the term ‘clonal
selection’ is defined as the forward selection of ortets for the production of clones.
Backward selection is used where crosses have to be repeated (options 3 and 5) or
where the best families in hedges are selected (option 6). Forward selection is based on
the breeding value of an individual whereas backward selection uses breeding values of
the parents. Foreward selection is applied for selection of individuals that are to be

grafted in a seed orchard.

In hybrid populations it is difficult to successfully predict the performance by means of

forward selection, as it depends on additive genetic variation which may not be defined
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(see section 1.2.5) and due to linkage disequilibrium (Kain 2003). The efficiency of

forward selection in hybrid populations needs to be investigated.

In this study, the focus is, however, on the efficiency of clonal forward selection as
many forestry hybrid programmes rely on variations of option 1 for the deployment of
hybrids, whereas the seed production route is less commonly used at this stage.
Selection of ortets for the purpose of vegetative propagation differs from forward
selection for breeding purposes. The genetic gain achieved by the selection of parents
for seed production is based almost entirely on the additive component of genetic
variation whereas the genetic gain achieved by the selection of ortets for clonal
production is based on both additive and non-additive effects, as the clones retain the
effect of allelic interaction (Mullin & Park 1992). Therefore, selection of clones (for
example in deployment options 1 and 2) should be based on both additive and non-
additive genetic components. Because narrow-sense heritability only accounts for the
additive genetic variation that is transmitted from one generation to the next, broad-

sense heritability is appropriate for clonal selection.

A survey of the literature has provided limited information on the selection of ortets. In
a number of improvement programmes where selection was based on individual tree
performance only, researchers realised that this strategy could be improved by adding
information on family performance. For example, in oil palm improvement based on
intraspecific hybrids, ortet selection was based on individual tree or mass selection, but
it has been suggested that selection could be improved by first selecting the best
families and then the best individuals within those families (&te&. 2003; Sotet al.

2003). In the improvement of cocoheobromaiit was also found that individual tree
selection was not efficient for the selection of ortets and it was suggested that combined
individual-family selection would be more appropriate (Eskes 2004). The clonal
selection strategy can be further improved by the use of BLUP. This method was
applied for the selection dE. urophylla x E. grandisand E. urophylla x E. pellita

ortets in the Congo (Combes al. 1997). The efficiency of such selections in hybrid

populations was not investigated.
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1.6  Objective of the study

Hybrid populations differ in many aspects from pure species. Selection theory has been
developed on assumptions of large randomly mating pure species populations. Hybrid
populations do not, however, conform to these assumptions. It is therefore largely
speculative whether selection in hybrid populations is efficient at identifying superior
genotypes. The objective of this study is to investigate the applicability of BLUP in
hybrid populations.

As case study selection of ortets was investigated in Ewealyptushybrids. Hybrids
between species that are closely related and species that have diverged to a greater
degree were chosen. The three hybrids that were assessed in8ludgdndis x E.

saligna, E. grandis x E. urophyllandE. grandis x E. camaldulensis.

The objective was addressed by investigating:

» correlations of predictions of clonal performance in eucalypt hybrid family trials
with realised performance of the clones in clonal trials,

e comparisons of a number of BLUP selection options to see which method
achieves the best predictions,

» comparisons of the correlations of the different hybrids with each other to
determine whether there are differences between narrow and wide hybrids, and

» comparisons of the correlations obtained for Eheealyptushybrids with the
corresponding correlations B. grandisin order to determine whether there are

differences between pure species and hybrid populations.
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CHAPTER 2
MATERIALS

2.1 Introduction

The aim of this study was to use historical data to investigate whether best linear
unbiased prediction (BLUP) may be applied for the selection of clones in three
Eucalyptushybrid populations. The use of historical data has the advantage of data
being immediately available for analysis with no establishment, maintenance and
assessment of trials being required. This is of particular importance in forestry as these
activities are expensive and it would take many years to collect the appropriate data.
The disadvantage of using historical data is that the trials are not optimally designed for
the study and the researcher has no control over factors such as trial design, genetic
controls, traits assessed or age of assessment.

This study was planned to investigate whether the predicted performance of clones was
realised in clonal trials in order to obtain an indication of the efficiency of the best linear
predictions in hybrids. An outline of the research strategy is presented in Figure 2.1.
Clonal performance was to be predicted from a series of hybrid family trials (step 1 in
Figure 2.1) whereas realised clonal performance was to be assessed in clonal trials (step
2). The predicted and realised clonal performances were to be correlated (step 3) to
assess the efficiency of predictions. It was proposed to use an array of hybrid parental
species to allow for the comparison of prediction in hybrids between closely and
distantly related parent species (step 4). In order to detect differences in the efficiency
of prediction in hybrids and pure species, it was proposed to predict clonal performance
in a pure species case (step 5) and to determine the realised performance of these clones
(step 6). The predicted and realised performances were to be correlated (step 7). These
correlations were then to be compared with the corresponding correlations obtained in

the hybrid populations (step 8).
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Figure 2.1 Research strategy to investigate the performance of BLUP in hybrids.

This strategy required data on ortet performance in family trials and clonal performance
in clonal trials from both hybrids and pure species. The clonal performance needed to be
linked to the performance of the ortet or mother tree from which the ramet originated.

Appropriate data were selected from hybrid and pure species breeding populations.
These data will be described in this chapter together with the criteria that were used to

determine the suitability of the data for the purpose of this study.



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

o
g‘ UNIVERSITEIT VAN PRETORIA 34
<

2.2  Data selection criteria

The integrity of the results of the study relied to a large extent on the integrity and
suitability of the data used. The data needed to meet a number of requirements to ensure
meaningful genetic analysis and reliable statistical analysis. Genetic and statistical

criteria were therefore developed to evaluate the suitability of the data.

2.2.1 Genetic criteria

A number of criteria were drawn up to determine whether the data were suited to the
genetic analyses that formed part of this study. The data had to comply with the

following set of criteria:

» Appropriate trials: Sets of hybrid family trials and corresponding clonal trials
were required. Records of the origin of the ramets were required to establish the
relationship between the ortets and ramets. As a control, pure species family
trials and clonal trials were required for the comparison of the efficiency of
prediction in hybrids as opposed to prediction in pure species.

* Appropriate traits: Traits that were assessed in both hybrid and clonal trials
were a prerequisite for the study. Traits should preferably be of medium to high
heritability. Traits which were not selected with a high selection intensity would
be preferred as selection would reduce variability between clones.

» Differences in the degree of relatedness of the parent species of hybrids:
Hybrids between both closely as well as distantly related parent species were
required to determine whether there were differences in the efficiency of
prediction in narrow and wide hybrids.

» Appropriate genetic structure in family trials: Full-sib or half-sib relatedness
of individuals in family trials (for hybrid and pure species) and sufficient
numbers of families were required for reliable heritability estimates and for the

prediction of genetic and breeding values.
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In addition to the above mentioned criteria the following properties were considered to

be advantageous:

Similar environmental conditions: Limited environmental differences between
the hybrid family trial sites and the clonal trial sites would be advantageous as
the effect of genotype-by-environment interaction would be minimized and thus
reducing the error.

Similar assessment age#s trait expression varies with age, it would be
preferable to compare trait assessments that were done at similar ages.
Appropriate controls: The same genetic controls across trials would allow for

the determination of genetic gains.

2.2.2 Statistical criteria

Statistical analyses form the basis of genetic analysis therefore the validity of the

statistical analysis was also an important factor in determining the success of the study.

In order to ensure the reliability of the statistical analysis, statistical criteria were

defined which would assist in determining whether the data were suitable. The criteria

are listed below:

Size of the trials: Trials were required to be large enough to allow for
meaningful analysis of the data, thus sufficient trees per family in the family
trials and sufficient numbers of ramets per clone in the clonal trials were
required for reliable estimates of performance.

Normality of the data and homogeneity of error variancesMany statistical
tests are based on the assumption that the error variances are distributed
normally and that variances are equal (Snedecor & Cochran 1967).
Variability of data: The analysis required statistically significant differences
between the clones to draw meaningful conclusions about better or poorer
performance.

Ideally a continuous trait was required as such traits are better suited to the

analysis of variance.
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2.3  Description of data sets

The data that were selected for this study were obtained from the CSIR eucalypt hybrid
breeding programme. This programme was initiated by the South African Forestry
Research Institute (SAFRI) in 1982. The breeding programme has been managed by the
CSIR since 1990. The firgucalyptushybrid family trials of 350 hybrids were planted

in 1984. Initially crosses were made betwden grandis and species such ds.
camaldulensis, E. tereticornend E. urophyllain an attempt to improve. grandisby

adding drought tolerance and adaptability on shallow soils to the desirable growth and
wood properties oE. grandis Crosses betwedn. grandisandE. nitenswere made to
introduce cold-tolerance while crosses betwEegrandisandE. salignawere made to

obtain a red-coloured saw timber resource. In the late 1980s, early 1990s many double
crosses and backcrosses were produced including crosses that did Bograsalisas

female parent. The programme was structured to allow for deployment of hybrid seed or
hybrid clones. This was achieved by the planting of family hybrid trials as well as
clonal hybrid trials which were based on the cutting material harvested from superior

genotypes within the evaluated family trials.

2.3.1 Hybrid parent species

Three eucalypt hybrids were included in the study to represent an array of hybrid parent
species combinations. The hybrids wéte grandis x E. saligna, E. grandis x E.
urophyllaand E. grandis x E. camaldulensidhe classification of the four parental
species is presented in Table 2.1. From the classification it can be seen that the hybrids
represent intra- and intersectional as well as intra- and interseries crosses. It is assumed

that the classification reflects the genetic relatedness of parent species.

The distribution of the species may also be an indication of the degree to which
populations were isolated. The natural distributiofeofjrandisextends from northern
Queensland (16°S) to New South Wales (32°S) in a relatively narrow band within 160
km from the coast (Jovanovic & Booth 2002). The natural distributioB. cfaligna
ranges from the south coast region of New South Wales to Maryborough in Queensland,

and is mainly concentrated within 120 km from the coast (Jovanovic & Booth 2002).



-
&
UNIVERSITEIT VAN PRETORIA 37

. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

The distribution ofE. grandisand E. salignatherefore overlapsE. urophyllahas a
totally distinct distribution as it originates from seven islands of eastern Indonesia (Pepe
et al 2004). E. camaldulensishas the widest distribution which covers most of

Australia but it is not found in the coastal margins of south eastern Australia and
Queensland (Jovanovic & Booth 2002).

Table 2.1 Classification of four parent species according to Brooker (2000).

Species Series Section Subgenus

E. grandis Transversae Transversaria Symphyomyrtus
E. saligna Transversae Transversaria Symphyomyrtus

E. urophylla Annulares Transversaria  Symphyomyrtus
E. camaldulensis  Rostratae Exsertaria Symphyomyrtus

The hybridE. grandis x E. salignaepresents an intraseries, intrasectional cross. The
two parent species are thus closely related and were once considered to be the same
species. Despite the relatedness of the two parental species, a difference in the DNA
content has been reported with 710 Mbp Eorsalignaand 640 Mbp forE. grandis
(Grattapaglia & Bradshaw 1994Jhe hybridE. grandis x E. urophyllaepresents an
interseries, intrasectional cross. At 650 Mbp, the size of the nuclear genobke of
urophylla is the closest to the 640 Mbp reported for grandis (Grattapaglia &
Bradshaw 1994)The E. grandis x E. camaldulensisybrid represents an interseries,
intersectional cross. It has, however, been suggested that the hybrids between
TransversariaandExsertariaare ‘atypically successful’ (Potts & Dungey 2004). Steane

et al. (2002) has questioned the separation of the sections based on molecular data but
Pokeet al. (2006) found more resolution between the species than previously reported
by Steanest al. (2002). There is also a difference in the genome size between these two
species. With a genome size of 590 Migp, camaldulensidhas a smaller nuclear

genome thaik. grandis(Grattapaglia & Bradshaw 1994)

It has been reported that the frequency of hybrid inviability is often high in wide crosses

(Potts et al. 2003) and that hybrid inviability tends to increase with increasing
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taxonomic distance (Potts & Dungey 2004). Therefore it may be expected that the
presence of inviability and abnormalities in the hybrids will be more prevalent & the
grandis x E. camaldulensishan in E. grandis x E. saligna A relatively large
proportion of weak or abnormal phenotypes in a hybrid population will contribute to the
fact that the assumption of normality of distribution within the population will not be
met (Griffin et al. 2000).

2.3.2 Trial descriptions of the hybrid trials

Three hybrid family trials, aE. grandis x E. saligngG x S), anE. grandis x E.
urophylla (G x U) and arE. grandis x E. camaldulensi& x C) trial were selected

together with their correspondimtpnal trials. The trials are presented in Figure 2.2.

Hybrid trial family trials Hybrid clonal trials
1010806EA0011 Westfalia
GXS | 1010603EA0005 Kiaat <:
1010806EA0011 Dukuduku
1010806EA0006 Port Durnford
GxU ‘ 1010603EA0004 Grootboom <
1010806EA0006 Dukuduku
GXC |  1010603EA0003 Salique » 1010806EA0010 Bossieskop
Figure 2.2 Sets of hybrid family and clonal trials that were available for the study.

The hybrids used in this study had been produced by means of controlled pollination
between selected pure species parents. The hybrid seedlings were established in hybrid
family trials for evaluation of family and individual tree performance. Within the hybrid
family trials, the best performing trees were selected for the establishment of clonal
trials. The selections were based on individual tree values and no family information

was used. The trials were felled and coppice was collected from the selected trees
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(ortets) for the propagation of macro-cuttings. The cuttings (ramets) were used for the

establishment of clonal trials.

2.3.2.1 E. grandis x E. saligna (G x S) hybrid

TheE. grandis x E. saligndaybrids originated from controlled crosses that were made
usingE. salignapollen that was collected from a seed orchard at the De Hoek Forestry
Research Station in the Limpopo province. The pollen was applied to flowdts of
grandismother trees in the seed orchard at the J. D. M. Keet Forestry Research Station
in the Limpopo province (Hoon 1992). A total of B6 grandis x E. saligndull-sib
families were included in the hybrid family trial. These families resulted from crosses
between 1€E. grandismothers and fivee. salignapollen sources. From the mating
design, which is presented in Table 2.2, it can be seen that in addition to the within-
family full-sib relationship, there was also a half-sib relationship between some families
in the trial (e.g. G4 x S2 and G4 x S4). The hybrid family trial was established at the
Kiaat (Westfalia) plantation in the Limpopo province. The description of the trial site is

presented in Table 2.3 and the trial description is presented in Table 2.4.

Table 2.2 Mating design of the G x S hybrid family trial.

3 E. saligna
e S1 | s2 | s4 | s5| s7
G4 X X X
G6 X
G15 X X X
G17 X X X X
G19 X X X X
G22 X X X
w0 | G45 X X X
©
s | G50 X X X
S | G58 X X
W | G76 X
G77 X
G78 X
G87 X
G88 X
G92 X
G101 X X X X
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Site description of the G x S hybrid family trial.

Trial site descriptors

Description of hybrid family trial site

Plantation name
Province

Closest town
Latitude

Longitude

Altitude

Mean annual rainfall
Soil

Kiaat
Limpopo
Politsi
23°46S
30°02E
900 m

1200 mm
Hutton

Table 2.4

Trial description of the G x S hybrid family trial.

Trial descriptors

Hybrid family trial description

Plantation
Trial number
Trial type
Hybrid
Design
Replications
Plot size
Spacing

Controls

Date planted

Traits assessed (age)

Kiaat
1010603EA0005
Hybrid family
36 G x S hybrids (F)
RCB
6
1x6
2.7mx27m

2 G x T hybrids (F)
4 G x R hybrids (F)
2 G x C hybrids (F)
1 G x U hybrid (F)
2 E. grandis(F)

04/1988

height, DBH, defects (2 years);
height, DBH, stem, defects, disease (6 years)

F = family, G x T =E. grandis x E. tereticornisG x R =E. grandis x E.

resinifera
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Clonal selections were made from tBe grandis x E. salignahybrid trial at Kiaat.

These selections were based on rankings of tree stem volurfeat (/4 months and

were followed by an independent culling for disease (Pierce 1994 b). One clonal trial
was established at Westfalia in the Limpopo province, whereas the second clonal trial
was established in KwaZulu-Natal. Site descriptions of the clonal trials are presented in
Table 2.5 and the trial descriptions are presented in Table 2.6. The relatedness of the
clones of the trial 1010806EA0011 at Westfalia and Dukuduku and the identification of
the ortets are presented in Table 2.7. The 24 clones in the clonal trials consisted of full-
sibs (e.g. GxS152 and GxS154), half-sibs (e.g. GxS156 and GxS177) and unrelated
clones (e.g. GxS160 and GxS154).

Table 2.5 Site description of the G x S clonal trials.

Site descriptors Description of Description of
clonal trial site 1 clonal trial site 2

Plantation Dukuduku Westfalia
Province KwaZulu-Natal Limpopo
Closest town Mtubatuba Politsi

Latitude 28°13S 23044S
Longitude 32028 30°06E

Altitude 40m 950 m

Mean annual rainfall 950 mm 1342 mm

Soil Sandy/Fernwood Hutton




UNIVERSITEIT VAN PRETORIA 42
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

O=

Table 2.6 Trial description of the G x S clonal trials.

Trial descriptors Description of clonal trial 1~ Description of clonal trial 2

Plantation Dukuduku Westfalia

Trial number 1010806EA0011 1010806EA0011

Trial type Clonal Clonal

Hybrid 24G xS (C) 24G xS (C)

Design RCB RCB

Replications 10 10

Plot size Single tree Single tree

Spacing 3mx3m 35mx35m

Controls 4 E. grandis(C) 4 E. grandis(C)
2 seedling controls (F) 2 seedling controls (F)

Date planted 08/1997 06/1997

Traits assessed (age) height, DBH, stem, diseaseheight, DBH, stem, disease
(3 years) (3 years)

C = clone, F = family
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Table 2.7 Pedigree of the G x S clones in the clonal trials.

