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PREFACE

The need to understand how variations in survivorship, fertility and gene flow contribute
to changes in allele frequencies within and amongst populations has been the driving
force behind the research of many population biologists. The rapid development of
molecular techniques has provided these population biologists with a new range of

technical tools with which to approach a wide range of questions.

In this dissertation the results of a study, which was carried out in the Department of
Genetics, University of Pretoria, Pretoria, under the supervision of Professor Anna-Maria
Botha-Oberholster and the co-supervision of Professor Brenda D. Wingfield, are
presented. The results are original and have not been submitted in any form to another

University.

Chapter 1 focuses primarily on the background and history of P. elliottii x P. caribaea
hybrid pine. The chapter addresses where the hybrid fits in and why it is of economic
importance to the forestry industry. The chapter also focuses on molecular biology
studies that have been done on conifers and more importantly on members of the family

Pinaceae.

In chapter 2 the role of DNA fingerprinting using microsatellite markers was

investigated. In this chapter microsatellite markers developed for use in related pine
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species were tested for their ability to produce fingerprints in representative populations
of the P. elliottii x P. caribaea hybrid. The microsatellite markers were also tested for
their ability to identify linkage, gene flow and parental contribution in the hybrid. The
development of microsatellite markers that are more specific to the P. elliottii x P.
caribaea hybrid pine was also addressed. Using Randomly Amplified Microsatellites
(RAMSs), primers specific to microsatellite loci distributed throughout the P. elliottii
genome were designed. These microsatellite markers were then tested for their ability to

detect polymorphisms in the P. elliottii x P. caribaea hybrid pine.

The final chapter, chapter 3, focuses on the viability and morphology of P. caribaea
pollen. In this chapter the influence of storage and collection conditions on pollen
viability was investigated. The chapter also investigates the correlation between

germination rate, viability and pollen morphology.

Jacqueline H. Doyle

May 2001
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INTRODUCTION

One of the driving factors behind forestry, as with any other commercial crop, is the
optimization of the plant with its growing environment, thereby ensuring maximum yield
per square meter. One of the major draw backs to forest tree improvement is the timespan
involved from seedling to mature adult (anything from 20 to 40 years). This lengthy
maturation period means that many years need to be invested in research and breeding
and that progress towards the optimization of the forest trees with their environment is a

slow and ongoing process.

One of the main foci in forest tree breeding is the creation of hybrids between promising
parents with the objective of creating genetically superior offspring, which display hybrid
vigor. An example of one such promising hybrid is the Pinus elliottii x Pinus caribaea
hybrid. In 1955, the first crosses of the P. elliottii x P. caribaea hybrid were made in
Australia (Hinze, 2000). The P. elliottii x P. caribaea hybrid, which displayed
extraordinary growth characteristics (such as rapid growth combined with excellent wood
quality), attracted widespread attention and extensive testing was initiated in South Africa
during the late 1960°s and early 1970°s (Denison and Kietzka, 1993; Malan, 1995;

Stanger er al., 1999).

Molecular techniques offer many tools that can be employed by breeders to severely
reduce the time scale of field trials. The aim of this study was to investigate the potential

of microsatellite markers for determining gene flow, linkage and parental contribution in
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the P. elliottii x P. caribaea hybrid. To this end the cross-species amplification of
microsatellite markers was investigated, as this technique holds important implications on
a large scale in the forestry industry. The ability to use markers developed in closely
related Pinus species would not only greatly reduce the time and costs involved in marker
development, but also the time and costs involved during the nursery phase and the
selection of superior clones for future plantations. For example, once superior P. efliottii
x P. caribaea hybrids are identified, based on field trial performance, it would be possible
to screen the seedlings produced in order to verify that they really are the progeny of the
controlled pollination between the superior parents. This procedure would allow
seedlings that do not conform to the microsatellite fingerprints expected for the hybrid to
be discarded early on in the screening phase and ensure that only the correct genotypes

enter into the bulking-up phase.

A number of obstacles have been encountered that complicate the large-scale planting of
the P. elliottii x P. caribaea hybrid. Firstly, the P. caribaea pollen ripens approximately
three months before the P. elliottii ovules are receptive (Mather, 2000); and secondly a
degree of incompatibility seems to exist between P. elliottii and P. caribaea, which

results in low seed set and a low number of viable hybrid seeds (SAFCOL, 1996).

The second aim of this study was therefore to investigate the association between P.
caribaea pollen morphology and viability and to try and link this association to viability.
The presence of a significant association would make it possible to incorporate pollen

morphology as a screening step. This would be beneficial during the selection of the
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pollen parent by reducing the chances of inferior P. caribaea pollen parents from being
used in crosses during hybrid production and ultimately from entering into the hybrid
performance trials in general. The correct storage of the P. caribaea pollen would ensure
the viability of the pollen used in the cross and therefore result in increased pollination
that should in turn result in increased fertilization and thus higher seed set and ultimately

more offspring.
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1.1 The genus Pinus

1.1.1 Pinus taxonomy and morphology

The Pinaceae is the largest family of the order Coniferales and includes the firs, spruces,
cedars and larches in addition to the actual genus Pinus (Johnson, 1978). The genus Pinus
consists of approximately 100 taxonomically distinct species and many named hybrids,
varieties, forms and cultivars (Poynton, 1979; Wakamiya et al., 1993). The natural range
of the pines extends from above the polar circle southwards to the subtropics, with pines
occurring in Europe, North Africa, Asia, Malaysia, North and Central America (Poynton,

1979; Van Gelderen, 1989).

All species of the genus Pinus display long evergreen needles in tight bundles of between
two and five, each bundle wrapped at its base in a papery sheath (Van Gelderen, 1989).
These needle bundles are referred to as fascicles and the number of needles per fascicle is
species-specific. All the species are monoecious, evergreen, resinous trees, with the
pollen-bearing microsporangia found axillary on the lower branches, while the
macrosporangia are found on the upper branches (Den Ouden and Boom, 1978). The
microsporangia are produced in catkin-like inflorescences, which are composed of
spirally arranged scales containing two pollen sacs each. The macrosporangia are
produced in cone-like inflorescences, with the fertile scales arranged in spirals and a
small bract scale attached to each fertile scale (Vidakovi¢, 1991). The cones are ovate,

cylindrical or globose and are composed of spirally arranged, thick, woody cone scales.
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The cones usually contain two seeds per cone scale and the seeds tend to be nut-like or
ovoid, winged or wingless structures, the kernel surrounded by a shell and containing
between four and fifteen cotyledons (Den Ouden and Boom, 1978; Vidakovi¢, 1991).
Table 1.1 shows a comparison of P. elliottii and P. caribaea morphological

characteristics.

Table 1.1. Comparison of P. elliottii and P. caribaea morphological characteristics (Johnson,
1978; Vidakovié, 1991).

Morphological characteristics  P. elliottii P. caribaea var. hondurensis
Tree height e 20-30 m high e 25-35mhigh
Needle morphology e 2 needles per fascicle e 3 pneedles per fascicle

e |7-25cmlong e 12-18cmlong

e Dark green with tufted e Stiff, light green with

ends serrate margin

Cone morphology * Ovate to conical ¢ FElongated-oblong

e 7-15cmlong ¢ 6-13cmlong

e 3 -5 cmin diameter e 4-7.5 cm in diameter
Seed morphology e QOvate to triangular e Triangular

s Black or mottled grey e Black

e 6 mm long e 6 mmlong

e Wing 15— 30 mm long e Wing 25 mm long and
loosely attached

The P. elliottii x P. caribaea hybrid tends to display intermediate morphological
characteristics of both parents, but according to Bester (2001) no data pertaining to its

morphological characteristics have been published to date.
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1.1.2 Reproduction in Pinus

The pine tree produces two kinds of spores (Robbins et al., 1964). The haploid (n)
microspores or pollen grains develop in microsporangiate, male, staminate cones, while
the megaspores develop in megasporangiate, female, ovate cones (Sinnott and Wilson,
1957). According to Singh (1978) the ‘One-year type reproductive cycle’ is commonly
exhibited by most members of the Pinaceae. During pollination the wind borne pollen
grains come to rest in the pollination droplet produced on the micropyl of the ripe ovule
(Wright, 1976). As the pollination droplet dries it contracts, thereby carrying the pollen
grain into the pollen chamber, where it germinates and subsequently requires up to four
months to fertilize the ovule (Singh, 1978; Willemse, 1968). The fertilization results in
 the formation of a zygote, which develops into a mature embryo (Robbins et al., 1964;
Singh, 1978). The differentiated ovule with its enclosed megagametophyte and embryo
constitutes the seed, which is released from the ripe female cone and dispersed by the
wind (Hufford, 1978; Moore et al., 1995; Sinnott and Wilson, 1957). Figure 1.1 shows

the life cycle of the pine.
1.1.3 Pinus pollen studies

The fitness of male gametophytes depends on both the phenology of the male sporangia
as well as the amount of pollen produced and on pollen grain traits (Nakamura and
Wheeler, 1992; Nikkanen et al, 2000). These pollen grain traits include germination

percentage, germination rate, pollen tube growth rate and selective fertilization.
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Figure 1.1. Life cycle of the pines (Mader, 1998).
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The majority of pollen studies have focused on pollen developmental stages (De Win ef
al., 1996; Rowley er al., 1999; Willemse, 1971 a, b and c), morphological descriptions
(Erdtman, 1952; Pacini ef al., 1999) and chemical changes within pollen grains during
development and germination (Pardi et al., 1996; Piffanelli et al., 1998). The high-
powered resolution provided by the electron microscope has also been widely employed
for morphological studies in Pinus. Scanning electron microscopy has been used to
investigate the surface structure and pollination of many Pinus species (Owens ef al,
1998; Tomlinson, 1994), while transmission electron microscopy has been used to
scrutinize the ultrastructure of the pollen grains (Kurmann, 1991; Ting and Tseng, 1965;

Tomlinson, 1994).