GxS E.grandis E.saligna Family Position of ortet in trial
Clone Female Male 1010603EA0005 Kiaat
parent parent Replication  Tree Plot
GXS174 G6 S7 4 3 6 136
GXS153 G15 S4 5 6 1 256
GXS149 G15 S5 6 4 2 158
GXS150 G15 S5 6 6 4 247
GXS152 G15 S7 7 3 4 122
GXS154 G15 S7 7 4 1 148
GXS143 G19 S2 11 2 6 57
GXS142 G19 S7 14 5 2 200
GXS164 G22 S7 17 1 1 19
GXS140 G45 S7 21 2 5 80
GXS144 G50 S2 22 2 2 63
GXS151 G50 S2 22 5 1 231
GXS136 G50 S5 24 2 4 86
GXS132 G50 S7 25 5 2 229
GXS158 G50 S7 25 6 3 240
GXS170 G58 S7 27 2 5 92
GXS171 G77 S1 29 2 4 72
GXS177 G77 S1 29 2 2 72
GXS156 G78 S1 30 5 1 198
GXS157 G78 S1 30 2 3 88
GXS160 G78 S1 30 6 6 272
GXS165 G78 S1 30 5 4 198
GXS168 G78 S1 30 6 1 272
GXS159 G88 S1 32 1 4 43

The locations of the G x S hybrid family and clonal trials are indicated in Figure 2.3.
The hybrid trial and one of the clonal trials were established at the same plantation
(Kiaat/Westfalia) in the Limpopo Lowveld, whereas the other clonal trial was
established in the coastal plains of KwaZulu-Natal. This site has lower rainfall and less
fertile soils than the site in the northern Limpopo province and it has higher incidence of
disease infestation.
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Figure 2.3 Location of the G x S hybrid family and clonal trials.

2.3.2.2 E. grandis x E. urophylla (G x U) hybrid

The E. grandis x E. urophyllahybrids originated from controlled crosses that were
made usingE. urophylla pollen that was collected from the provenance trials
1010302EA0504 at Frankfort in Mpumalanga and 1010302EA0505 at KwaMbonambi
in KwaZulu-Natal. The pollen was applied to flowerstofgrandismother trees in the
seed orchard at the J. D. M. Keet Forestry Research Station. The mating design of the
trial is presented in Table 2.8. A total of 69 full-sib families were included in the G x U
hybrid progeny trial. The families resulted from crosses betwedn fjeandismothers

and 10E. urophyllapollen sources. From the mating design it can be seen that, in
addition to the within-family full-sib relationships, there were half-sib relationships
between some families (e.g. G4 x U1 and G4 x U5) in the trial. The hybrid family trial
was established at the Grootboom plantation in the Limpopo province. The trial site is

described in Table 2.9 and the trial description is presented in Table 2.10.
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Table 2.8 Mating design of the G x U hybrid family trial.
) E. urophylla
? Ul U2 |U4 | U5 | U8 | U9 | U1l | U3-2 | U3-7 | 24195
G4 X X X X X
G15 X X X X X X X
G17 X X
G19 X X X X X X
% G35 X X X X X X X
s | G36 X X X X X X X
5 | G37 X X X X
w | G38 X X X X X X X X
G39 X X X X X X
G45 X X X X X X X X
G58 X X
G101 X X X X X X X
Table 2.9 Site description of G x U hybrid family trial.

Site descriptors

Hybrid family trial description

Plantation name
Province

Closest town
Latitude

Longitude

Altitude

Mean annual rainfall
Soil

Grootboom
Limpopo
Politsi
23°43S
30010
750 m

1300 m
Hutton

45
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Table 2.10  Trial description of G x U hybrid family trial.

Trial descriptors Description of hybrid family trial
Plantation Grootboom
Trial number 1010603EA0004
Trial type Hybrid family
Hybrid 69 G x U (F)
Design RCB
Replications 5
Plot size 1x6
Spacing 2.7mx27m
Controls 9GxT(C)

9GxC (C)

3 seedling controls (F)
Date planted 02/1986

Traits assessed (age) height, defects (6 months)
height, DBH, stem, defects (2 years);
height, DBH, stem, defects, disease (5 years)

C =clone, F = family, G x T £. grandis x E. tereticornis

Clonal selections were made from tBegrandis x E. urophyllehybrid family trial at
Grootboom. These selections were based on rankings of volume at 54 months of age
(Pierce 1993). The cuttings were planted in clonal trials at Dukuduku and Port
Durnford. The trial sites of the two clonal trials are described in Table 2.11 and the trial
descriptions are presented in Table 2.12. The relatedness of the clones of the clonal trial
1010806EA0006 at Port Durnford and Dukuduku is indicated in the pedigree presented
in Table 2.13. The 65 clones consisted of full-sibs (e.g. GxU69 and GxU88), half-sibs
(e.g. GxU88 and GxU96) and unrelated clones (e.g. GxU88 and GxU116).
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Site description of the G x U clonal trials.

Site descriptors

Description of
clonal trial site 1

Description of
clonal trial site 2

Plantation Port Durnford Dukuduku

Province KwaZulu-Natal KwaZulu-Natal

Closest town Empangeni Mtubatuba

Latitude 28°53S 28013S

Longitude 32°50E 32°18E

Altitude 130 m 70m

Mean annual rainfall 1461 mm 973 mm

Soll Hutton Sandy/Fernwood
Table 2.12  Trial description of the G x U clonal trials.

Trial descriptors

Description of clonal trial 1

Description of clonal trial 2

Plantation
Trial number
Trial type
Hybrid
Design
Replications
Plot size
Spacing

Controls

Date planted

Traits assessed (age)

Port Durnford
1010806EA0006

Clonal

65 G x U (C)

RCB

15

Single tree

35mx35m

1GxT(C)
1GxC(C)
1E. grandis(F)
09/1993

height, disease (2 years);
height, DBH, stem, defects,
disease (4 years)

Dukuduku
1010806EA0006
Clonal

65 G x U (C)
RCB

15

Single tree
27mx2.7m

1GxT(C)
3GxC(C)
1E. grandis(F)
08/1993

height, disease (2 years);
height, DBH, stem, defects,
disease (4 years)

C =clone, F = family, G

x T £. grandis x E. tereticornis
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Table 2.13  Pedigree of the G x U clones in the clonal trials.

GxU E. grandis E. urophylla Family Position of ortet in trial 1010603EA0004
Clone Female Male Grootboom

parent parent Replication Tree Plot
GXU53 G4 Ul 1 1 1 22
GXU96 G4 Ul 1 4 6 272
GXU60 G4 Ull 2 1 3 61
GXU118 G4 ull 2 5 6 404
GXU63 G4 Us 3 1 6 75
GXU69 G4 Ull 4 2 1 124
GXuss G4 Ull 4 3 1 235
GXU102 G4 u3s-2 5 4 1 314
GXU116 G15 u3-7 6 5 5 402
GXuU117 G15 u3-7 6 5 6 402
GXU111 G17 Ul 7 5 5 371
GXU52 G19 Uull 8 1 4 11
GXU86 G19 U9 8 3 4 226
GXu87 G19 U9 8 3 2 226
GXU58 G19 U9 8 1 4 57
GXU72 G19 Ul 9 2 6 130
GXU73 G19 Ul 9 2 4 130
GXU103 G19 Ul 9 4 2 319
GXU89 G19 us 10 3 3 251
GXU99 G19 us 11 4 3 295
GXU107 G19 u2 12 4 1 352
GXU51 G35 U2 13 1 5 8
GXUG66 G35 us 14 1 1 90
GXu82 G35 Ul 15 3 2 195
GXU95 G35 Ul 15 4 3 271
GXU71 G36 Ul 15 2 6 129
GXU92 G35 U1l 16 3 4 260
GXu61 G36 Uull 17 1 3 64
GXU62 G36 ull 17 1 4 64
GXU84 G36 U9 18 3 4 203
GXU110 G36 U9 18 5 2 369
GXU115 G36 U4 19 5 1 401
GXU109 G37 U9 19 4 2 359
GXU50 G37 U9 20 1 4 3
GXU83 G37 uUs-7 21 3 1 202
GXU80 G38 Ul 22 3 4 181
GXU108 G38 u3 23 4 3 353
GXU54 G39 ull 24 1 1 30
GXU97 G39 U1l 24 4 5 289
GXU59 G39 U9 25 1 4 58
GXU105 G39 uo 25 4 3 348
GXU113 G39 uo 25 5 3 398
GXU114 G39 uo 25 5 2 398
GXus1 G39 u2 26 3 2 188
GXU94 G39 Ul 27 3 4 269
GXU112 G39 Ul 28 5 4 374
GXU57 G39 U24195 29 1 5 47
GXU56 G45 U2 30 1 5 44
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GxU E. grandis E. urophylla Family Position of ortet in trial 1010603EA0004
Clone Female Male Grootboom

parent parent Replication Tree Plot
GXU64 G45 Ul 31 1 1 89
GXU65 G45 Ul 31 1 5 89
GXU77 G45 Ul 31 2 3 138
GXU78 G45 Ul 31 2 2 138
GXU100 G45 Ul 31 4 6 299
GXU67 G45 U9 32 2 1 99
GXU68 G45 U9 32 2 1 119
GXU90 G45 U9 32 3 3 254
GXU91 G45 U9 32 3 5 254
GXU101 G45 U9 32 4 3 303
GXU70 G45 us-7 33 2 6 125
GXU119 G45 u3-7 33 5 1 437
GXU93 G45 uli 34 3 6 263
GXU55 G58 Ul 35 1 1 32
GXU104 G58 Ul 35 4 5 320
GXU85 G101 Ul 36 3 4 225
GXU79 G101 U2 37 2 2 151

The G x U hybrid family trial was located in the Limpopo province whereas both clonal
trials were established in the coastal plain of KwaZulu-Natal (see Figure 2.4). The sites
of the clonal trials were chosen for optimal evaluation of disease resistance, as disease

infestations are more prevalent in these coastal plantations.
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Figure 2.4 Location of the G x U hybrid and clonal trials.

2.3.2.3 E. grandis x E. camaldulensis (G x C) hybrid

TheE. grandis x E. camaldulensks/brids originated from controlled crosses that were
made usingE. camaldulensigollen that was collected from the provenance trials
1010302EA2401 at Roodewal (Limpopo province) and 1010302EA2407 at Frankfort
(Mpumalanga province). The pollen was applied to flowerk.ofjrandismother trees

in the seed orchard at the J. D. M. Keet Forestry Research Station. The mating design is
presented in Table 2.14. A total of 34 full-sib families were included in the trial. These
families resulted from crosses between EO grandis mothers and severk.
camaldulensigpollen sources. In addition to the full-sib relationship within families
there was also half-sib relatedness of some families (e.g. G4 x C22694 and G4 x
C24223). The hybrid family trial was established at the Salique plantation in the
Limpopo province. A description of the site is presented in Table 2.15, whereas the trial

description is presented in Table 2.16.
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Table 2.14  Mating design of the G x C hybrid trial.
6} E. camaldulensis
? C22694 | C24216 | C24223 | C24225 | C24226 | C24229 | C24230
G4 X X
G17 X X X
G19 X X X X
2 | G37 X X
S | G38 X X X X X
5 | G39 X X X
W | G45 X
G50 X X X X
G58 X X X
G101 X X X X X X
Table 2.15  Site description of the G x C hybrid family trial.

Site descriptors

Hybrid family trial site

description

Plantation name Salique
Province Limpopo
Closest town Klaserie
Latitude 24°48S
Longitude 30°58E
Altitude 670 m
Mean annual rainfall 750 mm

Soil

Sandy
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Table 2.16

Trial description of the G x C hybrid family trial.

Trial descriptors

Hybrid family trial description

Plantation
Trial number
Trial type
Hybrid
Design
Replications
Plot size
Spacing

Controls

Date planted

Traits assessed
(age)

Salique
1010603EA0003
Hybrid family
32GxC(F)
RCB

5
1x6
2.7mx27m

13 G x T + 2 incomplete (F)
1 E. grandis(F)

03/1985

height (6 months);

height, DBH, defects (1 year)

height, DBH, stem, defects (4 years);
height, DBH, stem, defects (6 years);
DBH, stem, defects (8 years)

F = family, G x T =E. grandis x E. tereticornis

52

Clonal selections were made from tke grandis x E. camaldulensiBybrid trial at

Salique. These selections were based on the 100 month assessments of diameter at

breast height (Pierce 1994 a). The cuttings were planted in a clonal trial at Bossieskop

in Mpumalanga and at Shallowdrift in KwaZulu-Natal. The trial at Shallowdrift has not

been assessed. The trial site at Bossieskop is described in and the trial description is

presented in Table 2.18. The relatedness of the clones

in the clonal trial

1010806EA0010 at Bossieskop is indicated in Table 2.19. From this table it can be seen
that the 37 clones consisted of full-sibs (e.g. GxC250 and GxC265), half-sibs (e.qg.

GxC264 and GxC245) and unrelated clones (e.g. GxC230 and GxC228).
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Site description of the G x C clonal trial.

Site descriptors Hybrid family trial

description
Plantation Bossieskop
Province Mpumalanga
Closest town Nelspruit
Latitude 25024S
Longitude 30°30E
Altitude 802 m
Mean annual rainfall 850 mm
Sail Hutton

Trial description of the G x C clonal trial.

Trial descriptors  Clonal trial description

Plantation Bossieskop

Trial number 1010806EA0010
Trial type Clonal

Hybrid 37GxC(C)
Design RCB

Replications 6

Plot size 1x5

Spacing 27mx27m
Controls 1 control(F)

Date planted 11/1997

Traits assessed  height, DBH, stem, defects, disease
(age) (4 years)

C = clone, F = family

53
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Table 2.19  Pedigree of the G x C clones in the clonal trial.

GxC E. grandis E. camaldulensis Family Position of ortet in trial
Clone Female Male 1010603EA0003 Salique
parent parent Replication  Tree Plot
GXC230 G4 C24223 424223 2 5 120
GXC228  G17 C24226 1724226 3 6 140
GXC231 G117 C24226 1724226 2 2 67
GXC261  G17 C24226 1724226 4 4 203
GXC264  G17 C24226 1724226 2 6 67
GXC245 G117 C24230 1724230 1 6 52
GXC250 G117 C24230 1724230 3 4 125
GXC265 G117 C24230 1724230 5 1 269
GXC253  G19 C24223 1924223 4 4 226
GXC263  G19 C24223 1924223 4 1 226
GXC211  G19 C24226 1924226 3 1 132
GXC235  G19 C24226 1924226 5 6 289
GXC238  G37 C24230 3724230 3 6 174
GXC232  G38 C24226 3824226 5 4 258
GXC214  G39 C24226 3924226 3 4 168
GXC215 G39 C24226 3924226 3 6 168
GXC218 G39 C24226 3924226 1 6 9
GXC221  G39 C24226 3924226 1 3 9
GXC237  G39 C24226 3924226 4 4 196
GXC246  G39 C24226 3924226 2 1 95
GXC266  G39 C24226 3924226 4 3 223
GXC234  G39 C24229 3924229 3 5 175
GXC272  G39 C24229 3924229 2 2 201
GXC259  G39 C24230 3924230 5 5 280
GXC268  G39 C24230 3924230 3 3 149
GXC256  G45 C24230 4524230 4 3 240
GXC233 G50 C24223 5024223 5 1 267
GXC257 G50 C24226 5024226 4 3 235
GXC300 G50 C24226 5024226 1 2 10
GXC213  Gb58 C24226 5824226 3 1 128
GXC217  Gb58 C24226 5824226 3 3 128
GXC225  Gb58 C24226 5824226 2 1 62
GXC247  Gb58 C24226 5824226 2 4 62
GXC224  Gb58 C24229 5824229 5 2 246
GXC226  Gb58 C24230 5824230 5 1 242
GXC254 Glo1 C24216 10124216 1 6 5
GXC262 G101 C24225 10124225 5 3 286

The locations of the G x C hybrid and clonal trial are indicated in Figure 2.5. Both trials
were located in the Mpumalanga province but the hybrid trial was established at a drier

site and on a less fertile, sandy soil.
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Figure 2.5 Location of the G x C hybrid family and clonal trials.

2.3.3 Trial descriptions of the pure species trials

E. grandis,mother parent in all three hybrids, was chosen as pure species control to
compare differences in the efficiency of selection in hybrids with pure species. Three
sets of E. grandisfamily trials and clonal trials were chosen. The three sets are

presented in see Figure 2.6.
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Pure species family trials Pure species clonal trials

Set1: E.grandis | 1010802EA6207 J.D.M. Keet}—{ 1010806EA6202 Frankfort‘

cet2 1010802EA62AL J.D.M. Keet>+ A Wil +
et2: i ilgeboo
E.grandis | ) 510802EA62A2 3.0.M. Keet ’
1010802EA62A1 J.D.M. Keet
Set3:  E.grandis | 1010802EA62A2 J.D.M. Keet> 1010806EA6207 Wilgeboo+
1010802EA62A3 J.D.M. Keet

Figure 2.6 Sets dE. grandisfamily and clonal trials that were available for the
study.

2.3.3.1 Setl

The first set ofE. grandisfamily and clonal trials consisted of the family trial
1010802EA6207 at J. D. M. Keet and the clonal trial 1010806EA6202 at Frankfort. The
F, family trial was established from controlled crosses that were made in the seed
orchard at J. D. M. Keet Forestry Research Station. The mating design is presented in
Table 2.20. The 71 families in the trial consisted of full-sib families, some of which
were reciprocal crosses (e.g. G4 x G6 and G6 x G4). Apart from the within-family full-
sib relationship, there was also a half-sib relationship between some families (e.g. G4 x
G6 and G4 x G15). The trial site of the family trial is described in Table 2.21 and the
trial description in Table 2.22.
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Table 2.20  Mating design of tte grandisfamily trial 1010802EA6207.
d
Q 4 1015|171 19|22(35|36|37|38]39|44|45|50[58|60|64]|66| 101
4 X X X X
6 | X X
10 X X X X X X
15 X X X
17 X X
19
22 X | X X
35| x X
36 X X X | X
37| x X
38 X
44 | x | x X X X
45 X X
50 X X
58 X
60 X
64 X X | X
66
101 | x X X | X X
Table 2.21  Site description of tke grandisfamily trial 1010802EA6207.

Site descriptors

Family trial description

Plantation name
Province

Closest town
Latitude

Longitude

Altitude

Mean annual rainfall
Soil

J. D. M. Keet
Limpopo
Politsi
23°47S
30°07E
750 m

1300 mm
Hutton
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Trial description of the grandisfamily trial 1010802EA6207.

Trial descriptors

Family trial description

Plantation

Trial number
Trial type

E. grandisfamilies
Design
Replications

Plot size

Spacing

Controls

Date planted

Traits assessed
(age)

J. D. M. Keet
1010802EA6207
Progeny trial
71E. grandis(F)
8 x 9 Lattice
3
1x10
2.7mx27m
1 control (F)
03/1976

height, DBH, stem, crown (5 months)
height, DBH, stem (4 years)

DBH (5 years)

height, DBH, stem, crown (8 years)

F = family

58

Selections were made in the family trial 1010802EA6207 for the establishment of the
clonal trial 1010806EA6202 at the Frankfort plantation. The site description of the
clonal trial is presented in Table 2.23 and the trial description in Table 2.24. The

pedigree of the clones is presented in Table 2.25. The clones consisted of full-sibs (e.qg.
SGR429 and SGR428), half-sibs (e.g. SGR451 and SGR452) and unrelated clones (e.qg.
SGR 411 and SGR417).
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Table 2.23  Site description of tke grandisclonal trial 1010806EA6202.

Site descriptors Clonal trial site
description

Plantation Frankfort

Province Mpumalanga

Closest town Sabie

Latitude 25°02S

Longitude 30°55E

Altitude 960 m

Mean annual rainfall 1616 mm

Soll Hutton

Table 2.24  Trial description of the& grandisclonal trial 1010806EA6202.

Trial descriptors  Clonal trial description

Plantation Frankfort

Trial number 1010806EA6202

Trial type Clonal

E. grandisclones 22 (C)

Design 9 x 9 Lattice

Replications 4

Plot size 4x4

Spacing 25mx25m

Controls 20 clones from other trials
1 control(F)

Date planted 12/1986

Traits assessed  Height, defects (2 years)

(age) Height, DBH (4 years)

Height, DBH, stem, defects (5 years)
Height, DBH, stem, defect, disease (7 years)
Height, DBH (11 years)

C =clone, F = family
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Table 2.25  Pedigree of tlte grandisclones in the clonal trial 1010806EA6202.

E. grandis Female Male Family Position of ortet in trial
clone parent parent 1010802EA6207 J. D. M. Keet
Replication Plot Tree

SGR404 G15 G6 1 1 37 2
SGR411 G15 G60 2 2 78 1
SGR417 G17 G44 3 3 166 2
SGR423 G22 G66 4 3 192 3
SGR429 G35 G37 5 2 132 4
SGR428 G35 G37 5 1 71 2
SGR435 G36 G39 6 1 29 3
SGR437 G36 G39 6 2 91 4
SGR438 G37 G4 7 1 17 1
SGR380 G4 G15 8 2 122 1
SGR390 G4 G58 9 3 185 2
SGR451 G44 G4 10 3 159 4
SGR448 G44 G4 10 2 82 2
SGR452 G44 G6 11 1 32 2
SGR467 G45 G58 12 3 203 4
SGR477 G50 G19 13 3 173 2
SGR474 G50 G19 14 1 46 4
SGR478 G50 G22 15 2 126 1
SGR479 G50 G22 15 3 201 2
SGR516 G50 G4 16 3 213 3
SGR470 G50 G4 16 1 48 2
SGR471 G50 G4 16 1 48 4
SGR472 G50 G4 16 2 93 2
SGR488 G58 G17 17 3 163 2
SGR483 G58 G4 18 2 118 3
SGR481 G58 G4 18 1 58 2
SGR394 G6 G4 19 1 62 3
SGR494 G66 G39 20 1 52 2
SGR495 G66 G39 20 1 52 3

The locations of the family trial and the clonal trial are indicated in Figure 2.6. The
family trial was established in the Lowveld of the Limpopo province, whereas the

clonal trial was established in the Lowveld of Mpumalanga.
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Figure 2.7 Location of thE. grandisfamily trial 1010802EA6207 and the clonal
trial 1010806EA6202.

2.3.3.2 Set 2

The second set d&. grandisfamily and clonal trials consisted of two family trials and
one clonal trial. The family trials were two trials from the CSIRs B+ grandis
breeding population. The trials 1010802EA62A1 and 1010802EA62A2 were planted at
the J. D. M. Keet plantation (see site description in Table 2.21). The family trials at J.
D. M. Keet consisted of half-sib families as they resulted from open pollination, unlike
all other family trials used in this study. Selections from these two trials were
established in the clonal trial 1010806EA6204 at the Wilgeboom plantation. Because of
renumbering of trees after thinning and rogueing of the family trial, the link between the
ramets in the clonal trial and the ortets in the family trial 1010802EA62A2 was lost.
This trial could thus not be used for this study. Therefore only the trial
1010802EA62A1 will be discussed below. The trial description of this trial is presented
in Table 2.26.
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Table 2.26  Trial description &. grandisfamily trial 1010802EAG62A1.

Trial descriptors Family trial description
Plantation J. D. M. Keet
Trial number 1010802EAB2A1
Trial type Progeny trial

E. grandisfamilies 60E. grandis(F)
Design 8 x 8 Lattice
Replications 9

Plot size 2x2

Spacing 2.7mx27m
Controls 4 controls (F)
Date planted 03/1983

Traits assessed (age) DBH, defect (3 years)
height, DBH, stem, defect (4 years)

F = family

Clonal selections from 1010802EA62A1 were made in 1991. Coppice was collected
after clearfelling of the trial in 1991 and cuttings were established together with
selections from 1010802EA62A2 in the clonal trial 1010806EA6204 at Wilgeboom.
Selections from 1010802EA62A1 were based on BLP predictions using information
from four sources: parental information from trial 1010802EA6206 (a trial from the
previous generation) at 81 months; volume and stem straightness family data from
1010802EA62A1 at 36 and 56 months; and individual tree and family data (94 months)
from trial 1010802EA62A1 (Pierce 1992). The clonal trial included both pulp
selections, which were selected for volume (70%) and density (30%), as well as
selections for saw timber which were based on volume (45%), density (18%), splitting
(27%) and stem straightness (10%). It is assumed that forward selection and backward
selection for breeding values were used, as the clonal forward selection option was not
available at that stage. Very hot weather (>40°C) was experienced shortly after planting
and plants were scorched. The trial file also notes some drought damage in the trial but

there is no indication of the timing and the extent of the damage. The Wilgeboom
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plantation site is described in Table 2.27 and the trial description in Table 2.28. The
pedigree of the clones is presented in Table 2.29. The table shows that only replication

and plot information was available for the identity of the ortet and no tree identity.

Table 2.27  Site description of the trial site of the trials 1010806EA6204 and

1010806EA6207.
Site descriptors Clonal trial site description
Plantation Wilgeboom
Province Mpumalanga
Closest town Graskop
Latitude 24°56S
Longitude 30°57E
Altitude 945 m
Mean annual rainfall 1348 mm
Soil Hutton

Table 2.28  Trial description &. grandisclonal trial 1010806EA6204.

Trial descriptors Clonal trial description

Plantation Wilgeboom

Trial number 1010806EA6204

Trial type Clonal

E. grandisclones 91 (C) from 1010802EA62A1
Design RCB

Replications 10

Plot size Single tree

Spacing 35mx35m

Controls 54 clones from 1010802EA62A2 (C)

2 of unknown origins (C)
2 control(F)
Date planted 02/1992

Traits assessed (age) height, DBH, stem, defect (4 years)
height, DBH, stem, defect, disease (6 years)
height, DBH, stem, defect, disease (9 years)
splitting (11 years)

C = clone, F = family
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Pedigree of tlie grandisclones in the clonal trial 1010806EA6204.
E.grandis Female Male Position of ortet in trial
clone parent parent 1010802EA62A1 J. D. M. Keet

Replication Plot
SGR1193 AG10 OP 5 277
SGR1202 AG10 OoP 8 459
SGR1279 AG12 OoP 1 58
SGR1243 AG13 OoP 2 86
SGR1264  AG13 OoP 6 383
SGR1207 AG15 OoP 6 354
SGR1230 AG15 OoP 8 480
SGR1284 AG15 OP 1 7
SGR1289 AG15 OoP 9 534
SGR1198 AG17 OP 4 249
SGR1229 AG17 OoP 8 481
SGR1244 AG17 OP 3 171
SGR1222 AG18 OoP 8 449
SGR1227 AG18 OoP 1 64
SGR1249 AG18 OoP 3 142
SGR1195 AG19 OoP 3 169
SGR1217 AG2 OP 7 396
SGR1271 AG2 OP 9 575
SGR1189 AG20 OoP 6 329
SGR1197 AG20 OoP 4 233
SGR1269 AG20 OoP 9 555
SGR1273 AG20 OoP 7 424
SGR1247 AG21 OP 2 111
SGR1187 AG23 OoP 6 343
SGR1196 AG23 OoP 2 70
SGR1206 AG23 OoP 1 29
SGR1245 AG23 OoP 3 178
SGR1190 AG25 OP 5 275
SGR1220 AG25 OoP 3 144
SGR1221 AG25 OoP 9 539
SGR1259 AG25 OoP 4 200
SGR1263 AG25 OoP 8 486
SGR1266 AG25 OoP 7 413
SGR1272 AG25 OoP 1 92
SGR1203 AG26 OoP 8 466
SGR1218 AG26 OoP 9 515
SGR1225 AG26 OoP 1 42
SGR1253 AG26 OoP 5 264
SGR1233 AG27 OoP 6 350
SGR1211 AG29 OoP 9 550
SGR1261 AG30 OoP 7 434
SGR1191 AG31 OP 7 435
SGR1280 AG32 OoP 1 26
SGR1204  AG33 OoP 6 360
SGR1223 AG33 OoP 8 454
SGR1228 AG33 OoP 9 568
SGR1192 AG34 OoP 7 448
SGR1205 AG35 OoP 9 559
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E.grandis Female Male Position of ortet in trial
clone parent parent 1010802EA62A1 J. D. M. Keet
Replication Plot
SGR1268 AG35 OoP 7 429
SGR1237 AG36 OoP 8 507
SGR1255 AG36 OoP 4 202
SGR1219 AG37 OoP 5 263
SGR1252 AG37 OoP 4 228
SGR1235 AG38 OoP 3 150
SGR1267 AG38 OP 6 372
SGR1194  AG39 OP 5 284
SGR1274  AG39 OP 2 121
SGR1285 AG39 OP 1 16
SGR1209 AG40 OP 9 570
SGR1213 AG40 OoP 8 504
SGR1265 AG40 OoP 7 406
SGR1282 AG40 OP 2 115
SGR1240 AG42 oP 3 155
SGR1283 AG43 OoP 1 28
SGR1238 AG44 OoP 8 499
SGR1376 AG44 OoP 6 321
SGR1199 AG45 OoP 4 211
SGR1250 AG46 OoP 4 212
SGR1188 AGAT OoP 4 210
SGR1231 AG4T OoP 5 271
SGR1234  AG47 OP 6 324
SGR1241 AG49 OP 3 175
SGR1212 AG50 OoP 2 98
SGR1377 AG50 OoP 3 141
SGR1288 AG51 OoP 1 30
SGR1246 AG53 OoP 5 270
SGR1256 AG53 OoP 3 151
SGR1278 AG54 OoP 2 71
SGR1210 AG55 OoP 8 491
SGR1260 AG55 OoP 6 382
SGR1287 AG55 oP 9 533
SGR1290 AG55 OoP 3 134
SGR1375 AG55 OoP 5 290
SGR1214  AG57 OoP 9 516
SGR1277 AG59 OP 1 40
SGR1292 AG6 OoP 3 161
SGR1200 AG60 OP 8 467
SGR1215 AG60 OP 2 83
SGR1258 AG60 OP 7 405
SGR1281 AG60 OP 1 5
SGR1275 AG9 OP 4 243

OP = open pollinated
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The location of the family and clonal trials are presented in Figure 2.8. The family trial
was established in the northern Limpopo province, whereas the clonal trial was
established in the Mpumalanga Lowveld.
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Figure 2.8 Location oE. grandisfamily trial 1010802EA62A1 and clonal trial
1010806EA6204 plantations.

The trial 1010802EA62A1 was allowed to re-coppice after felling and a second round
of selections was made in 1996. These selections and together with selections from the
trials 1010802EA62A2 and 1010802EA62A3 were used for the establishment of a
second clonal trial at the Wilgeboom plantation. These sets of trials formed the third set
of E. grandistrials.

2.3.3.3 Set 3

The third set of family and clonal trials consisted of the threefakily trials
1010802EA62A1, 1010802EA62A2 and 1010802EA62A3 and one clonal trial, the trial
1010806EA6207 at Wilgeboom. The three family trials which were established on the J.
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D. M. Keet plantation consisted of half-sib families. As there was no link between the
ramets in the clonal trial and the ortets in the trials 1010802EA62A2 and
1010802EA62A3 because of renumbering of trees after thinning, these two trials could
not be used for the analysis. Information on the trial site is presented in Table 2.21 and
the trial description of 1010802EA62AL1 is presented in Table 2.26.

The clonal trial 1010806EA6207 that consisted of low wood splitting selections was
established at Wilgeboom. The selections were based on BLP breeding values
predictions using clonal forward selection. The analysis was based on the assumption
that the total genetic variance consisted of 20% non-additive and 80% additive genetic
variance (Verrynet al. 1997). The selection was based on 94 month-assessments of
volume (40%), stem straightness (10%) and splitting (50%). The trial site has been
described in Table 2.27 and the trial description is presented in Table 2.30. The pedigree
of the trial is presented in Table 2.31. Twenty of the clones in the clonal trial EA6207 at

Wilgeboom were also in the clonal trial EA6204 at Wilgeboom.

Table 2.30  Trial description &. grandisclonal trial 1010806EA6207.

Trial descriptors Clonal trial description
Plantation Wilgeboom
Trial number 1010806EA6207
Trial type Clonal
E. grandisclones 25 (C) from 1010802EA62A1
Design RCB
Replications 6
Plot size 1x5tree
Spacing 3mx3m
19 from 1010802EA62A2 (C)
Controls 12 from 1010802EA62A3 (C)

4 from other trials (C)
1 control(F)
Date planted 12/1996

Traits assessed (age)helght’ DBH, stem, defect, disease (4 years)

C =clone, F = family
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Table 2.31  Pedigree of tlie grandisclones in the clonal trial 1010806EA6207.

E.grandis Female Male Position of ortet in trial
clone parent parent 1010802EA62A1 J. D. M. Keet
Replication Plot
SGR1187 AG23 OoP 6 343
SGR1189 AG20 OoP 6 329
SGR1192 AG34 OoP 7 448
SGR1212 AG50 OoP 2 98
SGR1213 AG40 OoP 8 504
SGR1217 AG2 OoP 7 396
SGR1228 AG33 OoP 9 568
SGR1229 AG17 OoP 8 481
SGR1233 AG27 OoP 6 350
SGR1235 AG38 OoP 3 150
SGR1243 AG13 OoP 2 86
SGR1244 AG17 OoP 3 171
SGR1249 AG18 OoP 3 142
SGR1250 AG46 OoP 4 212
SGR1256 AG53 OoP 3 151
SGR1261 AG30 OoP 7 434
SGR1264 AG13 OoP 6 383
SGR1273 AG20 OoP 7 424
SGR1274 AG39 OoP 2 121
SGR1276 AG15 OoP 5 318
SGR1277 AG59 OoP 1 40
SGR1559 AG12 OoP 4 253
SGR1560 AG59 OoP 2 136
SGR1574 AG30 OoP 9 560
SGR1576 AG30 OP 4 217

OP = open pollinated

2.3.4 Trait descriptions

Four traits were assessed the trials. Height was measured in metres, using either a height
rod or a vertex hypsometer. Diameter at breast height (DBH) was measured in
millimetres at a height of 1.3 m above the ground using a measuring tape. Stem
straightness was scored on a subjective 8-point scale as indicated in Table 2.32. The
scale was used as a fixed scale and was not adjusted for sites. Disease tolerance was
scored on a subjective 5-point scale, where O represented no visual infestation and 4
represented chronic infestation. Trees showing stunted growth and trees with broken

tops were not assessed. Defects were noted.
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Table 2.32  Descriptors and scores used to assess stem straightness.
Score Short description  Quality Defects

8 Straight Straight stem - pole quality No defects

7 Nearly straight Slight sweep and/or 1 minor bend 1 — 2 minor defects

6 Very slightly One slight sweep + >1 minor bend OR3 — 4 minor defects

crooked more than 1 slight sweep + 1 minor

bend OR more than 2 minor bends

5 Slightly crooked Moderate sweep + 1 moderate bend2 moderate defects OR 2
OR two moderate sweeps + minor moderate + 1 minor
defect OR two moderate bends +
minor defect

4 Moderately Moderate sweep + major bend OR 1 moderate + 1 major OR 2

crooked more than two moderate sweeps OR moderate OR 2 major + 2

more than two moderate bends OR  minor
two major bends + minor defects

3 Crooked Obvious sinuosity or major crooks 2 major OR 2 major + 2

moderate

2 Very crooked Presence of multiple severe Several major + moderate
straightness defects defects

1 Malformed Not merchantable as a short log Major defects

(cork screw)
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CHAPTER 3
METHODS

3.1 Introduction

The data from threBucalyptushybrid and ond=. grandispopulation were analysed to
determine
» the correspondence of predicted and realised clonal performance in hybrid and
pure species trials,
» the most successful method to predict clonal performance in the hybrid
populations,
» the correspondence of prediction in hybrids between closely and distantly
related parent species, and

» the correspondence of prediction in hybrids and pure species.