Recently Nikkanen et al. (2000) investigated the role which variation plays in pollen
viability among genotypes of Picea abies. Nikkanen ef al. (2000) also showed that there
is a correlation between the variation in pollen viability among pollen donors and the

potential for male gametophyte competition.
1.2 The Pinus elliottii x Pinus caribaea hybrid

12.1 Background and history

The history of the P. elliottii x P. caribaea hybrid pine begins in 1955, when the first
crosses between Pinus elliottii and Pinus caribaea were made in Australia (Hinze, 2000).
The P. elliottii x P. caribaea hybrid, which displayed extraordinary growth characteristics

due to hybrid vigor, attracted widespread attention, but it was not until the late 1960s

Literature review 9
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early 1970°s that extensive testing was initiated in South Africa (Malan, 1995). The
greatest obstacle facing this promising hybrid was its low seed set, which made
commercial planting unviable (Slee and Abbott, 1990). This obstacle was partially over
come with the development of an effective vegetative propagation technique. The
vegetative propagation involved the bulking up of the hybrid material in hedges from
which thousands of cuttings were then made. With enough material available SAFCOL
started its first commercial plantings of the hybrid in 1997 and has increased the area

from 2 136 ha in 1998 to 6 000 ha by June 2000 (Hinze, 2000).
1.2.2 Breeding Programme

The breeding of the P. elliottii x P. caribaea hybrid involves the pollination of P. elliottii
ovules with P. caribaea var. hondurensis pollen. Although P. caribaea var. hondurensis
displays the lowest wood density when compared with P. caribaea var. bahamensis and
P. caribaea var. caribaea, it also exhibits the fastest growth and was therefore selected as
the pollen parent (Bester, 2000). Due to hybrid vigor the resultant P. elliottii x P.
caribaea hybrid displays the good properties of both parents; namely the fast growth of
P. caribaea and the excellent wood density of P. elliottii (Denison and Kietzka, 1993;
Stanger et al., 1999). It is due to this hybrid vigor that the P. elliottii x P. caribaea
hybrids are favored above improved parent species for commercial planting (Bester,
2000). Table 1.2 shows a comparison of P. elliottii, P. caribaea and the P. elliottii x P.
caribaea hybrids growth characteristics, while in Figure 1.2 the growth rate of the P.

elliottii x P. caribaea hybrid is compared with that of its parents and other pine species.

Literature review 10



Table 1.2. Comparison of P. elliottii, P. caribaea and the P. elliottii x P. caribaea hybrids growth
characteristics (Bester, 2000; Vidakovi¢, 1991).

P. elliottii P. elliottii x P. caribaea hybrid P. caribaea
Slower growing Faster growing Fast growing
Lower yielding Higher yielding High yielding

Strong, heavy and hard wood  Stronger, heavier and harder wood  Light wood

Excellent wood quality Good wood quality Low to intermediate wood quality
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Figure 1.2. Comparison of P. elliottii x P. caribaea hybrid growth rate with the growth rates of

the parent species and other pine species. (Bester, 2000)

Generally a low number of mature cones are harvested from the original macrosporangia
pollinated (Table 1.3). This low success rate is partially due to the natural abortion
phenomenon, which occurs in many pine species, but can also be attributed to mechanical

damage, which occurs in the seed orchards and tree banks during controlled pollination

Literature review 11
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(Aronen et al., 1998). According to Aronen et al. (1998), controlled pollination can result
in as much as a 50% reduction in seeds per cone when compared with open pollination.
Parental incompatibility between the P. elliottii and P. caribaea, as well as the fact that
the P. caribaea pollen ripens three months before the P. elliottii ovules are ripe and ready
for pollination also plays a major role in the low success rate (Slee and Abbott, 1990;
Mather, 2000). This low success rate results in an average seed set between 2 and 15 full,
viable seeds per P. elliottii x P. caribaea hybrid cone (Van der Merwe and Wentzel,
2000). To combat this phenomenon improved pollen management strategies were devised
and more compatible parents, based on previous experience, were selected for the hybrid
breeding programme. Using these strategies the number of full seeds harvested increased
from 7 427 in 1996 to 18 439 in 2000 (Van der Merwe and Wentzel, 2000). Table 1.3
shows the results of SAFCOL's controlled pollination programme for the pollination

seasons from 1994 to 1998 and the number of cones harvested from 1996 to 2000.

Table 1.3. Results of SAFCOL’s controlled pollination programme (Van der Merwe and
Wentzel, 2000).

Year 1996 1997 1998 1999 2000

Total no. of flowers pollinated 2689 4349 2696 2178 2866

Total no. of cones harvested 1472 2408 1173 1476 1227
Total no. of seeds 22620 24355 18136 56765 43220
Total no. of full seeds 7427 4124 3147 17680 18439
Average no. of full seeds per cone 5.0 1.7 2.7 12.0 15.0

Literature review 12
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1.2.3 Nursery Practice

The lifeblood of the P. elliottii x P. caribaea hybrid programme is the bulking up of
viable plant material to be used in the commercial plantings (Denison and Kietzka, 1993).
To this end the hybrid seeds harvested are used to establish hedges. From these hedges up
to 3.5 million cuttings can be produced per annum (Van der Merwe and Wentzel, 2000).
Strict nursery practices, which involve keeping hedge plants around 15 to 20 cm above
ground level, ensure that juvenile cuttings of 5 to 10 cm long with an active growing tip
of 3 to 5 mm can be harvested. After storage in water containing fungicide, the cuttings
are set in special medium before being transferred to special climate controlled rooting
tunnels. Rooting takes between 2 and 3 months after which the cuttings are hardened off

for 5 months before being made available for commercial planting (Wentzel and Olivier,

2000).

1.2.4 Wood quality and performance of the P, elliottii x P. caribaea hybrid

Studies performed on 20-year-old P. elliottii x P. caribaea hybrid trees showed that the
hybrids performed extremely well with regard to its growth characteristics and wood
quality when compared with either P. elliottii or P. caribaea parent (Malan, 2000). The
hybrids are characterized by rapid growth in the first few years, which results in wide
growth rings and therefore wood of lower density when compared with P. elliottii
(Malan, 1995). However, the quality of the P. elliottii x P. caribaea hybrid timber was
found to be strong enough to ensure that sawn boards of higher strength grades were cut

from it (Malan, 2000). The exceptional growth characteristics of the P. elliottii x P.

Literature review 13
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caribaea hybrid will allow the current SAFCOL plantation rotation period to be
shortened from 30 years, for current P. patula growing stock, to between 20 to 25 years
(Truter, 2000). Furthermore, the annual profits per hectare are estimated at between R 2
744 and R 4 700 per ha, in comparison with R 1 801 per ha currently obtained for P.
patula (Truter, 2000). The combination of these savings is a theoretical increase of

between 1.5 and 2.6 times the revenue in comparison with existing plantations.
1.3 Polymorphic markers

According to Butcher e al. (1999), reliable information on the distribution of genetic
variation is a prerequisite for sound selection, breeding and conservation programmes for
forest trees. There are two ways in which the genetic variation of a species can be
assessed; either by measuring morphological and metric characters in the field or by
studying molecular markers in the laboratory. The development of DNA markers such as
RAPDs (Random Amplified Polymorphic DNA), RFLPs (Restriction Fragment Length
Polymorphisms) and microsatellites has provided the molecular tools required for the
study of variation in coding, non-~coding and highly variable regions of both nuclear and
organclle genomes (Butcher e al, 1999; Helentjaris er al, 1985; Hicks ez al., 1998;
Nkongolo, 1999; Strauss et al, 1992). Table 14 shows a brief comparison of the
molecular techniques currently available. The fact that microsatellite markers are co-
dominant and can be amplified from small amounts of DNA by polymerase chain

reaction (Echt and May-Marquardt, 1997) makes this technique more desirable than
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RAPDs, which are dominant markers (Parker ez al., 1998), or RFLPs, which require large

amounts of DNA (Winter and Kahl, 1995).

Table 1.4. Comparison of properties of molecular techniques currently available for generating

molecular markers (Rafalski and Tingey, 1993).

RFLP RAPD Microsatellites
Principle Endonuclease DNA amplification PCR of simple
restriction with random prnimers  sequence repeats
Southemn Blotting
Hybridization
Type of polymorphism Single base changes  Single base changes  Changes in length
Insertions Insertions of repeats
Deletions Deletions
Genomic abundance High Very High Medium
Level of polymorphism Medium Medium High
Dominance Co-dominant Dominant Co-dominant
Amount of DNA required 2 - 10 pg 10-25ng 50— 100 ng
Sequence information No No Yes
Radioactive detection Yes/No No No
Development costs Medium Low High
Start-up costs Mecdium / High Low High

Literature review 15
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1.3.1 Microsatellites

Microsatellites, also called short tandem repeats (STRs) or simple sequence repeats
(SSRs), consist of tandemly repeated units of between one and six base pairs. These
tandem repeats are often highly polymorphic due to variation in the number of repeat
units (Dayanandan et al., 1998). According to Jarne and Lagoda (1996), microsatellite
variation is the result of errors that occur during DNA replication. These errors are
caused by the DNA polymerase that “slips” when copying the repeat region, thereby
changing the repeat number (Kashi et al., 1997). Microsatellites occur on average every
30 to 50 kilobases in eukaryotic genomes (Lehn and Davis, 1999). This abundance and

wide spread distribution makes them very valuable markers for molecular studies.

Several properties of microsatellites make them favorable genetic markers when
compared with other genetic methods such as minisatellites, RAPD’s, RFLP’s and
allozymes. These desirable properties include: (i) that they can be used to identify highly
polymorphic sequences with allele sizes smaller than 500 bp (Bruford, 1999); (ii) that
they have a high mutation rate and vary over a narrow size range (Queller et al., 1993);
(iii) that the variability in these loci can be assayed by PCR in combination with gel
electrophoresis (Bruford, 1999); (iv) that they can be used to assess variation from minute
amounts of material that might contain highly degraded DNA, i.e. forensic or ancient
DNA samples, (Ellegren, 1991; Hagelberg et al., 1991); and (v) that they display a
Mendelian co-dominant mode of inheritance (Jame and Lagoda, 1996). Furthermore the

fact that these markers are hypervariable, co-dominant and highly reproducible make
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them ideal for genome mapping and population genetic studies (Dayanandan et al.,
1998). Another major advantage of microsatellites is that once microsatellite markers
have been developed in one species, they can be successfully used for cross-species

amplification with some success (Maurizio ef al., 1999; White and Powell, 1997).