The methods used are presented in Figure 3.1. Data were first subjected to an
exploratory analysis (step 1) to determine which trials were suitable for the study. The

data were then edited. Genetic parameters were estimated for the family trials and clonal
repeatability was determined in the clonal trials (step 2). Clonal performance was then
predicted using different BLUP methods and constructed indices (step 3). Realised
clonal performance was determined in the clonal trials (step 4). The predicted

performance was then correlated with the realised performance in the clonal trials (step

5). Finally the prediction methods were compared (step 6).
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Family trials Clonal trials

Step @[ Evaluation and editing of data sets ]

- Test for normality and homogeneity of
variances (Shapiro-Wilk, Levene)

- Tests of significance of fixed and random
effects (GLM)

- Trial parameters (means & standard error

- Correction for fixed effects &

standardisation

- Test for normality and homogeneity of
variances (Shapiro-Wilk, Levene)

- Tests of significance of fixed and random
effects (GLM)

- Trial parameters (means & standard errors)

- Variability of traits (Bonferroni)

- Correction for fixed effects & standardisatio

J l

Decision on data to be used in study

Step @[ Estimation of genetic parameters ]

- Additive and dominance genetic variance:
- Narrow sense heritability
- Broad sense heritability

- Repeatability of clonal performance

Step Step
@[ Prediction of clonal performance] @[ Realised clonal performance ]
- BLUP: forward selection [ - Least squares mean ]

- BLUP: clonal selection (20% non-additive)

- BLUP: clonal selection (37% non-additive)

- BLUP: clonal selection (actual % non-additiye)
- Constructed selection indices (11)

4

Step @[Correlation of predicted and realised clonal perform]ance

[ - Pearson correlation ]
Step @[ Comparison of prediction methods ]
[ - Graphical presentation ]

Figure 3.1 Methods used in the study.
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3.2  Evaluation and editing of data sets (step 1)

The most suitable trait was first chosen for the study. Then all data sets were evaluated
for normality of the distribution of errors, homogeneity of error variances and
significance of effects. Data were edited before genetic analyses were performed. All
statistical data analyses and data manipulations were performed with SAS/STAT
software, of the SAS System for Windows (Copyright © 2002-2003 SAS Institute Inc.).

3.2.1 Trait selection

There were two criteria to establish whether the traits assessed were suitable for the
study. The first criterion was that the trait should be assessed in both the family and the
clonal trials. The traits height, diameter at breast height (DBH) and stem straightness
met this criterion. The second criterion was that the traits needed to show sufficient
variability. The variability has two aspects, firstly the variability of the ortets, and

secondly the variability of the ramets. Testing of the variability in the ramets will be

discussed in section 3.2.4. The variability of the traits in the ortets was expected to be
dependent on the degree to which the trait had been subjected to selection historically

and in the process of ortet selection.

The ortets represented only a selected subset of the family trials from which they were
selected. In the hybrid trials this selection of ortets was based on the trait volume, which
is based on height and DBH assessments. It was therefore assumed that the ortets would
display a limited variation for these two traits and they would only represent the top-
ranked individuals for these traits. Consequently there would not be a range of
performances from which the best could be selected in this study. Stem straightness
was, however, less strictly selected and a wider range of performances in the ortets

could be expected. For this reason the study was focused on stem straightness.
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3.2.2 Data evaluation

Analysis of variance (ANOVA) is based on three assumptions: normal distribution of
the errors, homogeneity of error variances and independence of observations. The last
assumption is difficult to verify and has to be inferred from the trial design. In this case
the observations are assumed to be independent. The other two assumptions were tested

by means of statistical tests.

The assumption that the errors were normally distributed was tested using a number of
tests. Measures of skewness and kurtosis, the Shapiro-Wilk statistical test for normality
(Shapiro & Wilk 1965) as well as normality plots (stem-leaf plot, box plot and normal
probability plot) were investigated. The PROC UNIVARIATE procedure in SAS was
used to perform these tests for normality. The Shapiro-Wilk test has been adapted in
SAS to test for normality in sample sizes up to 2000 (Peng 2004). As sample sizes
increase, smaller departures from normality can be detected by the Shapiro-Wilk test.
This test may, therefore, detect small departures from normality which may not affect
the validity of ANOVA tests. It has therefore been recommended to consider these tests
together with other measures such as skewness and kurtosis measures and plots (SAS
1990). The SAS normality tests assess the distribution of the data rather than the
distribution of the residuals. For this reason the residuals were first calculated using an
option in PROC GLM in SAS.

The Levene test (Levene 1960) was used to test for the homogeneity of variances as the
Bartlett test which is commonly used may be inaccurate in cases where the distribution
is not normal (Box 1953).

An ANOVA procedure was performed to determine whether replications and families
or clones differed significantly. The analyses were done using the PROC GLM
procedure as it is most suitable for unbalanced data sets. Treatments were considered to
be random effects and block and replication effects to be fixed effects. Interaction
effects were not considered at this stage as the aim of the analysis was just to determine

whether treatment effects were significant and whether there was a need to correct for
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block and replication effects. The following model was used for trials with a

randomized complete block design:

Yij = pt it B +gj

where
Vi = the |" replication of the't family or clone
i = trial mean
0 = the effect due to the family or clone
B; = the effect due to replications
&j = the random error associated with thegplication of ' family or clone.

Where trials were designed as lattice or alpha lattice designs, the model contained an

additional block variable:

Yijk = p+ ait By + Yi+ gk

where
ve = the effect of the'kblock in the | replication

The trial means for stem straightness as well as the corresponding standard errors were
determined for all trials by means of the PROC MEANS procedure in SAS.

3.2.3 Data editing

The data were edited before analysis. Missing values, controls and outliers were deleted,

data were corrected for significant fixed effects and were standardised.

Data were corrected for replication effect. Replication was considered to be a fixed
effect and was corrected for to reduce bias of selection from good performing

replications. Correction was done by the following equation:
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Yijk corrected— yijk - (yi - IJ)

where
yixk = the kth tree of thd'jreplication of the'? family or clone
\ = the mean of thdjreplication
i = trial mean

Similarly, in trials where block effect was significant, a correction was made for block
effect within replication and data were then analysed as randomized complete block
designs. In cases where data of two sets of clonal trials were concatenated for analysis,
the data were also corrected for trial effect. This, however, assumes no clone x site
interaction.

All data were standardised by transforming the values to a distribution with a mean of
zero and a standard deviation of one using PROC STANDARD in SAS. This
standardisation allowed for the comparison of data that were measured at different ages
because the standardised data sets were independent of the ranges of values. Another
advantage of standardising data is that it becomes easy to compare relative rankings of

individuals in a selection index.

3.2.4 Testing for variability in the clonal trials

It was expected that high selection pressure in the family trials would decrease the
variability of the trait in the clonal trials. Variability was therefore assessed. The

Bonferroni test was chosen as it is one of the few multiple comparison methods that can
be applied in the case of unbalanced data. The BON option of the MEANS statement of
the PROC GLM procedure was used. The number of statistically different groups was

used as a measure of variability.
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3.3  Estimation of genetic parameters (step 2)

Additive and dominance genetic variances were determined for all family trials that
consisted of full-sibs. Narrow and broad-sense heritability were estimated for these
family trials. Narrow-sense heritability was also estimated forethgrandistrial that
consisted of half-sibs and clonal repeatabilities were determined for the clonal trials.
The genetic parameters were estimated using genetic theory that has been developed for
large randomly mating populations and therefore effects such as the coefficient of the
HWD were ignored (Wet al 2004).

The phenotypic variance of a trait can be partitioned into a genetic and an
environmental component and interaction between these two components (Falconer

1981):

2 2 2 2
=’ +0’+
0, =04 +0, +0,

where
Gs = the phenotypic variance
Gs = the genetic variance component
Gi = the environmental variance component
G;e = the variance attributed to the interaction between genotype and the environment

The genetic variance has an additive and a non-additive component (Falconer 1981):

2 2 2
Gy =0,%0,,
where
(52 = the additive genetic variance
Gﬁa = the non-additive genetic variance

The non-additive genetic variance consists of dominance genetic varigpjcand an

epistatic interaction component which results from the interaction of different loci
(Falconer 1981).



&

£

ﬂ UNIVERSITEIT VAN PRETORIA 77
. UNIVERSITY OF PRETORIA
\ 4

YUNIBESITHI YA PRETORIA

3.3.1 Estimation of additive and dominance genetic variance

The additive and dominance genetic variance may be estimated from full-sib family
trials. In the absence of inbreeding the genetic variance effects may be estimated by
(Becker 1992):

1 1
467 =4 coys= c§+20§a+1—60§aa+...+40f,|

1 1
2 2 2 2
40, =4 coys=o,.+—0G,. +—o0O

m a :I aa 16 aaa

207 +6%,) = oo+ cOvyg ) =02 + S 0h+ 0%+ 200

2
aa

4oy, = ‘[COVFS_ (COVHS(f)+COVHS(m))] =0, +%G +%G§d +%G§d +%G§d +gG§aa+462M

where
sz = variance due to female parent effects
ci = variance due to male parent effects
szm = variance due to interaction between male and female parents
csia = epistatic genetic variance due to interaction of additive effects at two loci
ciaa = epistatic genetic variance due to interaction of additive effects at three loci
Gid =  epistatic genetic variance due to interaction of additive and dominance effects at two
loci
csd = epistatic genetic variance due to interaction of dominance effects at two loci
(52M = variance due to maternal effects

COVc= covariance of full-sibs

COV,s= covariance of half-sibs with the subscript indicating male and female

If the epistatic variances and maternal variances are assumed to be negligible the

additive genetic variance can be estimated as:
ot =2of +o7,)

and the dominance genetic variance as:
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2 2
6y =4og,

Significance of effects (female, male, female x male, female x replication, male x
replication, fem x male x replication) was tested by means of the PROC GLM
procedure. As the female x replication and male x replication effects were non-
significant, these terms were excluded in the model. The estimation was based on the

following model:

Yik=p + ai + Bj +yic + @B + si

Where
Yiik = the observation of thé"ull-sib progeny in a plot of thd'ipollen
parent and thé"maternal parent
u = trial mean
0 = the effect of the"l pollen parent
B; = the effect of the"j maternal parent
Yk = fixed replication effect
(ap); = interaction of the paternal and maternal parents
€ijk = environmental effect and remainder of genetic effect between full-sibs on

the same plot

Where there were significant female x male x replication effects, an additional term

(aBy)ix was included in the model to account for this effect.

In the case of the G x S hybrid family trial at Kiaat, where there were no significant
female x male interactions, the term was not included in the model the model was

reduced to:

Yij=p + o + By + vk + g

The variance components?,¢> ,0;,and ¢2) were estimated using the REML option

in the PROC MIXED procedure in SAS. The standard errors of these variance
components were estimated by the programme by specifying the COVTEST option.
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The standard error of the additive genetic variance was then calculated as:

selo})= 2{selof )+ selo?,)

and the standard error of the dominance genetic variance as:

se(aﬁ ) = 4>(se(of2m ))

3.3.2 Narrow-sense heritability

Narrow-sense heritability is defined as the ratio of additive genetic variance to

phenotypic variance (Falconer 1981):

'UQN | QJQN

h2

For the family trials consisting of full-sib families estimates of narrow-sense heritability
were based on the estimates of additive and dominance genetic variance. Under the

assumption of negligible epistatic variance the narrow-sense heritability is estimated as:

2

Oa

h? =

o, togto;
The standard error of the narrow-sense heritability estimate was calculated as:

S&(hz) :—Se'c(ja)

p

For the family trial 1010802EA62A1 which consisting of half-sibs, the additive genetic
variance was estimated from the family varianeg, (). Although the trial consisted of

half-sibs, it was expected that there would be some degree of selfing and mating
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between related individuals that would bias the estimate of the additive genetic variance
components. It was, therefore, assumed that there was a 20% increased “relatedness”

relative to open pollination (Verryn, 1993). A coefficient of relationship of 0.3 was

therefore used for the estimation of additive genetic variance. If it is assumerf that

is negligible, the expressioB.33x s>, provides an upper bound estimate ddrand

the heritability for full-sibs is estimated as:

_ 333x07,

2
Gp

h2

The Mixed Model Least-Squares and Maximum Likelihood program (LSMLMW &

MIXMDL PC-2 Version) developed by Harvey (1990) was used to determine the
variance components for the estimation of narrow-sense heritability in the half-sib
family trial. Model 2 of the program was used as there were no significant family-

replication interactions.

3.3.3 Broad-sense heritability

Broad-sense heritability is defined as the ratio of the total genetic variance to the

phenotypic variance (Falconer 1981):

H? =

Under the assumption of negligible epistatic variance the genetic variance is estimated

as:
2 2 2
G, =0, t 0y

The estimates of additive and dominance genetic variance were used to estimate broad-

sense heritability. The standard error was calculated as:
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3.3.4 Repeatability of clonal performance

Repeatability is a measure of the degree of agreement between repeated measurements
of the same trait on the same individuals. In this case clonal repeatability was defined as
the degree of agreement of different ramets of the same clone. The calculations of the

clonal repeatability were based on the following statistical model:

Ykm= U + 0k + &m

where
Yim = the observation of the"tmamet of the R clone
v =  the common mean

ok the effect of the'kclone

€xm the deviation of the thramet of a clone

Table 3.1 ANOVA on which estimation of clonal repeatability was based.

Source Degrees of Sum of squares Mean sum of Expected mean sum of
freedom (SS) squares (MS) squares (EMS)
Among clones n-1 SS, MS,, 0%tk 6%y
Within clones n(m-1) SS MS, o%

between ramets

where

n number of trees

m number of ramets per clone

kl = m
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The repeatability of clonal performance is given as (Becker 1992):

R=——"
(53\, + Gi
where
R = repeatability
0%, = variance between clones
0% = variance between ramets of tHedtone

The variance components were estimated using the PROC VARCOMP procedure of

SAS and the repeatabilities were calculated in Microsoft's Excel (2003).

The standard error of the repeatability estimates was calculated using (Becker 1992):

_ 2
s.(RD \/ 2(m- 1)(+ Rf[1+ (k, -1)R]
K (m-n)(n-1)
where
m. = total number of measurements
ky = number of ramets per clone

number of clones

]
1

3.4  Prediction of clonal performance (step 3)

Two different BLUP selection techniques were used to determine whether these
methods were efficient for selecting clones from hybrid trials. In the first approach,
breeding values (BV) were predicted. With this method only the additive genetic
potential of each individual is estimated by combining both parental and within family
breeding value components (Xiang & Li 2001). In the second approach the genetic

values (GV) were predicted. This method includes both additive and non-additive
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genetic values and accounts for the total genetic effects (Xiang & Li 2003). In addition
to the BLUP selection techniques, a series of selection indices were constructed which

placed different weights on individual versus family performance.

3.4.1 Choice of programme for BLUP

Two programmes, Matgen and ASReml, were considered for the estimation of breeding
and genetic values. ASReml is a programme that was developed by the Biometrics
Programme of NSW Agriculture and the Biomathematics Unit of Rothamsted
Experiment station (Gilmouet al. 2002). This programme has been developed for the
analysis of balanced and unbalanced data from agricultural, medical and environmental
sciences and is used by a number of tree improvement organisations world-wide
(Gilmour et al. 2002). ASReml fits linear mixed models using the Residual Maximum
Likelihood method. The advantage of this package is that the breeding values are
estimated using information from both half-sibs and full-sibs. It would be suited to deal
with backward selection of clones. However, for the forward selection of clones the
individual tree model would need to be expanded to include the dominance genetic
effects and a dominance relationship matrix would need to be constructed that contains
the probabilities that the pairs of alleles in each of the two hybrids are identical by

descent (Kain, personal communication).

Matgen (Verryn & Geerthsen 2007) is a programme that has been developed by the
CSIR. The programme is a multi-trait, multi-site best linear prediction package which
has been developed for unbalanced index selection in tree breeding. It has the capacity
to deal with forward and backward selection as well as clonal selection. When using
least square means for the correction of fixed effects, the predictions that are obtained
are considered to be BLUP solutions (White & Hodge 1989). The disadvantage of the
programme is that it does not use information of half-sibs when predicting full-sib

performance.

It was decided to use Matgen for the prediction of breeding values as it offered several

advantages. The main advantage of Matgen is that it can deal with non-additive variance
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estimates. Furthermore, this programme is routinely used for the prediction of breeding
and genetic values by researchers of the CSIR. Another consideration in the choice of
programmes was that it is hoped that this study will in future lead to improvements in

the Matgen programme to enhance its capability to deal with hybrid populations.

3.4.2 Estimation of breeding values

The data from the family trials that were corrected for fixed effects and standardised
were exported from SAS and saved as a database (.dbf) file which is the format required
by Matgen. BLUP predictions of breeding values were obtained using Matgen version
7.0 (Verryn & Geerthsen 2007). The forward selection option of Matgen was used to
obtain the breeding values (BV). For the full-sib families a coefficient of relationship of
0.5 was used and for the half-sib families a coefficient of 0.3. Breeding value

predictions were saved in a database format.

3.4.3 Estimation of genetic values

The clonal forward selection option of the programme Matgen was used to obtain
genetic values (GV). The programme Matgen includes the non-additive genetic variance

in predicting clonal performance. It was initially decided to use an estimate of non-
additive genetic varianceo(fa/GS) in the populations. As epistatic genetic variances

have not been estimated, non-additive genetic variances were substituted with
dominance genetic variances. In this dissertation the proportion of non-additive genetic
variances will therefore refer to the proportion of the total genetic variance that is
attributed to dominance genetic variance. Estimates of 37%. @vid 20% (GYo)
dominance genetic variance were used for the clonal forward predictions. The first is an
estimate obtained forBucalyptus grandisloned breeding population (Snedden 2001).
The second is an approximation of an estimate of the non-additive genetic variation that
was reported for volume and DBH in Bngrandis x E. urophyllaybrid population at

three years of age (Bouvet & Vigneron 1996). Estimates of dominance genetic variance

that were obtained from analysis of the family trials were also used.
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3.4.4 Prediction using constructed selection indices

A series of combined indices were designed which placed different weights on family
means versus single tree performance. Eleven indices were constructed. The indices

were calculated using the following formulas:

loo= (1.0 x ) + (0 x )
l100= (0.9 x y) + (0.1 x )
l200= (0.8 x yj) + (0.2 x y)
I300= (0.7 % y5) + (0.3 x ).
l400= (0.6 x y5) + (0.4 x y)
Is00= (0.5 x yj) + (0.5 x y)
leos= (0.4 x y;) + (0.6 x )
[700= (0.3 x y5) + (0.7 x ).
lgos= (0.2 x y5) + (0.8 x )
loos= (0.1 x y5) + (0.9 x )
l1000= (0 % yj) + (1.0 x y)

where
Vi = the trait value of thé"iindividual in the | family
Y = the family mean (least squares mean) of tHarily

The subscript of the index label indicates the percentage weight on individual tree
performance. The indexgh, for example, places 90% weight on the family mean and

10% weight on the individual tree performance.

The family least square means were calculated using the LSMEANS option in PROC
GLM in SAS.
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3.5 Realised clonal performance (step 4)

The least square means were chosen to estimate the realised clonal performance as these
means are free of bias due to unequal representation across blocks and plots (White &
Hodge 1989). The least square means of the stem straightness scores of the clones were
calculated using the LSMEANS option of the GLM procedure of SAS.

3.6  Correlation of predicted and realised performances (step 5)

The correlation of the predicted performance versus the realised clonal performance was
used as a measure of efficiency of the predictions. From each family trial at least
fourteen sets of predictions of clonal performances were obtained: BLUP breeding
value predictions; BLUP genetic value predictions based on the assumption of 20%
non-additive genetic variance; genetic value predictions based on an assumption of 37%
non-additive genetic variance; and predictions based on the 11 constructed indices. In
the case of the full-sib family trials an additional genetic value prediction was added
which was based on the proportion of dominance variensu?&sf) estimated for the

trial. These predictions were correlated with the realised clonal performances as
determined by the least square means in the clonal trials. The correlations are presented
in Figure 3.2. The predictions in the family trials were done for all individuals,
irrespective of whether they were represented in the clonal trials or not. However, only

those trees that were selected as ortets could be used for in the correlations.
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Figure 3.2 Predictions of clonal performance to be correlated with realised clonal
performance.

3.6.1 Linkage of ortet and ramet performance

In order to determine the correlations, the predictions which were based on ortet
performance and the realised performance of the ramets needed to be linked and joined
into a single file. As the data were in a number of different formats, the first step was to
convert all data into a single format (comma separated values) that could be read by
SAS. Furthermore, a link was required to associate ortet identity with clonal identity to
allow for merging of the data sets with the predictions with the data sets containing the

realised performance information.

The replication, tree and plot variable of the ortets were merged into a single ‘link’

variable. The tree and replication variables were converted in Microsoft's Excel (2003)
to three-digit variables and the plot to a four-digit variable before merging the three
values into a single variable. For the trial 1010802EA62A1 where tree number was not

included in the clonal identity, the link variable consisted only of replication and plot.
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The link variable was added to all files containing the clonal performance predictions.
In the case of the clonal trials, the ortet information had to be added before a link
variable could be created. The ortet information was obtained from selection register
files that contained information on the clone identity as well as information on the ortet

identity.

The files containing the predicted performances and the files containing the
corresponding realised performances were imported into SAS and corresponding family
and clonal data were merged by the ‘link’ variable. These merged data sets were used to

determine the correlation between the predicted and realised clonal performances.

3.6.2 Correlation

The predicted performances that were based on ortet performance were correlated with
the realised clonal performances in the clonal trials to assess the relationship between
the breeding values, the genetic values and the 11 constructed indices with the realised
clonal performances. As standardised index values were correlated with standardised
least square means values of the clones, it was decided to use the Pearson correlation.
The values were correlated using the PEARSON option of the PROC CORR procedure
in SAS.

3.7  Comparison of prediction methods (step 6)

The correlations of the predicted clonal performances with the realised clonal
performance were plotted on a graph to allow for visual assessment of the relative
efficiencies of the eleven different predictions. The graphs were plotted using the
Microsoft's Excel (2003) graph function.
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CHAPTER 4
RESULTS

4.1 Introduction

A large number of trials from the CSIR eucalypt hybrid breeding programme were
screened and three hybrid family and five clonal trials were identified as being
potentially suitable to investigate the efficiency of BLUP predictions in hybrid
populations. In addition, twk. grandisfamily and three clonal trials were identified as
potential pure species controls. The data from these trials were evaluated to determine
whether they were suitable for the analysis. Once the trials were chosen, genetic
parameters were estimated, followed by prediction of clonal performance using
different prediction methods and estimation of the realised clonal performance. The
predicted and realised performances were then correlated to establish the best prediction
method and the efficiency of BLUP prediction methods. The results of this study are
presented in this chapter.

4.2  Statistical description of data sets

The data sets from all family and clonal trials that were selected for the study were
subjected to an exploratory analysis to determine whether the data met the assumptions
of normality and homogeneity which are required for analysis of variance. Trial means

and standard errors were determined and significance of effects was investigated.

4.2.1 Trial means

The trial mean values of stem straightness together with their standard errors are
presented in Table 4.1. The lowest average score (4.2) was obtained for the hybrid
family trial 1010603EA0003 at Salique and the highest average score (7.1) tor the
grandisfamily trial 1010802EA62A1. This high average score could be ascribed to the
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fact that this trial consisted of third generation improved material which had been

selected for stem straightness.

4.2.2 Normality

All trials were analysed to determine whether the residuals were normally distributed.
The skewness and kurtosis measures and the results of the Shapiro-Wilk test for the
corrected and standardised data are presented in Table 4.1. The null-hypothesis of the
Shapiro-Wilk test is that the residuals are normally distributed, therefore p-values that
are larger than 0.05 indicate that values are normally distributed at the 5% level of
significance. The Shapiro-Wilk test indicates that the values are normally distributed in
the trials 1010802EA6207 at J. D. M. Keet, 1010603EA0004 at Grootboom,
1010806EA0011 at Westfalia and Dukuduku and the trial 1010806EAQ0006 at

Dukuduku. In all other trials the Shapiro-Wilk test indicates a departure from normality.

The data from the sister clonal trials 1010806EA0011 at Dukuduku and Westfalia and
1010806EA0006 at Port Durnford and Dukuduku were concatenated to give larger data
sets. The data from clones that were represented in Bothrandis clonal trials
1010806EA6204 and EA6207 were also joined to form one data set. Normality tests for
the joint data sets are presented in Table 4.2. In the trial 2010806EA0006 a departure
from normality was indicated by the Shapiro-Wilk test whereas the other clonal trials

showed a normal distribution.

The skewness and kurtosis measures were used as additional measures of normality. In
a normal distribution both measures are zero. In some trials high kurtosis values
indicated leptokurtic distribution of residuals, whereas large negative values indicated a

platykurtic distribution.

A third test for normality that was considered was the normal probability plot, a graph
that plots the quantiles of the residuals against the quantiles of the standard normal
distribution. A straight line is an indication of a normal distribution. Normal probability

plots for the trials are presented in Figure 4.1.
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All three tests indicated a departure from normality in some of the trials, but the
departures were not considered to be large enough to warrant transformation of the data.
Tests that were more robust to departures from normality than the normal ANOVA

were therefore used for the analysis of the data where applicable.

1010802EA6207 J.D.M. Keet 1010802EAG2A1 J.D.M. Keet 1010603EA0005 Kiaat 1010603EA0004 Groothoom
1010603EA0003 Salique 1010806EA6202 Frankfort 1010806EA6204 Wilgeboom 1010806EA6207 Wilgeboom
| // | ‘ / ] ' ' ‘
1010806EA0011 Westfalia 1010806EA0011 Dukuduku 1010806EA0006 Port Durnford 1010806EA0006 Dukuduku
p / A‘ P ) p | /
1010806EAQ010 Bossieskop 1010806EA6204 & 6207 Wilgeboom 1010806EA0011 Westfalia & Dukuduku ~ 1010806EA0006 P. D. & Dukuduku

Figure 4.1 Normality probability plots of the trials.
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Table 4.1 Trial means for stem straightness, measures of normality, homogeneity and significance of differences between treatments.

Trial Trial Age n Mean  Stand. Normality of distribution Homogeneity  Significance of treatments
type  (months) error of variances
Skewness  Kurtosis Shapiro- Levene ANOVA Bonferroni

Wilk Pr>F Pr>F test: no. of

Pr<w groups
1010802EA6207 J. D. M. Keet  family 49 1245 4.557 0.045 -0.028 -0.270 0.2553 0.8329 <0.0001
1010802EA62A1 J. D. M. Keet  family 56 539 7.128 0.033 -0.177 -0.466 0.0002 0.0167 0.0001
1010603EA0005 Kiaat family 74 464 5.506 0.027 -0.015 0.158 0.0004 <0.0001 <0.0001
1010603EA0004 Grootboom family 64 1272 5.517 0.023 -0.034 -0.027 0.2238 <0.0001 <0.0001
1010603EA0003 Salique family 50 947 4.223 0.032 -0.010 0.023 0.0220 0.6554 <0.0001
1010806EA6202 Frankfort clonal 48 3374 5.138 0.091 -0.379 0.859 <0.0001 <0.0001 <0.0001 22
1010806EA6204 Wilgeboom clonal 52 836 5.492 0.021 -0.380 -0.257 <0.0001 0.2225 <0.0001 1
1010806EA6207 Wilgeboom clonal 44 609 6.135 0.035 -0.213 0.121 0.0010 0.0013 <0.0001 4
1010806EA0011 Westfalia clonal 38 163 5.202 0.073 -0.157 0.191 0.4620 0.1049 0.0014 2
1010806EA0011 Dukuduku clonal 43 119 4.891 0.091 0.018 -0.388 0.8861 0.2922 0.0196 2
1010806EA0006 Port Durnford  clonal 48 629 4.826 0.064 -0.379 0.859 <0.0001 0.5077 <0.0001 4
1010806EA0006 Dukuduku clonal 48 656 4.664 0.049 -0.187 0.154 0.1756 0.2927 <0.0001 5
1010806EA0010 Bossieskop clonal 34 818 4.614 0.031 0.379 0.859 <0.0001 0.0111 <0.0001 11

n = number of trees

Table 4.2 Measures of normality, homogeneity and significance of differences treatments in combined clonal data sets.
Trial n Normality of distribution Homogeneity of Significance of treatments
variances
Skewness  Kurtosis Shapiro-Wilk Levene ANOVA Bonferroni test:
Pr<w Pr>F Pr>F number of groups
1010806EA6204 & 1010806EA6207 Wilgeboom 612 -0.240 -0.188 0.0649 0.8970 <0.0001 3
1010806EA0011 Westfalia & Dukuduku 297 0.007 0.063 0.5870 0.0950 <0.0001 4
1010806EA0006 Port Durnford & Dukuduku 1312 -0.232 0.568 <0.0001 0.0005 <0.0001 10

n = number of trees
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4.2.3 Homogeneity of variances

The results from the Levene test for homogeneity of error variances are presented in
Table 4.1. A large p-value (>0.05 for the 5% level of significance) indicates that the
data do not reject the hypothesis of homogeneity of variances. The Levene test indicates
that in six trials (1010802EA62A1 at J. D. M. Keet, 1010603EA0005 at Kiaat,
1010603EA0004 at Grootboom, 1010806EA6202 Frankfort, 1010806EA6207 at
Wilgeboom and 1010806EA0010 at Bossieskop) the stem assessments depart from the

assumption of homogeneity of variances.

The mergedE. grandistrials 1010806EA6204 and EA6207 and the merged G x S trials
1010806EA0011 at Westfalia and Dukuduku showed homogeneous variances (see
Table 4.2). The error variances of the trials 1010806EA0006 at Port Durnford and

Dukuduku were not homogeneous.

The homogeneity might be improved by taking plot means rather than individual tree
measurements for the analysis. This is, however, not a useful approach in the family

trials where the aim is to select individual trees rather than families.

4.2.4 Significance of treatment effects

There were significant differences at the 5% level of significance between families in all
family trials and significant differences between clones in all clonal trials (see Table
4.1). There were also significant differences between clones in all three sets of merged
trials (see Table 4.2).

In the clonal tests variability between clones was also assessed as number of
significantly different groups (at the 5% level of significance) identified by means of the
Bonferroni test (see Table 4.1). The trial 1010806EA6204 showed few significant
differences. This lack of significance was observed despite the fact that the trial was
relatively large with 91 clones. The trials 1010806EA0011 at Westfalia and Dukuduku

also showed few significant differences between clones.
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4.3  Selection of trial data

The trial data were analysed to determine whether they met a number of criteria (see
Chapter 2) which had been drawn up to evaluate whether they were suitable for reliable
statistical and genetic analysis. The extent to which the data met the other statistical and
genetic criteria is summarised in Table 4.3. The data sets and trials that were chosen for

the study are presented in Table 4.4.

The statistical criteria were used as guidelines to determine whether the data sets met
basic requirements for reliable statistical analysis. These included sufficient numbers of
trees per treatment within the trials, normality and homogeneity of residuals and
significant differences between treatments. One of the most important of these criteria
was the requirement of significant differences between clones. Ranking of clones would
not be meaningful if there were no significant differences between the clones. The
limited amount of variability between clones eliminated the trial 1010806EA6204 at
Wilgeboom and the two clonal trials 1010806EA0011 at Westfalia and Dukuduku.
Although there were significant differences between clones, only few significantly
groups were identified by the Bonferroni test. However, combining of data sets allowed
for the inclusion of these data sets as part of larger data sets that met more of the
statistical criteria. Furthermore, a number of trials did not meet the requirements of
normality and homogeneity but it was decided that the departure was not sufficiently
large to warrant the exclusion of the data sets. It was therefore decided to include them
in the study but to use robust methods and to interpret the data with caution. Although
traits that were preferred that had been assessed on a continuous scale this criterion

could not be met as stem straightness was assessed on a discrete scale.

The genetic criteria were drawn up to assess whether the data were suitable for genetic
analysis. The sets of hybrid and clonal trials were selected to meet some of the genetic
criteria which included links between ortets and ramets, an appropriate family structure
and various degrees of relatedness of parents. One of these genetic criteria that was not
met was the requirement for large numbers of families in the family trials for the
estimation of heritabilities. In trials such as those of this study approximately 75

families are required for the reliable estimation of heritabilities (Verryn, personal
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communication). Th&. grandisfamily trials and the G x U family trials had the largest
numbers of families (between 60 and 71) and were expected to give more reliable
estimates than the G x S and G x C trials. It would have been advantageous to have
similar environments and common genetic controls but these criteria were not met (see
Table 4.3). Furthermore, although assessments were chosen to be as close as possible to
48 months, there were large deviations from this age with ages varying between 34 and
74 months.
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Table 4.3 Assessment of suitability of trials for the study.
Criteria Measure E. grandis E. grandis GxS GxU GxC
N~ o — <t N~ Te) - - < © (o] ™ o
o o < o o o ~ ~ (o) o o o P
N N N N N o o o o o S o o o
© (] O (] (] (@) (@) (@) (@) o 2 (@) (@) (@)
< @ < < @ < = < = < < < < c < O < < < o
W v w W v w5 w5 w [T w s w5 W = w s w w o
o T © £ o © 3 © 3 ™ T & © X ™ 35 © = © X ™ © ﬁ
o= o o o s o 3 o 3 =} o T o 3 o a o 3 o 3 o o o g
@D o T @ o ¢ o ¢ © D & ® O © =2 ® A ® O © > ® L
o . o= o o 5 o 5 o w o B o 2 o o o - o 2 o T ISI7}
< 0 g 0 o = - = — g 0 = X = O =5 Sé SE 88
S - S S = S=2 S=2 S¥ S= Sa So Sc =0 =) = m
Genetic Type family clonal family clonal clonal family clonal clonal family clonal clonal family clonal
Coeff. of relationship 0.5 1 0.3 1 1 0.5 1 1 0.5 1 1 0.5 1
Similarity of environments no no no yes no no no no
Ages (months) 49 48 56 52 44 74 38 43 54 48 48 50 34
No. of fam. or clones 71 22 60 91 25 36 24 24 69 67 64 32 37
Statistical Number of trees 1245 3374 539 836 609 464 163 119 1272 629 656 947 818
Normality yes no no no no no yes yes yes no yes no no
Homogeneity yes no +/- yes no yes no yes no yes yes yes no
Variability yes no yes no no yes yes yes
Normality (merged trials) yes yes no
Homogeneity (merged trials) yes yes no
Variability (merged trials) +/- yes yes

96
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Table 4.4 Trials included in the study.

Type Family trial Clonal trial(s)

E. grandis 1010802EA6207 JDM Keet  1010806EA6202 Frankfort
E. grandis 1010802EA62A1 JDM Keet 1010806EA6204 & 1010806EA6207 Wilgeboom

GxS 1010603EAQ005 Kiaat 1010806EA0011 Westfalia & Dukuduku
GxU 1010603EA0004 Grootboom 1010806EA0006 Port Durnford & Dukuduku
GxC 1010603EA0003 Salique 1010806EA0010 Bossieskop

4.4  Genetic parameters

The additive and dominance genetic variances were estimated for the full-sib family
trials. These estimates were required for the estimation of narrow and broad-sense
heritability and to obtain estimates of the proportion the total genetic variance that is
attributed to non-additive genetic effects. In the clonal trials repeatability of clonal
performance was estimated.

4.4.1 Additive and dominance genetic variance

Estimates of additive and dominance genetic variances were required for heritability
estimates and to obtain an estimate of the proportion of the genetic variance that is
attributed to non-additive genetic variance. These estimates for stem straightness are
presented in Table 4.5. In the G x S hybrid family trial at Kiaat no significant
interaction between female and male parents could be detected, therefore no dominance
effects could be determined. This may indicate the absence of dominance genetic
variance or alternatively that the number of treatments was too low for an estimate the
variance. In this study the estimates of the proportion of total genetic variance that can
be ascribed to dominance genetic variance decreased with an increasing distance

between the parent species.
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Table 4.5 Additive and dominance genetic variances and the proportion of additive
and dominance over total genetic variance in family trials*.