Microsatellites can be grouped into three types, namely pure (AG),, compound
(A)n(AG)n and interrupted (AG)GTCT(AG)n. The compound and interrupted types of
microsatellites have been found to be less polymorphic than pure microsatellites
(Depeiges et al., 1995). The pure microsatellites can be divided further into three
subgroups, namely dinucleotide (AG),, frinucleotide (AGA), and tetranucleotide
(AGAT), repeats (Jarne and Lagoda, 1996). According to Estoup er al. (1993)
dinucleotide repeats, which occur appmximately every 30 — 50 kb, with a repeat number
of less than 30, are the most frequently used loci for population biology studies.
Generally the animal kingdom tends to be rich in the CA dinucleotide repeats (Dib et al,,
1996; Dietrich et al., 1996), while TA or GA dinucleotide repeats are more commonly
encountered in plants (Depeiges et al., 1995; Lagerkrantz et al,, 1993). Trinucleotide
repeats, which occur in both plants and animals and which are found mainly within the
exon regions, are generally studied in connection with human diseases and cancers
(Charlesworth et al, 1994). Tetranucleotide repeats, which occur in many higher
organisms, are rarely used for population studies and often occur as compound or

interrupted stretches (Jame and Lagoda, 1996).
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According to Robinson and Harris (1999), as the taxonomic distance between taxa
increases, the incidence of null alleles is likely to increase as well. Null alleles in
microsatellites are recognized by the non-inheritance of parental alleles in some of the
offspring (Bruford, 1999). Callen et al. (1993) demonstrated that null alleles were the
result of a mutation within the priming site of the DNA flanking the microsatellite,
thereby inhibiting the primers from binding, and subsequently resulting in complete loss
of the amplification product. Where null alleles are transmitted vertically through
apparent homozygotes, they can result in an individual’s genotype being inconsistent
with classical Mendelian inheritance (Callen ef al., 1993). Null alleles can also result in
the loss of informativeness, where failure to detect the allele results in the individual

being scored as a homozygote (Pemberton et al., 1995).
1.3.2 Applications of microsatellites in forestry

Microsatellites have been used for a variety of applications ranging from population,
parentage and kinship studies (Hokanson er al., 1998; Lathrop ef al., 1985), to forensics
(Hagelberg et al., 1991) and gene mapping (Dib et al., 1996; Nakamura et al., 1987).
Microsatellites have also played an important role in forestry where they have been used
for a variety of applications. The first microsatellites specific to forest trees were
developed by Smith and Devey (1994) in Pinus radiata. Since then microsatellites have
been developed for a range of temperate and tropical forest trees including various Abies
species (Vendramin and Ziegenhagen, 1997), Eucalyptus grandis and Eucalyptus

urophylla (Brodani et al., 1998; Van der Nest er al.,, 2000), Fagus crenata (Tanaka et al.,
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1999), Melaleuca alternifolia (Rossetto et al., 1999), Picea abies (Pfeiffer et al., 1997),
Picea sitchensis (Van de Ven and McNicol, 1996), various Pinus species (Table 1.5),

Quercus macrocarpa (Dow et al., 1995) and Shorea curtissii (Ujino et al., 1998).

Table 1.5. Microsatellites developed in various Pinus species.

Application Species Reference

Gene flow Pinus radiata Smith and Devey, 1994

Linkage Pinus radiata Devey et al., 1996
Pinus radiata and Pinus taeda Devey et al., 1999
Pinus strobus Echt and Nelson, 1997

Marker development  Pinus contorta Hicks et al., 1998
Pinus radiata Fisher et al., 1998
Pinus strobus Echtetal, 1996
Pinus sylvestris Kostia et al., 1995

Phylogeny Various Pinus sp. Soranzo et al., 1999
Pinus taeda Williams et al., 2000

Population studies Various Pinus sp. Schmidt et al., 2000
Pinus contorta Thomas et al., 1999
Pinus pinaster Vendramin ef al., 1998

The main areas were microsatellite markers are being applied in forest trees include
studies on genetic diversity in natural and breeding populations, gene flow, pollen and
seed dispersal and mating systems (Butcher et al., 1999). These parameters impact on the
conservation of forest genetic resources, by using microsatellites to monitor forest

management practices. Microsatellites can also be used for germplasm identification and
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for the construction of genetic linkage maps, with marker assisted selection as the

eventual goal.
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2.1  CROSS-SPECIES AMPLIFICATION OF SSR LOCI IN THE PINACEAE

FAMILY
2.1.1 Imntroduction

Microsatellites, also called “simple sequence repeats”, consist of tandemly repeated, short
DNA motifs that provide an attractive source of genetic polymorphisms for both
mammals and plants (Wang et al., 1994; Weber and May, 1989). They have been found
and used for genetic analysis in many mammalian species (Mellersh et al., 1997; Moore
et al., 1991; Ostrander et al., 1992) and in other eukaryotes, such as insects (Colson and
Goldstein, 1999; Strassmann, 1998), birds (Groenen et al., 1998; Moran, 1993), fish
(Rico et al, 1993) and plants (Akkaya et al.,, 1992; Hokanson et al., 1998; Lavi et dl.,

1994; Thomas and Scott, 1993; Wang et al., 1994).

In 1989 the first reports of microsatellite isolation and characterization of allelic
variability at these loci using PCR were reported. In these early studies microsatellites
were either cloned and sequenced (Litt and Luty, 1989; Tautz, 1989), or were identified
from sequence databases (Weber and May, 1989). Based on this information primers
were designed to recognize sequences flanking the microsatellite region. The
polymorphic amplification products obtained after PCR with these specifically designed
primers were then separated on polyacrylamide gels (Wu er al, 1994). Using this
approach the resolution of alleles differing by as little as one base pair was possible, and

several loci could be analyzed together on the same gel (Rafalski and Tingey, 1993).
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Given the long and expensive procedures involved in the isolation of SSR loci, it would
be advantageous to be able to utilize primer sequences developed in one species in other
closely related species. The problem is that while cross-species amplification is not
uncommon, it does not always occur and amplification across genus boundaries tends to
be unusual. Examples of cross-species amplification have been displayed in both the
animal and plant kingdoms. Moore et al. (1991) found that high levels of sequence
conservation exist within the primer regions of mammalian genomes in closely related
species, while White and Powell (1997) found similar sequence conservation among

Meliaceae species.

The aim of this study was to determine the conservation of microsatellite sequences
between species and to use these heterologous PCR primers for the analysis of
microsatellites in closely related species. The usefulness of these cross-species
microsatellite markers was also investigated with regard to DNA profiling, gene flow and

parental contribution determinations in the P. elliottii x P. caribaea hybrid.
2.1.2 Materials and Methods

2.1.2.1 Plant material

For the production of the P. elliottii x P. caribaea hybrids the P. elliottii tree E 503 was
used as the female parent. Various P. caribaea tree types (i.e. Ach 33, Ach 49, Ach 93,

Ach 271 and Pch 23) were used as the pollen donors. All plant material was obtained
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from SAFCOL, South Africa. Diploid needle and zygotic embryo tissues, as well as

haploid megagametophyte and pollen tissues were used to obtain genomic DNA.

2.1.2.2 DNA preparation

The extraction methods used to obtain genomic DNA’s required for this study are

summarized in Table 2.1.

Table 2.1. Plant Material and extraction methods used in the study,

Plant Material Extraction Method Reference

P. elliottii needle tissue CTAB Murray and Thompson, 1980

P. elliottii megagametophyte tissue Lee — Binelli Lee and Taylor, 1990
modification Binelh and Bucei, 1994

P. elliottii x P. caribaea hybrid Lee — Binelli Lee and Taylor, 1990

zygotic embryo tissue modification Binelli and Bucci, 1994

P. caribaea needle tissue CTAB Murray and Thompson, 1980

P. caribaea pollen PCR directly Petersen ef al., 1996

The extraction of the P. elliottii and P. caribaea needle tissue DNA was done using a
modified CTAB method (Murray and Thompson, 1980). Bulked needle samples of
approximately 3 g were ground to a fine powder in liquid nitrogen using a sterile mortar
and pestle. Thereafter, 3 ml of heated CTAB extraction buffer (5% (w/v) CTAB, 1.4 M

NaCl, 0.2% (v/v) 2-mercaptoethanol, 20 mM EDTA, pH 8.0, 100 mM Tris-HCI, pH 8.0,
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1% (w/v) PVP) was added to the frozen tissue, which was then ground further to form a
paste. This tissue paste was transferred to a large test-tube, and the mortar was rinsed
with a further 3 ml of CTAB extraction buffer. The mixture was incubated at 65°C for
one hour, after which an equal volume of phenol / chloroform / isoamyl alcohol (25:24:1)
was added and the contents mixed by inverting. The mixture was centrifuged (12 000 x g
for 15 min) at room temperature, and the aqueous phase was transferred to a new tube.
Two and a half (v/v) times ice cold, 100% ethanol was added to the aqueous phase and
gently mixed by inverting. The mixture was left on ice for up to 5 min to allow for
complete DNA precipitation. After 5 min the precipitated DNA was spooled using a
sterile Pasteur pipette. The DNA was washed twice in 70% ethanol; vacuum dried and

resuspended in 50 to 100 pl of sterile water. The DNA concentration was determined

spectrophotometrically and all samples were subsequently diluted to 50 ng/ul.

The extraction of DNA from P. elliottii megagametophyte tissue and P. elliottii x P.
caribaea hybrid zygotic embryo tissue was performed using a modification of the
methods described by Lee and Taylor (1990) and Binelli and Bucci (1994). The
procedure is similar to the CTAB extraction method previously described, with the
following exceptions. Firstly, the individual zygotic embryos and megagametophytes
were ground to a fine powder, in eppendorf tubes, in liquid nitrogen using sterile glass
pestles, as opposed to the bulked needle samples ground in a mortar and pestle.
Subsequently 200 ul of heated extraction buffer (50 mM Tris-HCl, pH 7.5, 50 mM
EDTA, pH 8.0, 3% (w/v) SDS, 1% (v/v) 2-mercaptoethanol), as opposed to 3 ml CTAB

extraction buffer, was added and the tubes were vortexed briefly prior to incubation at
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65°C for one hour. Secondly 5 ul of 3 M NaOAc, pH 8.0, was added to the aqueous
phase prior to the addition of 2.5 (v/v) 100% ice-cold ethanol. Finally, the vacuum dried
DNA was resuspended in a maximum of 50 ul of sterile water and was quantified

spectrophotometrically.

2.1.2.3 Primers

Eleven different primer pairs specific to microsatellite loci identified in other Pinus
species were selected for the DNA profiling of the P. elliottii / P. caribaea population
(Table 2.2). Of the eleven microsatellite markers screened, two were developed in Pinus
radiata (PR 4.6 and PR 9.3), while six of the eleven were developed in Pinus taeda
(RPTest 2, RPTest 5, RPTest 6, RPTest 9, RPTest 15 and RPTest 20). The remaining
three of the eleven microsatellite markers were developed in Pinus strobus (RPS 105,
RPS 150 and RPS 160), which is a soft pine of the subgenus Strobus, while both Pinus

radiata and Pinus taeda are hard pines of the subgenus Pinus (Echt et al., 1999).