Trial Type Age 02 Gs s_§ o
2
(months) (se) (s.e.) o2 2
1010802EA6207 JDM Keet E. grandis 49 0.84 0.59 0.59 0.41
(0.41) (0.26)
1010603EA0005 Kiaat GxS 74 0.12 - 1.00 -
(0.07)
1010603EA0004 Grootboom G xU 64 0.17 0.08 0.68 0.32
(0.09) (0.04)
1010603EA0003 Salique GxC 50 0.34 0.13 0.73 0.27

(0.21)  (0.08)

s.e. = standard error
* note that no estimates could be obtained for 1010802EA62A1 as it consisted of half-sib families

4.4.2 Narrow and broad-sense heritability

In the half-sibE. grandisfamily trial narrow-sense heritability estimates were based on
family variance estimates and no estimates of broad-sense heritabilities were obtained.
In the full-sib family trials estimates of both narrow and broad-sense heritability were
obtained with the exception of the trial 1010603EA0005 at Kiaat where no estimate of
dominance genetic variance was obtained. The estimates of broad and narrow-sense
heritability are presented in Table 4.6. Estimates of narrow-sense heritability ranged
from 0.214 to 0.315 in the hybrids and from 0.263 to 0.29&.irgrandis Three
estimates of broad-sense heritability were obtained: 0.455.fgrandis 0.313 for G x

U and 0.344 for G x C.
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Table 4.6 Estimates of narrow and broad-sense heritability for stem straightness in

family trials.
Trial Type Age Number of h? H?
(months) - families trees/  (se) (s.e)
family

1010802EA6207 JDM Keet E. grandis 49 71 16-18 0.263 0.445
(0.129)  (0.210)

1010802EA62A1 JDM Keet E. grandis 56 60 8-10 0.298 -
(0.114)

1010603EA0005 Kiaat GxS 74 36 35-36 0.315 -
(0.183)

1010603EA0004 Grootboom G xU 64 69 8-21 0.214 0.313
(0.116)  (0.165)

1010603EA0003 Salique GxC 50 34 10-80 0.251 0.344

(0.155)  (0.215)

s.e. = standard error

4.4.3 Repeatability of clonal performance

Repeatability of clonal performance was estimated to obtain an indication of the
variability of performances of ramets within clones. A high clonal repeatability value
(close to 1) would indicate that there is little variance due to the environment whereas a

low clonal repeatability indicates a large error variance.

The repeatability estimates are presented in Table 4.7. Repeatability estimates ranged
from 0.062 to 0.200. The trial 1010806EA0010 at Bossieskop gave the highest clonal
repeatability estimates. A very low clonal repeatability (0.062) was estimated for the
trial 1010806EA0011 at Dukuduku.
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Table 4.7 Clonal repeatability of clonal performance in the clonal trials.

Trial Type Age Number of ramets R
(months) per clone (k) (s.e.)
1010806EA6202 Frankfort E. grandis 48 41.64 0.246
(0.032)
1010806EA6204 Wilgeboom  E. grandis 52 5.68 0.111
(0.031)
1010806EA6207 Wilgeboom  E. grandis 44 9.96 0.212
(0.044)
1010806EA0011 Westfalia GxS 38 6.78 0.243
(0.085)
1010806EA0011 Dukuduku GxS 43 4,92 0.062
(0.078)
1010806EA0006 Port Durnford G x U 48 9.67 0.199
(0.042)
1010806EA0006 Dukuduku GxU 48 10.09 0.259
(0.046)
1010806EA0010 Bossieskop GxC 34 22.00 0.299
(0.056)

s.e. = standard error

4.5 Predicted clonal performance

Clonal performance was predicted by means of three different selection techniques, the
constructed selection indices, the BLUP breeding value and the genetic value
predictions. There were two to three predictions for the genetic values based on
different assumptions of the proportion of non-additive genetic variance. As predictions
were obtained for each tree in the family trials, only extracts from the results will be
presented here. The first example of the predictions is the breeding value predictions of
the G x S hybrid trial at Kiaat. The 10 best and 10 poorest performing trees are
presented in Table 4.8. The second is an example of the best and poorest clonal value
predictions for the G x U hybrid trial at Grootboom and is presented in Table 4.9. A
third example which is presented in Table 4.10 is the constructed indices of the G x S
hybrid trial at Kiaat.
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Table 4.8 Breeding value prediction for stem straightness of the 10 best and 10
poorest individuals of the Kiaat hybrid trial 1:010603EA0005.

Family Replication Plot Tree g Corr (8, 9) var (8) Rank
76x1 4 158 2 0.9845665  0.7585950  0.1846671 1
101x5 5 222 2 0.9121858 0.7459578  0.1785658 2
15x4 5 196 4  0.9000666 0.7685619  0.1895516 3
15x4 1 9 3 0.8909704 0.7685619  0.1895516 4
45x4 3 111 5 0.8711099 0.7665333  0.1885523 5
4x2 2 70 3 0.8505773 0.7703670  0.1904430 6
4x2 3 98 3 0.7618901 0.7703670  0.1904430 7
45x7 1 36 6  0.7416471 0.7780576  0.1942644 8
45x7 3 108 1 0.7149272 0.7780576  0.1942644 9
6x7 6 262 6  0.5913543 0.7665333  0.1885523 10
50x2 6 244 1 -0.817827  0.7685619  0.1895516 454
19x7 1 11 4 -0.881305 0.7734394  0.1919651 457
19x7 5 200 5 -0.981078  0.7734394  0.1919651 458
58x7 6 242 1 -1.081779  0.7719834  0.1912431 459
50x2 1 21 3 -1.141308 0.7685619  0.1895516 460
50x7 4 160 1 -1.147367  0.7719834  0.1912431 461
50x7 3 140 4 -1.181762  0.7719834  0.1912431 462
50x2 3 133 4 -1.189631  0.7685619  0.1895516 463
50x7 2 54 6 -1.233212  0.7719834  0.1912431 464

§ = predicted breeding value
var (¢) = variance of the breeding value prediction
Corr (@, g) = the estimated correlation between true and predicted genetic values
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Table 4.9 Genetic value prediction for stem straightness of the 10 best and 10
poorest individuals of the Grootboom hybrid trial 1:010603EA0004.

Family Replication Tree Plot 8 Corr (8, 9) var (8) Rank
045000008 5 4 392 15567033 0.8532086 0.1917605 1
045000008 3 4 248 15245502 0.8532086 0.1917605 2
045000008 1 2 56 14117591 0.8532086 0.1917605 3
045000008 1 3 56 14117591 0.8532086 0.1917605 4
045000008 2 1 154 1.3706745 0.8532086 0.1917605 5
045000008 2 2 154 1.3706745 0.8532086 0.1917605 6
045000008 2 4 154 1.3706745 0.8532086 0.1917605 7
045000008 3 1 248 1.2617111 0.8532086 0.1917605 9
045000008 3 5 248 1.2617111 0.8532086 0.1917605 8
045000008 4 3 326 1.25329 0.8532086 0.1917605 10
035000009 2 1 126  -1.075701 0.8512772 0.1908933 1265
039000009 2 2 103  -1.091542 0.8512772 0.1908933 1266
039000009 2 4 103  -1.091542 0.8512772 0.1908933 1267
039000009 1 1 58 -1.115274  0.8512772 0.1908933 1269
039000009 1 2 58 -1.115274  0.8512772 0.1908933 1268
037000011 1 6 72 -1.215211  0.8468805 0.1889266 1270
039000009 5 1 398 -1.216582 0.8512772 0.1908933 1271
039000009 4 6 348 -1.333201 0.8512772 0.1908933 1272
039000009 2 6 103  -1.374541 0.8512772 0.1908933 1273
039000009 3 5 204  -1.440889 0.8512772 0.1908933 1274

§ = predicted genetic value
var (¢) = variance of the genetic value prediction
Corr (@, g) = the estimated correlation between true and predicted genetic values
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Table 4.10  Predictions of clonal performance based on eleven constructed indices in the hybrid trial 1010603EA0005 at Kiaat.

Clone Rep Tree Plot loy 0% [ 200 300 409 I 509 609 I 70% I 80% l90% I 100%

6x7 6 6 262 -0.173 0.087 0.346 0.606 0.865 1.125 1.385 1.644 1.904 2.163 2.423
76x1 4 2 158 0.561 0.747 0.932 1.118 1.304 1.490 1.676 1.862 2.047 2.233 2419
4x2 2 3 70 0.288 0.500 0.711 0.923 1.135 1.346 1.558 1.770 1.982 2193 2.405
101x5 5 2 222 0.591 0.754 0.917 1.079 1.242 1.405 1.568 1.731 1.893 2.056 2.219
15x4 5 4 196 0.471 0.646 0.820 0.995 1.170 1.345 1.520 1.695 1.869 2.044 2.219
15x4 1 3 9 0.471 0.642 0.814 0.986 1.157 1.329 1.501 1.672 1.844 2.015 2.187
45x7 1 6 36 0.196 0.395 0.594 0.793 0.992 1.191 1.390 1.590 1.789 1.988 2.187
45x4 3 5 111 0.490 0.650 0.811 0.971 1.131 1.292 1.452 1.612 1.772 1.933 2.093
45x7 3 1 108 0.196 0.385 0.575 0.765 0.955 1.144 1.334 1.524 1.714 1.903 2.093
4x2 3 3 98 0.288 0.468 0.649 0.829 1.010 1.190 1.371 1.551 1.732 1.912 2.093
19x7 1 4 11 -0.502 -0.657 -0.812 -0.967 -1.123 -1.278 -1.433 -1.588 -1.744 -1.899 -2.054
50x2 1 3 21 -0.975 -1.083 -1.190 -1.298 -1.406 -1.514 -1.622 -1.730 -1.838 -1.946 -2.054
17x2 4 6 143 0.047 -0.168 -0.383 -0.598 -0.813 -1.028 -1.243 -1.458 -1.673 -1.888 -2.103
17x2 4 1 143 0.047 -0.168 -0.383 -0.598 -0.813 -1.028 -1.243 -1.458 -1.673 -1.888 -2.103
50x7 4 1 160 -0.937 -1.053 -1.170 -1.287 -1.403 -1.520 -1.636 -1.753 -1.870 -1.986 -2.103
50x2 3 4 133 -0975 -1.100 -1.224 -1.349 -1.474 -1599 -1.724 -1.849 -1.974 -2.099 -2.224
50x7 3 4 140 -0937 -1.065 -1.194 -1.323 -1.452 -1580 -1.709 -1.838 -1.967 -2.095 -2.224
19x7 5 5 200 -0.502 -0.692 -0.882 -1.073 -1.263 -1.453 -1.644 -1.834 -2.024 -2.215 -2.405
50x7 2 6 54 -0.937 -1.084 -1.230 -1.377 -1.524 -1.671 -1.818 -1.965 -2.111  -2.258 -2.405
58x7 6 1 242 -0.670 -0.845 -1.021 -1.196 -1.371 -1.547 -1.722 -1.897 -2.072 -2.248 -2.423

Constructed indices fromg) to l;g00 Where the subscript indicates the weight on individual tree performance, the remainder of the weight is attributed to the
family mean
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4.6 Realised clonal performance

In this study realised clonal performance has been defined as the performance of the
clones in the clonal trials. Realised clonal performance was expressed as clone least
square means of the standardised stem straightness assessments. As an example of the
results, the least square means from one trial are presented here. The least square means
of the G x S hybrid are presented in Table 4.11.

Table 4.11  Realised clonal performance of the clones in the combined clonal trials
1010806EA0011 at Westfalia and Dukuduku.

Clone LSM stem
GxS132 0.142161
GxS136 0.273799

GxS140 -0.05502
GxS142 0.515317
GxS143 -0.1659
GxS144 -0.20506

GxS149 0.882029
GxS150 0.285299
GxS151 -0.63724
GxS152 0.159288
GxS153 -0.51172
GxS154 -1.18932
GxS156 0.112845
GxS157 0.074204
GxS158 -0.71371
GxS159 0.074636
GxS160 0.776182
GxS164 0.105674
GxS165 0.018813
GxS168 0.243695
GxS170 -0.22783
GxS171 -0.1639
GxS174 -0.22838
GxS177 -0.23661
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4.7  Correlation between predicted and realised clonal performance

Correlations between predicted and realised clonal performance was obtained for four
sets of trialsE. grandiswas represented by the family trial 1010802EA6207 at J. D. M.
Keet and a clonal trial 1010806EA6202 at Frankfort as well as the family trial
1010802EA62A1 at J. D. M. Keet and the clonal trials 1010806EA6204 and
1010806EA6207 at Wilgeboom; the G x S hybrid was represented by the hybrid family
trial 2010603EA0005 at Kiaat and the clonal trials 1010806EA0011 at Westfalia and
Dukuduku; the G x U hybrid by the hybrid family trial 1010603EA0004 at Grootboom
and the clonal trials at Port Durnford and Dukuduku; and the G x C hybrid by the hybrid
family trial 1010603EA0003 at Salique and the clonal trial EA010 at Bossieskop.

The correlations for the constructed and BLUP indices together with the significance of
the correlation are presented in Table 4.12. Most of the correlations were significant
except for the indices placing a high weight on family mean and all correlations of the G
x C trial 1010603EA0003 at Salique which were all non-significant at the 5% level of

significance.

The values of the highest correlations lay between 0.301 and 0.645. The value of these
correlations decreased with increasing genetic distance between the parent species.
These correlations were lower than the estimated correlation between the true and
predicted genetic values which were given by Matgen (see &og)(in Table 4.8 and

Table 4.9). These estimated correlation& irgrandisvaried between 0.6 (for BV) and

0.88 (for G\k7) whereas the highest realised correlation was 0.645. In the G x S hybrid,
the estimated values lay between 0.74 and 1.14, whereas the highest realised value was
0.522. For G x U the estimated correlations lay between 0.53 and 1.04 and the highest
realised value was 0.335 whereas in the G x C hybrid the estimated correlations were

between 0.63 and 1.01 and the highest realised correlation 0.301.

The correlations of the clonal performance predicted in Ehe grandis trial
1010802EA6207 with the realised clonal performance in trial 1010806EA6202 are not
presented. For these sets of trials the predictions based on family means gave better

correlations than the predictions based on individual tree performance. Investigation
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into the reasons for these results showed that the correlations were not between actual
ortets and ramet performance, as the trees of the family trial had been re-numbered after
thinning. Through this re-numbering of trees the link between the actual ortet and ramet
was lost. The correlations were therefore between trees that were full-sibs of the ortets
rather than the ortets themselves and therefore the family means were more informative
on the clonal performance than the individual tree performances. For this reason only

oneE. grandiscontrol was available for comparison purposes.
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Table 4.12  Correlation between predicted and realised clonal performance for different prediction methods.
Type n Correlation between predicted and realised clonal performance (Prob. > |r|)
) I 10% I 20% I 30% I 40% I 50%  60% 709 I 809% l 909 I 100% BV GV GVsy GV (other)
E. grandis 21 0.201 0.307 0.403 0.482 0.541 0.582 0.609 0.626 0.637 0.642 0.645 0.535 0.586 0.621 - -
(0.382) (0.176) (0.070) (0.027) (0.011) (0.006) (0.003) (0.002) (0.002) (0.002) (0.002) (0.012) (0.005) (0.003)
GxS 23  0.354 0.405 0.446 0.477 0.498 0.512 0.519 0.522 0.522 0.521 0.518 0.477 0.491 0.502 - -
(0.098) (0.055) (0.033) (0.021) (0.016) (0.013) (0.011) (0.011) (0.011) (0.011) (0.011) (0.021) (0.017) (0.015)
GxU 64 0.207 0.259 0.297 0.320 0.331 0.335 0.334 0.331 0.326 0.322 0.317 0.292 0.303 0.314 GV3, 0.311
(0.101) (0.039) (0.017) (0.010) (0.007) (0.007) (0.007) (0.008) (0.009) (0.010) (0.011) (0.019) (0.012) (0.012) (0.012)
GxC 34 0.221 0.255 0.279 0.293 0.300 0.301 0.299 0.295 0.291 0.286 0.281 0.295 0.301 0.305 GV,; 0.302
(0.210) (0.145) (0.110) (0.092) (0.085) (0.084) (0.086) (0.090) (0.096) (0.101) (0.107) (0.090) (0.084) (0.080) (0.082)

I« = Constructed indices where the subscript (x %) indicates the weight on individual tree performance, the remainder of the weight is attributed to family mean
BV = BLUP breeding value prediction

GV = BLUP genetic value prediction with the subscript indicating the percentage non-additive genetic variance

n = number of pairs of values that were correlated

Note: The highest correlations per type are indicated in bold and the highest BLUP predictions are underlined
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4.8 Comparison of prediction methods

The predicted and realised clonal performances were correlated to assess the
effectiveness of the predictions and to determine which of the methods gave the best
results. The eleven constructed indicgg (b l.0009 Were included to obtain a measure

of the optimal prediction that could be expected for the data sets assuming balanced
data. The correlations obtained for the BLUP predictions were therefore compared with
the correlations obtained with the constructed indices to assess the performance of
BLUP predictions in hybrids. The results are graphically represented in Figurg.4.2 (
grandig, Figure 4.3 (G x S), Figure 4.4 (G x U) and Figure 4.5 (G x C).

The highest correlations of the BLUP indices with realised clonal performance were
obtained with the clonal predictions GV These predictions were made based on an
assumption that 37% of the total genetic variance was attributable to non-additive
genetic variance. The predictions that were based on the actual estimations of non-
additive (dominance) genetic variance did not yield higher correlations but the

difference was minimal.

In all trials the constructed indices gave the highest correlations but the BLUP genetic
value predictions based on the assumption of 37% non-additive genetic variance were

very close to these values. This indicates that these clonal predictions were satisfactory.
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Figure 4.4 Correlation of predicted versus realised clonal stem straightness
performance for different prediction methods for the G x U hybrid.
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Figure 4.5 Correlation of predicted and realised clonal stem straightness
performance for different prediction methods in the G x C hybrid.
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CHAPTER 5
DISCUSSION AND CONCLUSIONS

Prediction of breeding and genetic values in interspecific hybrid populations is
challenging. In hybrids differences in the genetic composition of parental species may
for example lead to the production of unbalanced gametes, infertility of certain
genotypes, unequal expression of parental genes, transgressive segregation and genomic
modifications which will all have an impact on the resulting phenotypic and genotypic
composition of the progeny. Transmission of alleles may for example be affected
leading to departures from Mendelian inheritance. Furthermore the quantitative genetic
theory of inheritance in hybrid populations has not been fully developed. Some models
have been developed to explain some aspects of inheritance and some properties of
hybrids such as heterosis (e.g. Stuber & Cockerham 1966; Shockley 1978t ®Wei

1991; Wu & Li 2000) but these are very complex and have not reached a stage where
they have been implemented to adapt selection practices for hybrid populations.
Therefore in practice hybrids are often selected using selection methodology that has
been developed for pure species despite large differences in the underlying genetic
properties of the populations. It is not known to what extent such selections are able to
predict the performance of progeny or clones in hybrid populations. Although the
fundamental problem has been identified by several authors including Gaiffah

(2000), Potts and Dungey (2004) and Flacheneekeal. (2006), it has not been
investigated to which extent the use of pure species selection methodology is applicable

in hybrid populations.

This study is the first study known to investigate the efficiency of prediction in hybrid
populations. The study was based on historical data to establish to which degree the
predicted performance corresponded with the realised performance. As a case study the
selection of ortets in three hybriucalyptuspopulations was investigated. As this
selection deals with the selection of mother trees for the propagation of clonal material,

it focuses on selection in a population that is in Hardy-Weinberg and linkage
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disequilibrium without addressing the added complexities of segregation and

transmission of alleles.

The trait stem straightness was chosen for this study. Stem straightness is an important
trait as it can translate into utilisable saw timber volume. Deviations from stem
straightness such as lean, crook, sweep or twist all reduce the utilisable saw timber
volume and increase the cost of handling and transport (Ehrenberg 1970). This trait was
selected for the study as it had been less severely selected and therefore it was expected
that there would be a larger variability in the performance of ortets. The trait is,
however, difficult to assess and assessments are usually based on a subjective scale. In
this study stem straightness was assessed on an 8-point scale. The resulting data were
treated as continuous data as the standardised data that were corrected for fixed effects

were continuous rather than categorical.

One of the first problems encountered in the analysis of hybrid data is lack of balance of
data and the tendency of the errors to depart from normality and homogeneity. Data
from forest trials tend to be unbalanced anyway and deviation from balance may be
increased in hybrid trials because of inviability of some genotypes. Although many of
the runts may be removed in the nursery, inviability may sometimes only be expressed
after establishment in the field and there may be very poor performing trees in the trials
(Pottset al. 2003). Some families may have a better survival rate than others, leading to
lack of balance of data. Abnormalities and inviability may lead to poor performance of
hybrid individuals (e.g. Edmans 1999; de Assis 2000; Hancock 2005), but heterosis on
the other hand may contribute to individuals that outperform most other individuals
(e.g. Pierce 1994 a; Dale & Dieters 2007). This may yield outliers on both ends of the
spectrum and these may contribute to a non-normal distribution of the data and
potentially also non-normality of the distribution of the residuals. Votkaal. (2008)
reported, for example, that [E. globulus x E. nitenfiybrids showed a more skewed
distribution for DBH at two years than the parent species and suggested that this could
be ascribed to trees that were growing very slowly. As these abnormal trees died out,
the distribution improved at later ages. Factors such as unequal gene frequencies,
dominance, non-allelic interactions, genotype-by-environment interactions and linkage

disequilibrium may also contribute to non-normality (de Toledo & de Miranda Filho
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1985). These authors suggest that directional dominance and unequal gene frequencies
may be the biggest cause of distortion whereas the other factors play a lesser role but
that this distortion will only be a problem in the case of a small number of segregating
loci. Large differences in the performance of hybrids may also result in the departure
from homogeneity of variances. Many eucalypt hybrid families contain both abnormal
and normal individuals (Potts & Dungey 2004). Such large within-family variability in
some families may lead to unequal variances. Although departures from normality and
homogeneity were encountered in this study, the problem was not limited to the hybrid

trials and similar problems were experienced in the pure species trials.

The departure from normality and homogeneity may impact on the reliability of the
analysis of hybrid data. Normality and homogeneity of variances are assumptions on
which some statistical methods such as ANOVAs are based. For the estimation of
variance components methods are required that are more robust to departure from these
assumptions. For unbalanced data REML estimates offer advantages as these estimators
are more robust to violations of the assumption of an underlying normal distribution
(Robinson 1991; Dietenst al. 1995; Wu & Li 2000). For this reason REML was used

to estimate the additive and dominance genetic variances.

In plant breeding applications there have been few reports on the robustness of BLUP
against departures from assumptions such as incorrect specification of relationships,
non-normality or heterogeneity of variances (Piephal 2008). Fonsecat al. (2001)

have done a simulation study to investigate the impact of two violations of assumptions
on genetic gains over 10 generations. The assumptions investigated were that variances
are known without errors and normal distribution of random errors. The authors found
that in the long term the genetic gain was not impacted by violation of these
assumptions. There have, however, been no reports on the effect of violation of the
assumptions of a Hardy-Weinberg equilibrium and linkage equilibrium on the

efficiency of BLUP. These are assumptions that are violated in hybrid populations.

Good estimates of variance components are essential for the reliability of BLUP
estimates as poor predictions may be obtained with inaccurate estimates of genetic
variance components (Piepkb al. 2008). Although BLUP methodology assumes that
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the variances and covariances of the base population are known these are in practice not
known and need to be estimated (Mrode 1996). The variance components therefore

needed to be studied for BLUP predictions.

The estimates of additive and dominance genetic variance that were obtained in this
study should be interpreted with caution because of limitations of the trial designs and
the questions around the validity of these concepts in hybrids (Gordon 1999). Epistatic
genetic variances could not be estimated from the family trials and were therefore
ignored. This resulted in epistatic effects being integrated into the additive and
dominance genetic effects. This may lead to an overestimation of the variances (Bouvet
& Vigneron 1996). A further assumption that was made in the estimation of these
genetic parameters was the absence of inbreeding. This assumption may not be true, as
the parents which originated from open pollinations may have some degree of
relatedness. All these factors may contribute to errors in the estimation of the genetic

variance components.

Bouvet and Vigneron (1996) suggested that the relative importance of additive and
dominance genetic variances differ between hybrids and proposed that this may be a
function of the relatedness of the parental species. The authors reported a high
proportion of additive genetic variance for volume and DBH (80%). imrophylla x E.

grandis hybrids whereas a lower proportion (40%) was obtainef. inrophylla x E.

pellita, a hybrid between more closely related parents. This trend of increasing additive
genetic variance with increasing genetic distance between the parental species was also
found in this study if the case of tlke grandis x E. salignanybrid is ignored. In the

case of the G x S a lack of dominance genetic variance may possibly be ascribed to
limitations of the mating design. The reported trend does, however, contradict the
expectation of a larger proportion of non-additive genetic variance in hybrids (Potts &
Dungey 2004; Volkeet al. 2008). As each hybrid is represented by a single set of trials,
other factors besides relatedness of parents may play a role in the trends observed and
no final conclusions can be made regarding the reasons for the observed trénds. In
grandisa lower proportion of additive genetic variance may, for example, be ascribed to

the tendency of additive genetic variance to decrease in improved populations as this
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population had been subjected to selection for stem straightness for a number of
generations (Snedden al. 2007)

The narrow-sense heritabilities that were obtained in this study should be also
interpreted with caution, as the estimates were based on a relatively low number of
families and values and are likely to be overestimated for a number of reasons.
Furthermore the definition of narrow-sense heritability in hybrids is disputed (Gordon
1999). The heritability estimates were based on data from single sites and were
therefore expected to be upwardly biased, as the interaction between additive genetic
effects and environmental effects were confounded with the additive genetic effects
(Dieterset al. 1995). Selective thinning before assessments may have also increased
heritability estimates (Matheson & Raymond 1984). All family trials, except for the G x
C hybrid family trial at Salique, had been subjected to selective thinning before the
assessments were made. Heritability estimates may furthermore be inflated in hybrids.
Volker et al. (2008) reported on such inflated estimates relative to estimates that were

based on pure species with common parentage.

In this study narrow-sense heritability estimates between 0.214 and 0.315 were obtained
for stem straightness of the hybrids and between 0.263 and 0.298 fér ¢nandis

trials. The estimates that were obtained were relatively high in comparison with
estimates of heritability of stem straightness in sdfnealyptusspecies such aB.
camaldulensig0.12 - 0.15) E. dunnii(0.14), andE. deglupta(0.09) (Gulbaba 1999;
Marc6o & White 2002; Mahmooet al. 2003; Meséret al. 2007). Similar estimates
were, however, recorded fdE. grandis (0.17 - 0.3), E. nitens (0.28), andE.
longirostrata (0.384 - 0.447) (Marcé & White 2002; Hensenal. 2007; Meséret al.

2007; Sneddeat al.2007; Hamilton & Potts 2007). As such estimates are dependent on
the trials, the age, the stage of improvement and method of assessment, the comparisons
are only of limited value. Low heritabilities may indicate that the scale used to assess
the trait is not sufficiently refined or that the subjective assessment methods results in
high levels of errors (Sneddest al. 2007; Hensoret al. 2007). The heritabilities
recorded in this study were relatively high and therefore did not seem to indicate such

problems.
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Clonal repeatability estimates were obtained to gain a measure of the uniformity of the
clones and in order to assess whether clonal repeatability of performance may have an
impact on the efficiency of the predictions. The clonal repeatability estimate is not
equivalent to broad-sense heritability, as the relatedness of the clones was not
considered in the estimation and the phenotypic variation rather than the genetic
variation was considered. The clonal repeatability estimates, which varied between
0.062 and 0.299, were generally in the same order as the narrow-sense heritability
estimates and somewhat lower than the broad-sense heritability estimates. This may
reflect the underlying connection between the heritability and repeatability estimates. It
could be expected that the higher the heritability of a trait, the higher the relative genetic

contribution and therefore the higher the relative uniformity of the clones.

As this study aimed at assessing the applicability of BLUP predictions in hybrids, there
was a need for a measure to determine the efficiency of these predictions. Correlations
between predicted and realised clonal performances were used as a measure of the
efficiency of the predictions. An additional measure was, however, required to assess
the relative size of these correlations. For this purpose a series of constructed indices
were created which could give an approximate indication of the range of correlations
that could be expected from the data. A series of different weights on family means
versus single tree values were used to create a series of simple Smith-Hazel type
selection indices. Such selection indices do not adjust the predictions for lack of balance
of data and they are therefore generally considered to be inferior to BLUP predictions.
In this case the selections were, however, based on a single site and a single trait and
there were, for example, no problems with differences in precision at different sites
which may lead to bias (Cotterill & Dean 1990).

If the correlations between the predictions based on the constructed indices and the
realised clonal performances are considered, a general trend of improved predictions
with increased weight on individual tree performance can be observed. The closer the
parent species were related, the bigger the improvement of selections based on
individual tree performance versus selections based on family me&n. grandisa

steep increase was observed between 0% and 50% weight on individual tree

performance, after which the improvement was less pronounced. In G x S the highest
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increase in correlations was between 0% and 40%, in G x U and G x C the increase was
between 0% and 30%. It was expected that this shift is linked to the heritability in the
trials but no clear trend could be observed. It can also be noted that after the initial
improvement in correlations with increased weight on individual tree performance, the
improvement seemed to reach a plateau after which additional weight on single tree
performance had a relatively small impact on improving the prediction. In the G x U
and G x C hybrid, there was, however, a slight decrease in the correlations that were
only based on single tree performance. These trends indicate that the predictions based
on family and single tree values were relatively robust if at least 50% weight was being

placed on individual tree performance.

If the trends of the correlations of the different BLUP predictions with the realised
clonal performances are considered, a clear trend can be observed of an improvement of
the predictions with an increase in the proportion of non-additive genetic variance on
which the BLUP prediction is based. The breeding values, where non-additive genetic
variances are not considered, give the lowest correlations, whereas the predictions based
on the assumption of 37% non-additive genetic variance give the highest correlations.
This confirms the expectation that the genetic values are more suitable for the prediction
of clonal performances than the breeding values (Mullin & Park 1992). It was, however,
also expected that higher correlations may be obtained with actual estimates of non-
additive genetic variances than with predictions based on values that have been
estimated for other populations or other traits. This expectation was not realised as the
correlations were marginally lower than the best correlations. This phenomenon is not
fully understood but may indicate shortcomings in the estimation of the non-additive

genetic proportions.

There were relatively large differences between the realised correlations and the
estimated correlations of the predicted values and the true genetic values. These
differences may be attributed to the fact that the realised correlations were between
predicted values and realised values, whereas the estimated correlations were between
predicted values and actual genetic values. The realised clonal performances include an
environmental and error component, whereas the true genetic values exclude these

components. The environmental component may be large as the hybrid trials on which
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the predictions were based were on different sites than the clonal trials in which the

realised clonal performances were assessed.

The correlations of the genetic values @\and the realised clonal performance were
only slightly lower than the best correlations of the constructed indices. As the
constructed indices are not likely to be used in practice as the optimal weight on family
versus individual tree performance can only be determined after evaluation of clonal
performance, the genetic value prediction seems to be the most efficient of the methods

used for the prediction of stem straightness in the populations used in this study.

No distinct differences could be detected between the validity of predictions in the pure
species and hybrids. The results rather indicate a gradual change with increase in
genetic distance between the parent species. If the highest correlations that were
obtained forE. grandisand each of the hybrids are considered, a trend of higher
correlations between predicted and realised values with increased relatedness of the
parent species can be observed. Eograndisthe best correlation between predicted

and realised clonal performance was 0.645; in the G x S hybrid this decreased to 0.522;
in the G x U hybrid to 0.335; and in the G x C hybrid to 0.301. This may be a function
of the heritability or it may indicate that the ability to predict clonal performance
decreases with increased genetic distance. The efficiency of the predictions may thus be
less affected by the method of prediction than the ability to predict clonal performance
accurately in hybrids between distantly related parents as the predictive power of the
selections based on individual and family performance seems to decrease with an
increasing genetic distance between parent species. This apparent trend needs to be

investigated further.

This study was based on historical data and several factors limited the ability to
investigate the applicability of BLUP predictions in hybrids fully. Problems experienced
included limited numbers for the reliable estimation of genetic parameters and a limited
range of performances of the ortets due to prior selection. The study nevertheless gave a
clear indication of that BLUP may be sufficiently robust for the selection of clones in
the Eucalyptushybrid populations that were investigated. However, in order to confirm

the results it is recommended to design an experiment in which the robustness of BLUP
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may be investigated more fully. It is recommended that such a study be based on hybrid
and clonal trials that are sufficiently large to obtain reliable estimates of genetic
parameters. Furthermore it is recommended that they contain common genetic controls,
are assessed at the same age and are established in similar environments. It is important
that the ortets and clones are unselected or randomly chosen and that they represent a
range of performance. This study was limited to single trait and single site selection,
and it is therefore recommended to assess two to three traits to investigate multi-trait
selections and to investigate multi-site selections. A drawback of such a study is the
duration and costs associated. Three suggestions are presented here that aim at

addressing some of these problems.

The first option is based on the hybrid deployment option 2 that was presented in Figure
1.3 and involves the cloning of hybrid seedlings. The aim of this option is to establish
the clonal trial shortly after the hybrid trial, thereby reducing the duration of the study.
For this purpose it is suggested that the hybrid seedlings are established as clonal
hedges. The first cuttings from all hedges are established as a family trial. It may be
more practical to have all cuttings as mini-hedges first to reduce nursery space and to
establish only the ortets as macro-cutting hedges. A number of ortets are selected from
the initial hedges for bulking up of the material for the establishment of clonal trials.
The selection should be a systematic selection (e.g. every third hedge) or a random
selection and should not be based on performance. This option is illustrated in Figure
5.1

A second option for the study is to plant the seedlings in a hybrid family trial and to
collect cutting material for the establishment of hedges from the trial as soon as possible
after establishment. This option would be cheaper as fewer hedge plants would be

involved but may take longer. This option is illustrated in Figure 5.2.

A third option would be to use an operational hybrid and clonal trial setup in a breeding
programme and to assess additional non-selected traits that are known to have a high
heritability, for example pilodyn assessments. In such a study there may still be
limitations to the design of the experiments, but there would be a better choice of traits.

Furthermore it has to be assumed to clonal effects are negligible.
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In all options predictions of clonal performance may be correlated with realised clonal
performance as was done in this study, or ideally the clonal data could be used for
backward selection of the ortets. At this stage this selection option was not available in
Matgen, but it may be developed or programmes such as ASReml may be used for
backward selection. Backward selection would give a better indication of the genetic
potential of the clones and it is expected that the correlation will be closer to the
expected correlations between predicted and actual genetic value. Rank changes may

also be investigated as well as genetic gains.
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Figure 5.1 Design option 1 for a study investigating BLUP prediction in hybrids.
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Figure 5.2 Design option 2 for a study investigating BLUP prediction in hybrids.

The currents study has focused on clonal selections. However, with increasing interest
in the deployment of Fhybrid seed (see option 4 in Figure 1.3) there is a growing need

to establish the efficiency of BLUP predictions to select parents fortigerferation.

Such a study may be based on existing trials, but as in the option 3 discussed above, it
would be essential to assess traits that are non-selected. It is expected that the ability to
predict the performance of a Rybrid populations will be adversely affected by factors

such as departure from Mendelian inheritance.