2.1.2.4 PCR conditions

PCR conditions were based on a modification of conditions suggested by Smith and
Devey (1994). All amplification reactions were carried out in 25 pl reaction volumes.
The reaction mixture contained 50 ng/ul template DNA, 1% (v/v) Promega magnesium
free, thermophilic DNA polymerase 10X buffer, (10 mM Tris-HCI, pH 9.0, 50 mM KCl,

0.1% (v/v) Triton®X-100), 300 uM dNTPs, 3 mM MgCls, 0.25 uM of each primer, and
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Table 2.2. List of microsatellite primers used in the study.

Primer Sequence (5’ -3’) Reference
PR 4.6 (forward) GAAAAAAAGGCAAAAAAAAGGAG Smith and Devey,
PR 4.6 (reverse) ACCCAAGGTACATAACTCG 1994

PR 9.3 (forward) GAAATTTAACACCACACCGTTG Smith and Devey,
PR 93 (reverse) TGGGGCTTAAAGTGAAATGG 1994

RPTest 2 (forward) AATCCTTGTGCCAGGAACAC Echt and Bums, 1999
RPTest2 (reverse)  ATTTTATCAGCGCCACTGCT

RPTest 5 (forward) ACAACAATAATAACGGGGGC Echt and Burns, 1999
RPTest 5 (reverse)  ACGCTTTAGATCCTCCTGCA

RPTest 6 (forward ~ AGGATTCCAACAGCATCACC Echt and Burns, 1999
RPTest 6 (reverse) CTGAACATGAAGCGCAGTGT

RPTest 9 (forward) CCAGACAACCCAAATGAAGG Echt and Bums, 1999
RPTest9 (reverse)  GCCTGCTATCGAATCCAGAA

RPTest 15 (forward) GAACGTGGTTATGGCGGTAG Echt and Burns, 1999
RPTest 15 (reverse) CCAGGGACAGTTACCAGCAT

RPTest 20 (forward) GTTCCCACTCAAGGGTTGAA Echt and Bums, 1999
RPTest 20 (reverse) ACATCATTTGTTGCCGCATA

RPS 105 (forward) TGGACATCCTAGTCGGAACC Karhu ez al., 2000
RPS 105 (reverse) ~ AAAATCATTTCTGTATCAGAACAA

RPS 150 (forward) TCCATCAGTGAGCAGTGG Karhu et al., 2000
RPS 150 (reverse) CACTTGGGCTTCCTCTTC

RPS 160 (forward) ACTAAGAACTCTCCCTCTCACC Karhu et al., 2000
RPS 160 (reverse) ~ TCATTGTTCCCCAAATCAT
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1 U Promega Tag DNA polymerase in storage buffer A (50 mM Tris-HCI, pH 8.0, 100
mM NaCl, 0.1 mM EDTA, 1 mM DTT, 50% (v/v) glycerol, 0.5% (v/v) Tween®20, 1%
(v/v) Triton®X-100). Temperature cycling was done using a Perkin Elmer GeneAmp®
PCR system 9700 (Applied Biosystems) thermal cycler programmed for an initial step of
4 min at 94°C, followed by 30 cycles of 45 s at 94°C, 45 s at 55°C and 45 s at 72°C. The

amplification cycles were followed by a final elongation step of 5 min at 72°C.

A modification of the protocol described by Petersen er al. (1996), in combination with
PCR conditions described by Smith and Devey (1994), were used to obtain amplification
products directly from P. caribaea pollen grains, without prior DNA isolation. The
procedure involved the suspension of 50 to 100 pollen grains in distilled water, in an
eppendorf tube, and grinding briefly with a glass pestle to facilitate the release of the
DNA from the pollen grains. This suspension was then mixed with the Promega
thermophilic DNA polymerase 10X buffer, magnesium free, and heated to 95°C for 10
min to destroy all enzymatic activity and to burst any intact pollen grains which might
still be present. The PCR amplifications were subsequently performed in 25 pl reactions

as described previously.
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2.1.2.5 PAGE analysis

The amplification products were analyzed by separation on 7.5% non-denaturing
polyacrylamide gels (3.75 % (v/v) FMC® Long Ranger Gel Solution, 1% (v/v) TBE
buffer, 0.1% (w/v) APS, 0.004% (v/v) TEMED) in 1 X TBE buffer (45 mM Tris-borate,
1 mM EDTA, pH 8.0) at 26.6 V/cm for one and a half hours. Afier separation the
amplification products were detected by staining with (1:10 000) Sybr®Greenl Nucleic
Acid Gel stain (Boehringer Mannheim). The Amplification products were visualized by
UV illumination. Boehringer Mannheim 100 bp DNA ladder was included as the

molecular size marker in all electrophoresis profiles.
2.1.3 Results

Of the eleven microsatellite markers included in this study two primer pairs were found
to produce informative polymorphisms (primer PR 4.6 and primer RPTest 9), five were
found to be monomorphic (primer RPTest 5, primer RPTest 15, primer RPTest 20, primer
RPS 105 and primer RPS 150) for the entire P. elliottii and P. caribaea population. Four
primer pairs did not result in any amplification products (primer PR 9.3, primer RPTest 2,
primer RPTest 6 and primer RPS 160). The results of the eleven SSR markers that were

screened are shown in Table 2.3.

The polymorphic microsatellite markers, PR 4.6 and RPTest 9, produced amplification

products that could be used to clearly distinguish between the P. elliottii and P. caribaea
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(Figure 2.1, Figure 2.2 and Figure 2.3). These polymorphic amplification products could
also be used to determine which parent contributed which allele to the P. elliottii x P.
caribaea hybrid of a specific cross (Figure 2.1). In Figure 2.1 the 250 bp fragment in lane
4 of the microsatellite fingerprints, of the E 503 x Pch 23 hybnd population, clearly
suggest that Pch 23 was definitely used as the pollen donor during the controlled

pollination.

Table 2.3. Results of SSR cross-species amplification,

SSR marker Pinus species for which Number of loci Polymorphism
marker was developed |

PR 4.6 Pinus radiata 2 Polymorphic

PR 93 Pinus radiata 0 None

RPTest 2 Pinus taeda 0 None

RPTest 5 Pinus taeda 1 Monomorphic

RPTest 6 Pinus taeda 0 None

RPTest9 Pinus taeda 2 Polymorphic

RPTest 15 Pinus taeda 1 Monomorphic

RPTest 20 Pinus taeda 1 Monomorphic

RPS 105 Pinus strobus 1 Monomorphic

RPS 150 Pinus strobus i Monomorphic

RPS 160 Pinus strobus 0 None
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Figure 2.1. Microsatellite fingerprints of the P. elliottii (E 503) x P. caribaea (Pch 23) hybrid
population. The fingerprints were obtained by PCR amplification with primer RPTest 9. Lane 1
contains 100 bp DNA ladder, while lanes 2 to 6 contain the fingerprints obtained using E 503
megagametophyte DNA, E 503 needle DNA, E 503 x Pch 23 embryo DNA, Pch 23 needle DNA
and Pch 23 pollen DNA, respectively.

In Figure 2.2, in which the microsatellite fingerprints of the E 503 x Ach 271 hybrid
population are recorded, there is no definitive evidence as to the gene flow that occurred
during fertilization. If the controlled pollination was successful, then the hybrid must
have inherited the polymorphic allele (i.e. the 275 bp fragment in lane 4, Figure 2.2) from
P. elliottii and not from P. caribaea. Another possibility is that the controlled pollination
was not successful and that the embryo produced was actually the result of P. elliottii self

fertilization.

For specific hybrid populations, such as the E 503 x Ach 49 hybrid population presented
in Figure 2.3, null alleles were detected using polymorphic marker RPTest 9. The
absence of an amplification product of between 250 — 280 bp was verified by altering the
stringency of the PCR conditions to ensure that the result was not merely due to poor

amplification at that locus.
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Figure 2.2. Microsatellite fingerprints of the P. elliottii (E 503) x P. caribaea (Ach 271) hybrid
population. The fingerprints were obtained by PCR amplification with primer RPTest 9. Lane 1
contains 100 bp DNA ladder, while lanes 2 to 6 contain the fingerprints obtained using E 503
megagametophyte DNA, E 503 needle DNA, E 503 x Pch 23 embryo DNA, Ach 271 needle
DNA and Ach 271 pollen DNA, respectively.
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Figure 2.3. Microsatellite fingerprints of the P. elliottii (E 503) x P. caribaea (Ach 49) hybrid
population. The fingerprints were obtained by PCR amplification with RPTest 9. Lane 1 contains
100 bp DNA ladder, while lanes 2 to 6 contain the fingerprints obtained using E 503
megagametophyte DNA, E 503 needle DNA, E 503 x Pch 23 embryo DNA, Ach 49 needle DNA
and Ach 49 pollen DNA, respectively.
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2.1.4 Discussion

The evolutionary conservation of DNA sequences flanking microsatellite regions allows
the crogs-species amplification of microsatellite markers in various related species (Echt
et al, 1999). According to Primmer et al. (1996) the probability of successful cross-
species amplification of microsatellites seems to correlate with the taxonomic distance
between the species. This would imply that cross-species amplification, while not
uncommon, does not always occur and the greater the taxonomic distance between the

species the smaller the chance that it will occur.

Pinus elliottii and Pinus caribaea both belong to the subgenus Pinus, the hard pines
(Wright, 1976). The eleven microsatellite markers screened were developed for both the
taxonomic subgenera Pinus (P. radiata and P. taeda - the hard pines) and Strobus (Pinus
strobus — the soft pines). Of the eleven microsatellite markers screened, seven (63.6%)
produced DNA fingerprints (Table 2.3). Of these seven markers that produced DNA
fingerprints, only two (28.6%) produced polymorphic fingerprints, while the remaining
five (71.4%) produced monomorphic DNA fingerprints. Both of the polymorphic
microsatellite markers were developed using species in the subgenus Pinus. The
monomorphic microsatellite markers were derived from both the Pinus and Strobus
subgenera. These results are consistent with other cross-species amplification results,
where suitable informative markers were obtained from only 20 — 24% of primer pairs

screened (Echt et al., 1996; Pfeiffer et al., 1997). Relatedness, therefore, seems to play an
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important role in the type of polymorphism (i.e. polymorphic vs. monomorphic)

observed, as well as the success rate encountered during cross-species amplification.

The important role which microsatellitt markers can play in population studies is
demonstrated by their two-fold ability to detect polymorphisms between the amplification
products of both P. elliottii and P. caribaea parents, and to determine gene flow and
parental contribution in P. elliottii x P. caribaea hybrid progeny. According to Queller et
al. (1993) if the genotypes of the mother and its offspring are known, then it is
straightforward to exclude incompatible paternal genotypes, but all other males must be
excluded before the father can be assigned. The results tend to indicate that microsatellite
fingerprints, of the hybrid populations, obtained using single polymorphic primer pairs
are not always conclusive (Figure 2.2). However, in studies using more than one
polymorphic microsatellite marker it is possible to clearly distinguish between species

and hybrid material and to eliminate some of the uncertainty surrounding gene flow.