Forest tree species are not ideally suited as model species due to long generation
intervals, large trial sizes and limited numbers that can be tested. Annual crops could be
investigated for the study of theoretical questions on the robustness of BLUP. Such
results may however only be applicable to forest tree breeding to a limited extent as
there may be large differences in the breeding, traits and inheritance. Alternatively

simulation of selection in hybrid populations could be considered.
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In summary, the principal findings of this study were:

» there were no observable differences in the efficiency of the BLUP predictions
in the studied hybrids in comparison to predictioiirgrandis

» there was, however, a decrease in the correlations between predicted and
realised clonal performances with increasing genetic distance between the
parents,

» genetic values were better predictors of clonal performance than breeding
values,

» genetic values which were based on assumptions of higher non-additive genetic
variances (37%) were more efficient than those based on assumptions of lower
proportions (20%), and

* BLUP methods of predicting genetic values were as efficient as any other
methods in predicting the clonal performance in the three hybrid populations
that were investigated.
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Investigation of the efficiency of selection indices in non-Hardy-
Weinberg eucalypt hybrid populations

M H Hettasch, S D Verryrt and C Z RouXk

INatural Resources and the Environment, CSIR, PO Box 395, Pretoria, 0001,
University of Pretoria. Pretoria, 0002, South Africa,
E-mail: mhettasc@csir.co.za

ABSTRACT

The prediction of the performance of hybrid plants as production material is
complicated by the genetic structure of the hybrid population. Fundamental quantitative
genetic concepts are defined with respect to disomic, randomly fertilised populations
which are in linkage equilibrium. Hybrid populations of crosses are, however, in linkage
disequilibrium and in Hardy-Weinberg disequilibrium and do not meet the assumptions
of quantitative genetic theory. In practice, hybrids are often analysed in the same way as
pure species, but the results may be questionable, as the underlying assumptions are not
met. There is a need to understand how best to predict the genetic worth or ranking in
these non-Hardy-Weinberg hybrid populations. The aim of this study is to investigate
the efficiency of selecting ;Fclones from I hybrid family trials and to determine
whether the conventional selection techniques can be improved or adapted for such
selection. The study is based on a number of different eucalypt hybrid family and
corresponding clonal trials. Best linear unbiased prediction rankings of forward
selection and clonal forward selection in family trials are compared to the performance
in the clonal trials. The results indicate that a best linear unbiased prediction clonal
forward selection technique is relatively efficient in predicting clonal performance in

the three eucalypt hybrid types that have been investigated.

Keywords: Hybrid, breeding value, genetic value, BLUP, prediction, Eucalyptus
hybrids
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INTRODUCTION

Hybrids are widely used in forestry as they allow for the exploitation of
complementarity, adaptability and better parent heterosis (Kain, 2003). Eucalypt
hybrids are planted on a large scale in Brazil and the Congo. There are also reasonably
large plantations of eucalypt hybrids in China, Indonesia and South Africa and smaller
areas of hybrids in countries in Asia and South America (Potts and Dungey, 2004). The
hybrids are usually deployed by means of vegetative propagation, as the production of
control-pollinated hybrid seed is usually not feasible in commercial quantities
(Shelbourne 2000). Research over more than a century has contributed significantly
towards a better understanding of the complexities of hybrids and has contributed to the
successful commercial deployment of hybrids but there is still very little known about
the quantitative genetic aspects and therefore selection theory for hybrids is not well

developed.

Most fundamental quantitative genetic concepts are defined with respect to disomic,
randomly mating populations that are in linkage equilibrium (Falconer, 1989; Gordon,
1999). However, hybrid populations are in Hardy-Weinberg disequilibrium as well as in
linkage disequilibrium (Falconer, 1989). The Hardy-Weinberg equilibrium is restored
after one generation of random mating, but it may take many generations to restore
linkage equilibrium after hybridization (Falconer, 1989). The disequilibrium leads to
instability of the genetic structure of the population from one generation to the next
(Kain, 2003). This presents a problem for selection theory, as it relies on genetic
equilibrium to reliably predict the outcome of forward selection and recombination
(Kain, 2003). Furthermore it is questionable whether additive genetic variance,
dominance genetic variance and therefore narrow-sense heritability can be applied to

hybrid populations (Gordon, 1999).

It is believed that researchers generally do not take these limitations into account when
performing selections in hybrid populations. Hybrids are often analysed in the same
way as pure species. Selection may be based on family mean rankings, individual tree
selections or techniques such as best linear unbiased predictions (BLUP) that have been

developed for pure species. BLUP is expected to give the best predictions as it gives the
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minimum error variance, maximised probability of selecting the better of two candidates

and maximised expected genetic gain for a fixed number of selections (Henderson,
1984, White and Hodge, 1989). The reliability and accuracy of these selections in the
hybrid population case are unknown. The aim of this study was to obtain a measure of
the reliability of BLUP for the selection ofy[Elones from [ hybrid family trials using

field data.

MATERIAL AND METHODS

Field trials

Three eucalypt hybrids were studied representing intraseries, interseries and
intersectional crosses. All parent species belong to the sub&mushyomyrtusE.
grandis x E. saligngG x S) represents a cross between two closely related species, as
both belong to the same sectiofrgnsversariqa and series Transversag (Brooker,
2000).E. grandisx E. urophylla(G x U) represent an interseries cros&asrophylla
belongs to the serieAnnularesand the sectiomransversaria(Brooker, 2000).E.
grandis x E. camaldulensigG x C) represents an intersectional cross Eas

camaldulensidelongs to the sectidixsertaria(Brooker, 2000).

Three hybrid family trials were selected from the eucalypt hybrid breeding programme
of the Council of Scientific and Industrial Research (CSIR) in South Africa. The trials
included anE. grandisx E. salignatrial at the Kiaat plantation, a. grandisx E.
urophyllatrial at the Grootboom plantation andEngrandisx E. camaldulensigial at

the Salique plantation. A total of 36. grandisx E. salignafull-sib families were
included in the hybrid family trial at Kiaat. The families resulted from crosses between
16 E. grandismothers and fivé&. salignapollen sources. A total of 69 full-sib families
were included in the G x U hybrid progeny trial. The families resulted from crosses
between 1ZE. grandismothers and 18. urophyllapollen sources. A total of 34 full-sib
families were included in the G x C hybrid trial. The families resulted from crosses
between 1(E. grandismothers and seve. camaldulensigollen sources. In addition

to the full-sib relationships there were also a number of half-sibs in all family trials.
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Within these hybrid family trials selections had been made in the mid 1990s for the
establishment of clonal trials. The selections were based on individual tree values. The
trials were felled and coppice was collected for the propagation of macro-cuttings. In
the G x S hybrid trial at Kiaat clonal selections were made by ranking the tree stem
volumes (m3) at 74 months followed by independent culling for disease (Pierce, 1994a).
The clonal trials at Dukuduku and Westfalia were established from these selections. In
the G x U trial at Grootboom, selection was based on ranking of volume at 54 months of
age (Pierce, 1993). The cuttings were planted in clonal trials at Dukuduku and Port
Durnford. In the G x C hybrid trial at Salique selections were made using 100 month
assessments of diameter at breast height (Pierce, 1994b). The cuttings were planted in a
clonal trial at Bossieskop. All trials consisted of a mixture of half-sibs and unrelated
clones. Table 1 presents information on the trial design, site conditions and age of
assessment of the trials.
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Table 1  Trial design, site description and age of assessment of hybrid family trials and clonal trials.
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Number 1010603 1010806 1010806 1010603 1010806 1010806 1010603 1010806

EA0005 EA0011 EA0011 EA0004 EA0006 EA0006 EA0003 EA0010
Site Kiaat Duku- West- Groot- Port Duku- Salique Bossies-

duku falia boom Durnford duku q kop

Hybrid GxS GxS GxS GxU GxU GxU GxC GxC
Trial type Hybnd Clonal Clonal Hyb_nd Clonal Clonal Hyb_nd Clonal

family family family
Design RCB RCB RCB RCB RCB RCB RCB t\lpha

attice
Replications 6 10 10 5 15 15 5 6
Plot size 1x6 Single Single 1x6 Single Single 1x6 1x5
Families/ 36 24 24 69 67 67 32 37
Clones
Frﬁ;’aceme”t 2.7x2.7 3x3 35x35  27x27  3.5x3.5 2.7x2.7 2.7x2.7 2.7x2.7
Latitude 23°46'S 28°13'S 23°44'S 23°43'S 28°53'S 28°21'S 24°45'S 25°24'S
Longitude 30°02'E 32°25'E 30°06’E 30°10’E 32°50’E 32°15'E 30°58’E 30°30'E
Altitude(m) 900 40 950 750 130 70 670 802
Rainfall (mm) 1200 950 1342 1300 1461 973 750 850
Soil Hutton Sandy/ Hutton Hutton Hutton Sandy/ Sandy Hutton
Fernwood Fernwood

Date planted 04/1988 08/1997 06/1997 02/1986 08/1993 08/1993 03/1995 11/1997
Assessed o, 43 38 64 48 48 50 34

(months)
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Trait selection and assessment

One of the drawbacks of using historical field data is that the clonal trials represent only
ortets that have been selected for their good performance with respect to the selected
traits. Therefore it can not be determined whether poor performance of ortets in these
traits will also result in the poor performance of clones, i.e. there is an element of bias.
There may also be a lack of significant differences between clones. In order to
overcome these problems it was decided to focus the study on stem form, a trait that has
not been included in the selection criteria which were originally used to select the clones
from the hybrid trials. Stem form was assessed on an 8-point subjective scale where one

represented poor, crooked, stem form and eight excellent, perfectly straight, stem form.

BLUP methods to predict clonal performance

Two different BLUP selection techniques were performed to determine whether these
methods were efficient for selecting clones from hybrid trials. In the first approach,
breeding values were predicted. With this method only the additive genetic potential of
each individual is estimated by combining both parental and within family breeding
value components (Xiang and Li, 2001). In the second approach the genetic values were
predicted. This method includes both additive and non-additive genetic values and

accounts for the total genetic effects (Xiang and Li, 2003).

BLUP predictions of breeding values and genetic values for stem form were obtained
using Matgen Version 7.0 (Verryn and Geerthsen, 2007). The forward selection option
of Matgen was used to obtain the breeding values and the clonal forward selection
option to obtain genetic values. The programme Matgen includes the non-additive

genetic variance in predicting clonal performance.

As the proportion of non-additive genetic variancﬁa(c;j) in the populations was

unknown, an estimate of 37% was used as well as an estimate of 20%. The first is an
estimate obtained for ducalyptus grandisloned breeding population at five years of

age (Snedden, 2001). The second is an approximation of an estimate of the non-additive
genetic variation that was reported for volume and circumference iin grandisx E.

urophyllahybrid population at three years of age (Bouvet and Vigneron, 1996)
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Both the forward selection and the clonal forward selection options require the input of
variance components. The Mixed Model Least-Squares and Maximum Likelihood
program (LSMLMW & MIXMDL PC-2 Version) developed by Harvey (1990) was

used to determine the variance components.

Unless otherwise stated data was analysed using SAS/STAT software, of the SAS
System for Windows (Copyright © 2002-2003 SAS Institute Inc.). The data was

corrected for fixed effects where significant and was standardised.

Selection indices

A series of combined indices were designed which placed different weights on family
means versus single tree values. The index value for e.g. for 90% weight on the family
mean and 10% weight on the individual performance was calculated using the following

formula:
Index value= (0.9 x family mean) + (0.1 x single tree value).

Similarly, indices were calculated for 0%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%

and 100% weight on single tree values.

Clonal performance

The least square means of the stem scores of the clones were calculated using the GLM
procedure of SAS. The least square means were chosen to represent the clonal
performance as they are free of bias due to unequal representation across blocks and
plots (White and Hodge, 1989). For the G x S and G x U hybrids the information of the
two clonal trials was combined after correcting for site effect to obtain one correlation

coefficient.

The correlation of clonal versus predicted performance

The correlation of clonal performance versus the predicted performance was used as a
measure of reliability of the predictions. The Pearson correlation coefficients were
calculated. The breeding values, the genetic values and the constructed indices were

correlated with the performances of the clones.
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RESULTS AND DISCUSSION

Heritabilities

Narrow-sense heritability only accounts for the additive genetic variation that is

transmitted from one generation to the next. Although narrow-sense heritabilities may

not be appropriate for hybrids, they were calculated for the purpose of obtaining

variance components for the ranking the individual trees of the hybrid trials. Estimates

of narrow-sense heritability are presented in Table 2. The estimates are expected to be

on the one hand downwards biased due to relatedness of crosses which was ignored, and

on the other hand upwards biased due to the wideness of the crosses.

Table 2  Narrow-sense heritabilities of three eucalypt hybrid family trials.

Trial Site Type Number of h? Standard
— error
families trees per
family
1010603EA0005 Kiaat GxS 36 35-36 0.410 0.106
1010603EA0004 Grootboom GxU 69 8-21 0.337 0.062
1010603EA0003 Salique GxC 34 10-80 0.145 0.050

BLUP individual breeding values versus individual genetic values

The correlations between the observed values and breeding values and two different

genetic values are presented in Table 3. The correlations obtained for the GxC hybrid

were all non-significant. This may be ascribed to the low number of pairs of values that

were correlated (34).
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Table 3 Correlations between observed and three different types of predicted values.

Hybrid trial Clonal trial Hybrid n Correlations (significance)
(predicted) (Observed) type BV* GV 20% GV 37%
non-add.** non-add.**
Kiaat Dukuduku and GxS 46  0.368 0.392 0.404
Westfalia (p=0.012) (p=0.0071) (p=0.0054)
Grootboom Port Durnford andGxU 64  0.333 0.346 0.342
Dukuduku (p=0.0072) (p=0.0052) (p=0.0056)
Salique Bossieskop GxC 34 0.294 0.309 0.322

(ns.) (ns.) (ns.)

*. breeding values (BV)
** genetic values with a proportion of 20% (GV 20%) and 37% (GV 37%) non-additive genetic variance

Note: The level of significance is presented in brackets with ‘ns.” indicating non-significant correlations

Although the correlations between observed and predicted stem form values were all
positive, the values were relatively low with 0.404 being the highest. These are far
lower than the theoretical correlations between predicted and actual genetic values that
have been calculated by the programme Matgen (which varied between 0.7 and 1.0).
The difference needs to be investigated further, but it is believed that the fact that the
family trials and the clonal trials were not planted on the same site and were not

measured at the same age may play a role.

For all trials the correlation between the observed clonal values and the predicted
genetic values (for both a proportion of non-additive genetic variation of 20% and 37%)

were higher than the correlation with the predicted breeding values.

These results indicate that the genetic values give better predictions than the breeding
values despite the fact that the actual proportion of non-additive genetic variation was

assumed for the populations. As this is also true for the hybrid between the closely

related specieR. grandisandE. saligna it is likely that the clonal selection option will

also give better results in selecting clones in pure species. The fact that clonal selection
gives better results agrees with the theoretical expectations. The genetic gain achieved
by the selection of parents for seed production is based almost entirely on the additive
component of genetic variation whereas the genetic gain achieved by the selection of

ortets for clonal production is based on both additive and non-additive effects, as the
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clones retain the effect of allelic interaction (Mullin and Park, 1992). Therefore
selection of clones should be based on both additive and non-additive genetic

components.

The influence of the proportion of non-additive genetic variance on the individual
genetic values

As the actual proportion of non-additive genetic variation of the populations studied
was not known, two different assumptions of the proportion were made. These were
used as parameters in the clonal forward selection option of the programme Matgen

Version 7.0.

The value of 37% that was based on findings for stem fori. igrandis(Snedden,

2001) gave slightly higher correlations with the clonal values than the individual genetic
values that were based on the 20% value with the exception of the G x U hybrid where a
the correlation was slightly lower. This may indicate that 37% is a better reflection of
the true proportion of non-additive genetic variation for stem form than 20% for the G x
S and G x C hybrids. Despite a relatively large increase (17%) in the proportion of non-

additive genetic variance, the improvement in correlation was relatively small.

Comparison of BLUP values and selection constructed index values

A series of index values was calculated which place different weights on family mean
versus individual tree values in the hybrid trial. These indices were calculated to explore
what may be an optimal ratio between family mean versus individual value and to
compare these correlations with the correlations obtained with the BLUP values as

measure of reliability of selections.

For each hybrid type a graph was drawn of the correlations obtained for each
constructed selection index. For comparison purposes the individual breeding and
genetic values were added as horizontal lines. The relationship between the correlations
of the clonal performance of the clones with the predicted performance of the hybrid
trials are presented in Figure 1 (G x S), Figure 2 (G x U) and Figure 3 (G x C).
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Figure 1 The relationship between the correlations of the performance of the clones in the G x
S clonal trials at Dukuduku and Westfalia with the predicted performance from the
hybrid trial at Kiaat. The graph shows a number of different selection scenarios
which place different weight on individual tree selection versus family selection.

The horizontal lines represent the correlation of the clonal performance with three
different BLUP selection scenarios: the breeding values (BV), genetic values with a
non-additive genetic variance proportion of 20% (GV 0.2) and a non-additive
genetic variance proportion of 37% (GV 0.37).
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Figure 2 The relationship between the correlations of the performance of the clones in the
GxU clonal trials at Dukuduku and Port Durnford with the predicted performance
from the hybrid trial at Grootboom. The horizontal lines represent the correlation of
the clonal performance with three different BLUP selection scenarios.
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Figure 3 The relationship between the correlations of the performance of the clones in the
GxC clonal trial at Bossieskop with the predicted performance from the hybrid trial
at Salique. The horizontal lines represent the correlation of the clonal performance
with three different BLUP selection scenarios.

The graphs presenting the correlations between the clonal stem measurements and the
predictions made using the series of constructed selection indices, show a consistent
pattern of relatively low correlations when the predictions are based on the family
means only. The correlations increase with increasing weight being placed on individual
selection. The correlations decrease slightly when selections are based on single tree
values only. The optimal proportion of weight on single tree values versus family means
differs for the different hybrid types. In G x S hybrid the correlations increase up until
about 70% of the weight placed on the single tree values. In the G x C hybrid the
optimal weight lies around 40% on single tree values and for the G x U hybrids on 50%.
These differences reflect the differences in the heritabilities of the hybrid trials, with a
low heritability for the G x C trial at Salique (0.145), and the highest heritability for the

G x S trial at Kiaat (0.410).
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The genetic values compare favourably with the highest correlations obtained with the
constructed selection indices. This result indicates that the genetic values with a non-
additive variation proportion of 37% gives close to optimal correlations. In the GxU and
G x S trials the genetic values are higher than the best predictions of the constructed
indices. This result is unforeseen, as it is expected that the correlations would not be
higher than the best prediction of the constructed indices. In the G x C hybrid this may
be due to error as the correlations are not significant in this case. Another possible
reason is that the BLUP predictions are better than the selection indices due to the fact
that the data was unbalanced, and Matgen accounts for this, whilst the constructed
indices did not do so.

CONCLUSION

This study used field data to investigate the reliability of BLUPs applied to hybrid
populations. Despite the drawbacks of the data that was available for such a study, the
results showed a consistent trend of BLUPs for total genetic value giving near-optimal
predictions if the correlation coefficients were used as measure of reliability of clonal
selection in hybrids. These results indicate that BLUP may be suitable for clonal
selection in the hybrids studied.
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