Not all polymorphic markers produce DNA fingerprints that are equally informative. The
usefulness of a marker is determined by its degree of polymorphism in the species that is
being tested and the extent to which gene flow and parental contribution can be
determined from the fingerprint produced. For example, the polymorphic fingerprint
produced by primer RPTest 6 on the E 503 x Pch 23 hybrid population (Figure 2.1) could
be considered useful, as it is possible to distinguish the E 503 maternal parent from the
Pch 23 pollen donor using this marker. In the same way this marker can also be used to

determine gene flow and parental contribution, as the E 503 x Pch 23 hybrid fingerprint
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mirrors the fingerprint obtained for the Pch 23 pollen donor. This means that based upon
the DNA fingerprints produced by primer RPTest 6 it is possible to accept the null
hypothesis that the embryos were the result of the controlled pollination between the P.

elliottii and P. caribaea parents.

The polymorphic fingerprint produced by primer RPTest 6 on the E 503 x Ach 271
hybrid population (Figure 2.2) is less informative as the E 503 x Ach 271 hybrid
fingerprint mirrors that of the E 503 maternal parent and it is therefore impossible to
determine gene flow or parental contribution. In this scenario two possible options exist.
Firstly, that the controlled pollination was unsuccessful and that the E 503 x Ach 271
“hybrid” was actually the progeny of E 503 self-fertilization. The second option is that it
is assumed that the controlled fertilization between E 503 maternal parent and the Ach
271 pollen parent was successful, in which case the E 503 x Ach 271 hybrid must have
inherited the polymorphic allele (i.e. the 275 bp fragment in lane 4, Figure 2.2) from the
E 503 maternal parent. This means that based upon the DNA fingerprints produced by
primer RPTest 6 it is not possible to reject or accept the null hypothesis that the embryos
were the result of the controlled pollination between the P. elliotiz‘i and P. caribaea

parents.

Monomorphic microsatellite markers are not useful as it is impossible to distinguish
between species or to determine gene flow or parental contribution. However, the fact
that cross-species amplification does occur indicates that sequence conservation does

exist within the genus Pinus and that those specific loci were more conserved than others.

Hdentification of pine hybrids using SSR loci 35



NIVERSITEIT VAN PRET
MIVERSITY OF PRET
UNIBESITHI YA PRET

U
<

o0g
0 O m

A second type of uninformative microsatellite marker is a marker that produces
fingerprints that contain null alleles. Null alleles are the manifestations of mutations in
one or both of the microsatellite primer binding regions (Callen er al., 1993). These
mutations inhibit the primers from binding and may result in the loss of the PCR product.
An example of the uninformative nature of null alleles, in the current study, is evident in
the microsatellite fingerprints produced by primer RPTest 6 in the E 503 x Ach 49 hybrid
population (Figure 2.3). From these fingerprints it is impossible to distinguish the E 503
maternal parent from the Ach 49 pollen donor as the polymorphic allele (i.e. a fragment
of 250 — 280 bp) is absent. This means that based upon the DNA fingerprints produced
by primer RPTest 6 it is impossible to accept the null hypothesis that the embryos were
the result of the controlled pollination between the P. elliottii and P. caribaea parents as

the polymorphic allele is absent.

The ability to determine gene flow and parental contribution via cross-species
amplification of microsatellite markers, holds important implications for the application
of this technique on a large scale in the forestry industry. This technique not only reduces
the time and costs involved in marker development, but also the time and costs involved
during the nursery phase and the selection of superior clones for future plantations. For
example, once superior P. elliottii x P. caribaea hybrids are identified, based on field trial
performance, it will be possible to screen the seedlings produced in order to verify that
they really are the progeny of the controlled pollination between the superior parents.

This procedure will allow seedlings that do not conform to the microsatellite fingerprints
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expected for the hybrid to be discarded early on in the screening phase and ensure that

only the correct genotypes enter into the bulking-up phase.
2.1.5 Conclusion

The fact that microsatellite markers developed in other species can be used successfully
in the DNA profiling of related species, makes this an extremely powerful and accessible
technique. This cross-species amplification also greatly reduces the cost and time
requirements involved in DNA profiling studies, by eliminating the need for sequence

information and marker development (Echt et al., 1999; Weising and Gardner, 1999).

Not all microsatellite markers produce DNA fingerprints that are equally informative and
useful. The usefulness of a marker is determined by its degree of polymorphism in the
species that are being tested and the extent to which gene flow and parental contribution
can be determined from the fingerprints produced. Polymorphic microsatellite markers
tend to be highly informative and are therefore far more useful than monomorphic

markers, which tend to be relatively uninformative.

The polymorphism displayed by microsatellites makes them useful as markers in linkage
studies (Moore et al, 1991). However, parental determination should generally be
approached via a process of elimination in order to accurately accept or reject the null
hypothesis that the embryo was the result of successful controlied pollination. It is

therefore important that information from several loci be pooled and analyzed together,
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as it is unlikely that a single locus will provide enough information upon which the null

hypothesis may be rejected or accepted (Strassmann, 1998).

22 DEVELOPMENT OF SSR MARKERS IN PINUS ELLIOTTII X PINUS

CARIBAEA HYBRIDS
2.2.1 Introduction

Microsatellites are repeated sequences that consist of 1 — 5 bp which are scattered
throughout the eukaryotic genome (Litt and Luty, 1989). Variations in the number of
these tandem repeats result in the generation of extensive polymorphisms (Hearne et al.,
1992). These polymorphisms make microsatellite loci extremely useful markers for
genetic mapping, DNA typing and population genetic studies (Dayanandan er al,, 1998;

Dib et al., 1996; Hokanson et al., 1998; Schmidt ez al., 2000).

In early studies microsatellites were either cloned and sequenced (Litt and Luty, 1989;
Tautz, 1989), or were identified from sequence databases (Weber and May, 1989). Based
on this information primers were designed to recognize sequences flanking the
microsatellite region. The polymorphic amplification products obtained after PCR with
these specifically designed primers were then separated on polyacrylamide gels (Wu ez

al., 1994).
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In 1994 Zietkiewicz et al. demonstrated a novel approach to measuring genetic diversity
in plants and animals by using primers based on microsatellites. The Zietkiewicz
technique combined the benefits of microsatellite and RAPD analysis (Hantula ef al.,
1996; Hantula and Miiller, 1997). Two types of polymorphism can be identified using
this random amplified microsatellite (RAMs) technique. Firstly the on / off
polymorphisms, similar to those found using RAPD markers, as variation is due to
existence or absence of a marker. Secondly, polymorphism due to length differences in
the sizes of the amplification products (Hantula et al., 1996). The RAMs technique
involved the amplification of DNA between the distal ends of two closely located
microsatellite regions, by using random microsatellite primers (Zietkiewicz et al., 1994;

Hantula ef al., 1996, 1998).

The aim of this study was to develop microsatellite markers in the P. elliottii x P.
caribaea hybrid population, using the RAMs approach, and to determine how

informative these microsatellite markers could be with regard to DNA profiling.
2.2.2 Materials and Methods

2.2.2.1 Plant material and DNA isolation

Needle tissue of the female parent tree, P. elliottii E 503, supplied by SAFCOL, South
Africa, was used as the main source of plant material in this study. DNA was isolated
from this needle tissue using a modified CT AB method (Murray and Thompson, 1980) as

described in section 2.1.2.2.
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2.2.2.2 Primers and PCR conditions

Three different microsatellite primers were screened in this study, namely CA(8)
(Appendix A), CT(8) and GTG(5). These primers were selected for their ability to
produce amplification profiles linked to random microsatellites throughout the genome of

P. elliottii,

All amplification reactions were carried out in 25 ul reaction volumes and DNA template
concentrations ranging from 12.5 ng/ul to 75 ng/ul were tested. The reaction mixture
contained template DNA, 1% (v/v) Promega thermophilic DNA polymerase 10X buffer,
magnesium free (10 mM Tris-HC, pH 9.0, 50 mM KCl, 0.1% (v/v) Triton®X-100), 300
uM dNTPs, 3 mM MgCl,, 0.5 uM primer, and 1 U Promega Tag DNA polymerase in
storage buffer A (50 mM Tris-HCI, pH 8.0, 100 mM NaCl, 0.1 mM EDTA 1 mM DTT,
50% (v/v) glycerol, 0.5% (v/v) Tween®20, 1% (v/v) Triton®X-100). Temperature
cycling was done using a, Perkin Elmer GeneAmp® PCR system 9700 (Applied
Biosystems), thermal cycler programmed for an initial step of 10 min at 94°C, followed
by 30 cycles of 30 s at 94°C, 45 s at 47°C and 2 min at 72°C. The amplification cycles
were followed by a final elongation step of 7 min at 72°C. The amplification products
were analyzed by electrophoresis on 3% agarose gels (Whitehead Scientific) in 1 X TAE
buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) at 5.3 V/cm for 30 min. The
amplification products were detected by staining with ethidium bromide (0.5 pg/ml) and

visualized by exposure to UV illumination. Molecular size marker III, prepared by
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digesting lambda DNA with restriction enzymes EcoRI and HindIIl, was included in all

electrophoresis profiles.

2.2.2.3 Cloning and transformation

In order to ensure the cloning of a variety of amplification products, the profile
displaying the greatest number and variety of bands was selected. Impurities, which may
have influenced the effectiveness of the cloning and transformation reactions, were
removed from the amplification products using the QIAquick™ PCR purification kit
(QIAGEN). The amplification products were then randomly cloned into the T7 / SP6
cloning site of the pGEM®-T Easy plasmid vector, before being transformed into
Escherichia coli IM 109 competent cells using the Promega pGEM®-T EASY vector
system. The transformed E. coli cells were then plated out, at various concentrations, on
LB plates (1% (w/v) Bacto-tryptone, 0.5% (w/v) Bacto-yeast extract, 1% (w/v) NaCl,
1.5% (w/v) Agar, pH 7.4) containing Ampicillin (50 mg/ml), IPTG (100 mM) and XGAL
(2% w/v) and incubated at 37°C for 16 to 24 h. Transformed colonies, identified using
the blue / white selection criteria of the IPTG / XGAL system, were used to inoculate

liquid LB, containing Ampicillin (50 mg/ml), and were incubated for 24 h at 37°C.
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2.2.2.4 Colony screening

In order to identify transformed colonies containing inserts of interest screening was done
directly on each colony using 25 pl PCR reactions with primers homologous to the
flanking regions of the recombinant plasmids. DNA was added to each reaction by lightly
pressing a sterile pipette tip to the selected colony, inserting the tip into the eppendorf
tube containing the reaction mixture and pipetting up and down. The reaction mixtures
contained 1% (v/v) Promega thermophilic DNA polymerase 10X buffer, magnesium free,
100 pM dNTPs, 1 mM MgCl,, 0.5 uM of each microsatellite primer, 0.5 pM primer SP6,
0.5 uM primer T7 and 1 U Promega 7ag DNA polymerase in storage buffer A.
Temperature cycling was done using a Perkin Elmer GeneAmp® PCR system 9700
(Applied Biosystems), thermal cycler programmed for 25 cycles of 30 s at 94°C, 45 s at
50°C and 2 min at 72°C, followed by an elongation step of 5 min at 72°C. The
amplification products were analyzed by electrophoresis on 2% agarose gels in 1 X TAE
buffer at 5.3 V/em for 20 min. The amplification products were detected by staining with
ethidium bromide (0.5 pg/ml) and visualized by exposure to UV illumination. Molecular

size marker III was included in all electrophoresis profiles.
2.2.2.5 Plasmid isolation and PEG precipitation

Based on the amplification profiles obtained during the screening procedure, transformed
colonies were selected and their plasmids isolated using the Nucleospin® Plasmid kit

(Macherey-Nagel) The isolated plasmid DNA was then purified further by polyethylene
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glycol (PEG) precipitation. The precipitation involved the addition of 625 mM NaCl and
9.75% (w/v) PEGgooo to the isolated plasmid DNA. The mixture was mixed gently by
pipetting and left on ice for 30 min. The mixture was centrifuged at 12 000 x g, at 4°C,
for 30 min. The aqueous phase was discarded and the pellet was washed twice in 70%
ethanol. The pellet was air-dried, at 40°C on a heating block, until all traces of ethanol
evaporated. The pellet was resuspended in 20 pl sterile water and the DNA concentration

was determined spectrophotometrically.
2.2.2.6 Sequencing

Sequencing of the insert was done on a Perkin Elmer GeneAmp® 96000 thermal cycler,
using the ABI Prism™ Big Dye™ Terminator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems) according to manufacturers recommendations. The cycle
sequencing consisted of 25 cycles of 10 s at 96°C, 5 s at 50°C and 4 min at 60°C. The
sequencing reaction was followed by 0.7 X (v/v) 95% ethanol and 42 mM sodium
acetate, pH 4.6, precipitation. The mixture was then left on ice for 10 min before being
centrifuged at 12 000 x g for 30 min. The supernatant was discarded and the pellet was
rinsed twice in 70% ethanol prior to air-drying on a heating block, at 40°C, until all traces
of ethanol had evaporated. The DNA sequence was subsequently obtained using a Perkin
Elmer ABI 377 automated sequencer and analyzed using the Sequence Navigator™

programme, version 1.01.
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2.2.2.7 Primer development and testing

Once analyzed the sequence was searched for regions containing microsatellites. Primers,
of between 17 and 21 nucleotides and of G + C percentages of ca. 50% - 70%, were

designed in the regions flanking the microsatellites. The primer design utility on the

Cybrgene AB website (http:/www.cybergene.se) was used to ensure that the primer
sequences selected did not contain hairpin loops or palindromic sequences, which would

reduce the efficiency of the primer-template interaction.

All of the primers were subsequently tested in 25 pl PCR reactions. The reaction mixture
contained 50 ng/ul P. elliottii E 503 needle DNA, 1% (v/v) Promega thermophilic DNA
polymerase 10X buffer - magnesium free, 300 pM dNTPs, 3 mM MgCl,, 0.25 uM of
each primer, and 1 U Promega Tag DNA polymerase in storage buffer A. Temperature
cycling was done using a Perkin Elmer GeneAmp® PCR system 9700 (Applied
Biosystems). The reaction conditions were optimized for each primer by starting at an
annealing temperature 5°C lower than the Tm of the primers and gradually increasing this
temperature by 5°C with each subsequent PCR. The thermal cycler was programmed for
an initial step of 4 min at 94°C, followed by 30 cycles of 45 s at 94°C, 45 s at various
annealing temperatures and 45 s at 72°C. The amplification cycles were followed by a
final elongation step of 5 min at 72°C. The PCR reactions were screened for
amplification products on 2% agarose gels in 1 X TAE buffer, at 5.3 V/cm for 20 min,
and were detected by staining with ethidium bromide (0.5 pg/ml). Molecular size marker

III was included in all electrophoresis profiles.
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PCR reactions which were found to contain amplification products were further analyzed
by separation on 7.5% non-denaturing polyacrylamide gels (3.75 % (v/v) FMC® Long
Ranger Gel Solution, 1% (v/v) TBE buffer, 0.1% (w/v) APS, 0.004% (v/v) TEMED) in 1
X TBE buffer (45 mM Tris-borate, 1 mM EDTA, pH 8.0) at 26.6 V/cm for one and a half
hours. After separation the amplification products, which were detected by staining with
(1:10 000) Sybr®Greenl Nucleic Acid Gel stain (Boehringer Mannheim), were
visualized by exposure to UV illumination. Boehringer Mannheim 100 bp DNA ladder

was included as the molecular size marker in all electrophoresis profiles.

The amplification products were then cut out of the PAGE gels and extracted from the
plugs by using the QIAquick™ PCR purification kit (QIAGEN) according to
manufacturers recommendations. The purified amplification products were then cloned
into the T7 / SP6 cloning site of the pPGEM®-T Easy plasmid vector, before being
transformed into Escherichia coli IM 109 competent cells using the Promega pGEM®-T
EASY vector system. The transformed E. coli cells were then plated out, at various
concentrations, on LB plates containing Ampicillin (50 mg/ml), IPTG (100 mM) and
XGAL (2% w/v) and incubated at 37°C for 16 to 24 hours. Transformed colonies,
identified using the blue / white selection criteria of the IPTG / XGAL system, were then
selected and their plasmids isolated using the Nucleospin® Plasmid kit (Macherey-
Nagel). The isolated plasmid DNA was then purified further by PEG precipitation, before
sequencing of the insert was done on a Perkin Elmer GeneAmp® 96000 thermal cycler,
using the ABI Prism™ Big Dye™ Terminator Cycle Sequencing Ready Reaction Kit

(Applied Biosystems) according to manufacturers recommendations.
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2.2.3 Results

The careful screening of transformed colonies resulted in the selection of ten colonies
that contained inserts potentially suitable for sequencing. The ten sequences obtained are
given in Appendix A. The ten sequences were analyzed and subsequently screened for
regions containing microsatellites. Primers, of between 17 and 21 nucleotides, were then
designed in the regions flanking these microsatellite loci. A summary of the primers
designed is presented in Table 2.4, while the position of the primers relative to the

sequences from which they were designed can be seen in Appendix A.

Two of the ten microsatellite primer pairs that were designed were found to produce
amplification products (primer JD7-AMO and JD9-AMO), while the remaining eight
would not produce any amplification products (primers JD1-AMO, JD2-AMO, JD3-

AMO, JD4-AMO, JD5-AMO, JD6-AMO, JD8-AMO and JD10-AMO).

The microsatellite markers, JD7-AMO and JD9-AMO, produced monomorphic
amplification products. Figure 2.4 shows the microsatellite fingerprints, of the E 503 x
Pch 23 hybrid population, which were obtained using microsatellite marker JD9-AMO,
while figure 2.5 shows the microsatellite fingerprints of the same population which were

obtained using microsatellite marker JD7-AMO.

Microsatellite marker JD9-AMO was designed to produce an amplification product of

approximately 300 base pairs. This corresponds with the amplification product shown in

Identification of pine hybrids using SSR loci 46



-

&

W UNIVERSITEIT VAN PRETORIA
0 UNIVERSITY OF PRETORIA
'

YUNIBESITHI YA PRETORIA

figure 2.4 as well as with the sequencing results obtained, which overlap substantially

with the original RAMs sequence 3 (Appendix A, Figure A-3).

Table 2.4. Summary of RAM primers developed.

Primer Forward sequence (5’ — 3’) Reverse Sequence (5’ - 3°)
JD1I-AMO  F1: ATAATCAAGCATACAAG RI: GGTTGTAGTGGTGTCTC
JD2-AMO  F2: GCCCACATCTACCCAAG R2: CTGATGTGGAAGGTCTG
JD3-AMO  F3: GCAGGACAACGCCAA R3: GCAAAACAAGATAAT
JD4-AMO  F4: GCATCTCATTTTCTATT R4: GCGTGTTTAGATACTTTA
JD5-AMO  F5: CCCAACACTCCTGGGCT R5: GAGCAGGACAACGCCAA
JD6-AMO  F6: TGGACAAACGCCTAAC R6: AGGTCAAGGGAGACAA
ID7-AMO  F7.1: TGGATCCCCCAAGTCT R7: CAAAGAGGAAACGAACAG

F7.2: TAGTCCAGCCITCAGTG

JD8-AMO  F8: CACACACACATGGACGCATA R8.1: CGAACTGAATGGGTTGTGTG
R8.2: GTTTACCGCAGTTGGTTG

JD9-AMO  F9.1:GCACACACACACACACAAAAAAAACT RO TTGCTCAAGCCAGCCAG
F9.2: CACCAGGGGAAACCGAG

JD10-AMO  F10: CCCGGACGATTTCCITG R10: GTGATTGACCCGCCTCC

Microsatellite marker JD7-AMO was designed to produce an amplification product of
approximately 250 base pairs. However, as is shown in figure 2.4, an amplification

product of approximately 350 base pairs was obtained. When the annealing temperature
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was raised, thereby increasing the stringency of the PCR reaction, the same amplification

product was obtained.

1 2 3 &

S00bp,
400bp

300bp

200bp

Figure 2.4. Microsatellite fingerprints of the P. elliottii (E 503) x P. caribaea (Pch 23) hybrid
population. The fingerprints were obtained by PCR amplification with primer JD9-AMO. Lane 1
contains 100 bp DNA ladder, while lanes 2 to 4 contain the fingerprints obtained using E 503
needle DNA, E 503 x Pch 23 embryo DNA and PCH 23 needle DNA, respectively.

S500bp —
400bp—aS

300bp g2

200bpr—0S

Figure 2.5. Microsatellite fingerprints of the P. elliottii (E 503) x P. caribaea (Pch 23) hybrid
population. The fingerprints were obtained by PCR amplification with primer JD7-AMO. Lane 1
contains 100 bp DNA ladder, while lanes 2 to 4 contain the fingerprints obtained using E 503
needle DNA, E 503 x Pch 23 embryo DNA and PCH 23 needle DNA, respectively.
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These results seem to indicate that the JD7-AMO reverse primer bound further down-
stream than it was designed to, thereby amplifying an additional, untargeted section of
the Pinus genome. The sequencing results verify these results as substantial sequence
homology was found to exist with that of the original RAMs sequence 6 (Appendix A,

Figure A-6).
2.2.4 Discussion

In 1994 Zietkiewicz et al. found that RAMs could be used to generate species specific
DNA fingerprints. These species-specific DNA fingerprints can provide useful
information pertaining to linkage, gene flow and parental contribution within and

between populations (Hantula et al., 1996).

Due to the costs involved in sequencing and primer design only ten inserts were
sequenced. The sequences were analyzed and ten primer pairs were designed. Upon
testing it was found that only two of the ten primer pairs (20%) resulted in the production
of amplification products. In both cases the amplification products produced were
monomorphic. As discussed in section 2.1.4 monomorphic mjcrdsatellite markers are not
as useful as polymorphic markers, as it is impossible to distinguish between species or to
determine gene flow or parental contribution. Although the amplification products
produced were monomorphic the results indicate that this method has potential for

microsatellite marker development in pines.
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The fact that marker JD-7TAMO produced an amplification product which was
approximately 100 bp larger than it should have been indicates the need for marker
screening to ensure that the amplification product obtained actually comresponds with the
expected microsatellite region being targeted. In this scenario the marker does not need to
be discarded as it amplified a conserved region in P. elliottii, P. caribaea and in the P.

elliottii x P. caribaea hybrid.

In section 2.1.4 the important role which polymorphic microsatellite markers can play in
population studies was discussed. Similarly, polymorphic microsatellite markers
developed using RAMs would be just as useful for linkage, gene flow and genotype

determination.
2.2.5 Conclusion

The RAMs approach to microsatellite marker development, although not as cost effective
as simply using markers developed in related species, is a relatively fast way of
developing species specific microsatellites. Although the source of variability in the
RAMs fragments is still unknown, Hantula er al. (1996) proposed that the most likely
polymorphisms would be length polymorphisms as variability in these elements is mostly
due to differences in the number of repeats. The species specific DNA fingerprints
obtained using RAMSs are highly reproducible and can be used to identify both inter- and

intra-species specific polymorphisms.
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The results of this study indicated that the RAMs technique is potentially an effective
way of developing microsatellite markers specific to the P. elliottii x P. caribaea hybrids.
The results are promising enough to justify further investigation into this approach for
marker development and perhaps even investigation into the potential of these markers

for cross-species amplification.
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3.1 Introduction

The hybrid between P. elliottii and P. caribaea displays many promising and desirable
characteristics, such as rapid growth combined with excellent wood quality (Denison and
Kietzka, 1993; Stanger ef al., 1999). These characteristics are mainly attributed to the
hybrid vigor obtained during the cross and is the main reason why P. elliottii x P.
caribaea hybrids are favored above improved parent'species for commercial planting
(Bester, 2000). However, a number of problems are associated with the P. elliottii x P.
caribaea hybrid. Firstly, the P. caribaea pollen ripens approximately three months before
the P. elliottii ovules are receptive (Mather, 2000); there is therefore a need to optimize
the long-term storage conditions of the P. caribaea pollen. The second major problem
facing the hybrid is one of incompatibility between P. elliottii and P. caribaea, which

results in low seed set and a low number of viable hybrid seeds (Mather, 1996).

The odds of successful cross-pollination are increased by random wind dispersal and the
millions of pollen grains that are produced (Baker and Baker, 1979). This ensures that at
least a small percentage will reach its destination and result in pollination thereby
ensuring the proliferation of the species. Of these millions of pollen grains a percentage
will be sterile, others will be malformed and the vast majority will end up being dispersed
by the wind and never even come near the pollination droplet (Singh, 1978; Wright,
1976). Other factors that have been found to influence pollination are male fertility
(Schoen and Cheliak, 1987), pollen viability and pollen tube growth rates (Ottavariano et

al., 1980) and non-random embryo abortion (Sorensen, 1982).

The influence of storage and morphology on the viability of Pinus caribaea pollen 53



W UNIVERSITEIT VAN PRETOR
UNIVERSITY OF PRETOR
OR

@ue# VYUNIBESITHI YA PRET

| A
I A
1A

Pollen viability is perhaps the most important factor known to influence reproduction in
plants. Pollination and fertilization are directly dependent on pollen viability (Singh,
1978). According to Pacini (1996) cytoplasmic carbohydrates and sucrose are involved in
protecting the pollen during exposure and dispersal, while Van Bilsen et al. (1994) found
that a direct correlation exists between pollen viability and lipid degeneration during

storage.

The entire reproductive cycle is dependent on the ability of the pollen grain to germinate
once it is captured in the pollination droplet. Germination requires energy as well as the
elaboration of cellular and structural materials within the pollen tube as it is formed
(Baker and Baker, 1979). Pollen tube growth consists of two phases iz vivo, namely an
initial autotrophic phase followed by a heterotrophic phase (Bellani ef al., 1985). During
the autotrophic phase energy and building blocks must be provided by the reserves, such
as oils, sugars and starches in the pollen grain itself, as only limited additional material
may be absorbed from the surrounding stylar tissue (Baker and Baker, 1979; Bellani et
al., 1985, Delph et al, 1997, Willemse, 1968). During the heterotrophic phase
polysaccharide reserves in the pistil are mobilized and enzymes for carbohydrate

metabolism are induced in the vicinity of the growing pollen tube (Roggen, 1967).

Two broad aims were established for this investigation. The first aim was to optimize the
storage conditions for the P. caribaea pollen during the three month storage period. The
second aim was to investigate the relationship that exists between the morphology and

viability of P. caribaea pollen.
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3.2 Materials and Methods

3.2.1 Plant Material

Eighteen P. caribaea pollen types, which were provided by SAFCOL, South Africa, were
used in this study. These eighteen types included pollen from: Ach 22, Ach 24, Ach 29,
Ach 31, Ach 33, Ach 49, Ach 57, Ach 65, Ach 91, Ach 93, Ach 114, Ach 271, Acb 60,

Acb 62, Pch 23, Pch 69, Pch 88 and Pch 105.

3.2.2 Influence of environmental factors on P. caribaea pollen viability

Ten of the eighteen Pinus caribaea pollen types (Ach 24, Ach 29, Ach 31, Ach 65, Ach
93, Ach 114, Pch 23, Pch 69, Pch 88 and Pch 105), which were provided by SAFCOL,
Dukuduku, South Africa, were used in the germination trials to determine the effects of
environmental conditions on viability. The factors investigated included the effects of
pollen age, the temperature and humidity at which the pollen was stored and the
developmental stage of the pollen cone at the time of harvesting on the viability of the
pollen (Table 3.1). In order to facilitate germination, the pollen was placed on 3% (w/v)
agar containing 10% (w/v) sucrose and left at room temperature for 72 hours, as
described by Wright (1976). After 72 hours microscope slides were prepared and the
samples were investigated using an Axiovert 35 28436 inverted light microscope.
Germination percentage was determined by counting the number of germinated pollen
grains per microscope field, at 20 X magnification, and by repeating the procedure over

ten random microscope fields per pollen type.
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Table 3.1. Environmental conditions investigated.

Pollen age Pollen cone Time of Environmental
developmental stage  harvesting conditions
P. caribaea o Fresh ¢  Young cones e 0830 e 4°C
Pollen (1 -2 weeks) (ca. 10mm)
e 12:00 e 20°C
¢ 3monthsold e Medium cones
(ca. 20 mm) s 1630 e  20°C Low
e old Humidity (LH)
(ca.oneyear) ¢ Oldcones
(ca. 35 mm) e 20°C High
Humidity (HH)
e -20°C
e -80°C

3.2.3 The influence of environmental factors on the ultrastructure of P. caribaca

pollen

P. caribaea pollen, Pch 23, Pch 29 and Pch 53, which were collected at various times of
the day and which were exposed to various environmental conditions during storage, as
described in section 3.2.2, was prepared for transmission electron microscopy. The pollen
was fixed for two weeks in 3% (v/v) glutaraldehyde in 75 mM sodium phosphate buffer
(pH 7.5). After the initial fixation the pollen was rinsed three times in 75 mM sodium
phosphate buffer (pH 7.5) and then fixed further in 2% (w/v) aqueous osmium tetroxide
for 2 hours, before being rinsed three times with distilled water. The pollen was

subsequently stained overnight with 0.5% (w/v) uranylacetate-dihydrate, then rinsed
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twice with distilled water and heated for a few seconds in a water bath at 65°C. Heated
agar was subsequently added and the tubes covered with parafilm. Once the agar had
cooled and solidified it was cut into small cubes. These pollen containing agar squares
were then dehydrated in 30%, 50%, 75%, 95%, and twice in 100% ethanol for 30 minutes
per dehydration step. The ethanol was subsequently replaced with 1.2 X propylene oxide
and the samples were stored while the plastic embedding solution (10% (w/v) VCD, 26%
(w/v) NSA, 6% (w/v) DER 736, 0.4% (w/v) DMAE) was prepared according to Spurr
(1969). The pollen containing agar squares were then embedded in the plastic solution,
which was cast in molds and left at 60°C for eight hours to allow polymerization. Excess
plastic was trimmed from around the embedded pollen material and the material was
subsequently sectioned, in Amstrong diameter, using the LKB ultrotome III
ultramicrotome. The sections were caught up in a loop and transferred to 200-grid mesh.
The section containing grids were then stained in 5% (w/v) uranylacetate for 30 minutes
followed by staining with lead citrate as described by Reynolds (1963). The sections were

examined using a Phillips CM 100 transmission electron microscope at 60 kV.
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3.2.4 P. caribaea pollen morphology
3.2.4.1 Scanning electron microscopy (SEM)

The eighteen P. caribaea pollen types were prepared for Scanning Electron Microscopy
according to the procedures outlined by Coetzee and Van der Merwe (1999). The
procedure involved fixation of the pollen in 2.5% (v/v) glutaraldehyde in 75 mM sodium
phosphate buffer (pH 7.5) for at least one hour. After fixation the pollen was rinsed three
times in sodium phosphate buffer (pH 7.5) and fixed further in 0.25% (w/v) aqueous
osmium tetroxide for approximately half an hour. The pollen was rinsed three times in
distilled water and dehydrated for 15 minutes in 70% ethanol, followed by three times 15
minutes in 100% ethanol. The dehydrated pollen was then critical point dried in liquid
carbon dioxide. Once dry, the pollen was mounted on a stub and sputtered with a
colloidal gold solution (Duff et al., 1993) using the Biorad SEM coating system. The
prepared pollen stubs were examined using a Jeol Winsem JSM 6400 scanning
microscope at 5 kV and 1 000 X magnification. Twenty images, in a side on view and
twenty in a distal view of each of the eighteen pollen types were scanned in. As it was
impossible to obtain a “size” estimate, such as total area or voluﬁe of individual pollen
grains, five dimensions (representative of the size and shape of the pollen grains and their
airbags) were measured using the UTHSCSA Image Tool programme to obtain a data set

applicable for statistical analysis (Figure 3.1).
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Figure 3.1. Five dimensions measured for each of the eighteen P. caribaea pollen types. (A).
Side on view facilitating the measurement of dimensions AA, BB and EE. (B). Distal orientation

facilitating measurement of dimensions CC and DD.
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3.2.4.2 Transmission electron microscopy (TEM)

Seven P. caribaea pollen types (AP 30, AP 128, AP 168, AP 294, Pch 23, Pch 29 and
Pch 53) were randomly selected and prepared for transmission electron microscopy as

described in section 3.2.3.

3.2.5 Statistical analysis of P. caribaea germination vs. morphology

A number of questions arose from the cursory examination of the dimensional and
germination data that had been obtained for the eighteen P. caribaea pollen types. In
Table 3.2 these questions and the statistical analytic techniques that were used to

investigate them are summarized.

Table 3.2. Statistical analytic techniques used to investigate the questions relating to the eighteen
P. caribaea pollen types (SAS / STAT Users guide, 1989)

Question Statistical technique

Are the eighteen types significantly different? e  Analysis of variance (ANOVA)

Is there an association between the dimensions e Regression: Germination = dependent

of the types and their germination rate? variable

Would the sum of the dimensions provide a e Cronbach coefficient alpha

reliable size variable?

If the sum of the dimensions is not reliable, e Principle component analysis

could another aggregation technique help?

Do the dimensions allow a clustering of the e Median Hierarchical cluster analysis

eighteen types into separate groups? e Ward’s minimum variance cluster analysis
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3.3 Results

3.3.1 Influence of environmental factors on P. caribaea pollen viability

The germination data displayed a direct correlation between pollen viability and the age
of the P. caribaea pollen, the temperature and humidity at which the pollen was stored
and the developmental stage of the pollen cone at harvesting. Highest germination
percentages were observed the shorter the duration of storage (i.e. the fresher the pollen,
Figure 3.2) and the lower the temperature at which the pollen was stored (Figure 3.3).
High germination percentages were also observed for pollen that had been stored at room

temperature and at low relative humidity (Figure 3.3).

c o
S8
©
£5
€ o
e
o O
oL

< » ~— 1o} o™ < [s2] D [0 0] 19}

N N [sp} © (o)) = (g (o] o0} o

H £ £ £ £ Y £ £ £ ¢

O O (6] (8] (8] < [$] O O o

< € < < < g o a a g
P. caribaea pollen types

iFresh pollen @3 Months OOId pollen }

Figure 3.2. Germination percentages of P. caribaea pollen stored for various periods of time.
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Figure 3.3. Germination percentages of P. caribaea pollen stored at various temperatures and

humidity.

A correlation between the developmental stage of the pollen cone at the time of
harvesting and pollen viability was also found to exist. High germination percentages
were observed for the mature (medium and old) pollen cones and lowest germination
percentages for young, immature pollen cones (Figure 3.4). The variable results obtained
for the study on the effects of collection time on pollen viability indicated that this factor
had little effect on the germination of the P. caribaea pollen. The results of this study

were subjected to statistical analysis and were found to be significant.
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Figure 3.4. Influence of pollen cone developmental stage on germination rate of P. caribaea

pollen.

3.3.2 The influence of environmental factors on the ultrastructure of P. caribaea

pollen.

The results of the TEM investigation on the influence that environmental conditions exert
on the ultrastructure of P. caribaea pollen were found to be variable and generally
uninformative. No clear correlation was found which could link poor pollen viability with
the time of harvest, the pollen cone developmental stage or even the temperature at which

the pollen was stored.
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3.3.3 P. caribaea pollen morphology

3.3.3.1 Scanning electron microscopy (SEM)

Based upon the SEM pictures it is possible to describe the general structure of Pinus
caribaea pollen as being large, winged grains, which are strongly polarized, with
proximal and distal regions. The wings are hemispheric, situated in the distal region and
border on the germ furrow (Figure 3.5). The surface of the cap is éculptured, while the
surface of the wings tends to be porous or pitted (Figure 3.6). Pinus pollen was similarly
described by both Tomlinson (1994) and Pardi et al. (1996). The average size of the P.
caribaea pollen based on the five dimensions, as described in Figure 3.1, is given in

Table 3.3.

Figure 3.5. SEM picture of the general structure of P. caribaea pollen. (A) Proximal region. (B)
Distal region. (C) Cap. (D) Germ furrow. (E) Hemispheric wing. 1 000 X Magnification, 10 um

Scale bar.
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Figure 3.6. SEM pictures of the surface of P. caribaea pollen. (A) Sculptured surface of the

pollen cap. (B) Pitted surface of the pollen wings. 2 000 X Magnification, 1um Scale bar.

Table 3.3. Average size of P. caribaea pollen

Dimensions in micrometers (Lm)

AA BB CC DD EE
Mean 7.82 66.81 8.24 60.46 19.7
Standard deviation 1.96 3.42 2.26 3.94 1.8
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3.3.3.2 Transmission electron microscopy (TEM)

The results of the TEM investigation correlated with the general ultrastructure of
Pinaceae pollen grains as described by Tomlinson (1994) and Pardi et al. (1996). Various
features of a mature Pinus pollen grain can be distinguished in the TEM micrographs. In
Figure 3.7 features such as the intine, exine and endexine of the cell wall can be
distinguished. The gas space in the wings and the germ furrow can also be clearly
distinguished. The cell wall of the wings consists of a thin exine layer with many
fingerlike projections that project inwards (Figure 3.8). The continuous exine is thicker in
the proximal region, becoming thinner in the distal region from which the pollen tube
will arise. The exine is made up of two distinct layers namely the endexine and the
ektexine. The ektexine in turn is made up of three parts namely the footlayer, tectum and

infratectum. In Figure 3.9 the TEM micrograph of the cell wall ultrastructure is given.

Figure 3.7. TEM micrograph of the general ultrastructure of P. caribaea pollen. (A) Proximal
region. (B) Distal region. (C) Exine. (D) Intine. (E) Endexine. (F) Germ furrow. (G) Air space in
wing. 360 X Magnification.
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Figure 3.8. TEM micrograph of the ultrastructure of the P. caribaea pollen wing. (A) Intine. (B)
Endexine. (C) Air space of wing. (D) Fingerlike projections of the exine. 870 X Magnification.

Figure 3.9. TEM micrograph of the ultrastructure of the P. caribaea pollen cell wall. (A) Tectum.
(B) Infratectum. (C) Footlayer. (D) Ektexine. (E) Endexine. (F) Intine. 2 650 X Magnification.

The influence of storage and morphology on the viability of Pinus caribaea pollen 67



ot
&
W UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA
Qe VYUNIBESITHI YA PRETORIA

3.3.4 Statistical analysis of P. caribaea germination vs. morphology

Using the UTHSCSA Image Tool programme the dimensional data pertaining to the
eighteen P. caribaea pollen types was generated. This dimensional data in combination
with the germination data (Figure 3.2) was then subjected to statistical analysis (SAS /

STAT Users guide, 1989).

The first question investigated related to whether the eighteen pollen types could be
shown to be significantly different, based upon the dimensional data. The results of the

ANOVA (Appendix B) showed that the term for differences between the eighteen pollen

types was highly significant (Pr = 0.0001).

The next question was to determine whether an association existed between the
dimensional measurements and the germination rates of the eighteen P. caribaea pollen

types. The following function was fit to the data:
Y Germination = P1Xaa + P2Xpp + P3Xce + BaXop + BsXek

where Y is the observed germination, B; are the regression coefficients and Xaato Xgg are
the dimensional measurements, as described in Figure 3.1. This model was found to be
significant at Pr < 0.05 and the correlation coefficient squared was 0.8668 (i.e. 86% of

variation is determined by the model).

The influence of storage and morphology on the viability of Pinus caribaea pollen 68



-
P}

% UNIVERSITEIT VAN PRETO
0 UNIVERSITY OF PRETO
Q¥ VU 10

NIBESITHI YA PRE

The third question involved an examination of the sum of the dimensional measurements
for the eighteen pollen types. The analysis for consistency, which was done using the
Cronbach coefficient (alpha), was found to be less than 0.7. Thereby indicating that the
sum of the dimensional measurements was not representative of the size of a specific P.

caribaea pollen type.

The forth point of interest was to determine the way in which the dimensional
measurements aggregated. A principle component analysis (PCA) was therefore done.
The results of the PCA showed that the first principle component (PC) is dominated by
factor 1 (EE), the second by factor 2 (AA) and the rest by factors 3, 4 and 5 (DD, BB and

CC, respectively) (Table 3.4).

Table 3.4. Results of PCA — Variance explained by each factor

Dimensional measurement Factor 1 Factor 2 Factor3 Factor4 Factor$s

AA 0.07 0.93 0.16 0.22 0.24
BB 0.19 0.22 0.18 093 0.13
CC | 0.08 0.24 0.27 0.13 0.92
DD 0.08 0.16 0.93 0.19 0.26
EE 0.99 0.06 0.07 0.17 0.07

The multiple regression of the scores from the PC’s representing the dimensions AA, BB,
CC, DD and EE as predictors of germination were found to be highly significant (Pr <

0.05) and the regression coefficients (correlation coefficient squared = 0.8691) were also
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highly significant. These variables therefore contribute jointly to the size of the pollen

grain and they are good predictors of germination.

The next step was to look whether it would be possible to cluster the P. caribaea pollen
types. Two different clustering techniques were investigated. These techniques were

Median hierarchical cluster analysis and Ward’s minimum variance cluster analysis.

Using the Median hierarchical cluster analysis it was determined that the eighteen P.
caribaea pollen types could be divided into three clusters, although the majority of the
pollen lines tended to fall into only two clusters (Table 3.5). Using Ward’s minimum
variance cluster analysis three clusters were chosen in order to keep the data analysis as

simple as possible (Table 3.6).

Table 3.5. Results of Median hierarchical cluster analysis

Cluster 1 Cluster 2

P. caribaea pollen lines Ach22 Ach24  AchS57 Aché65

Ach29 Ach3l  Ach93 Achll4

Ach 33 Ach49 Ach271 Pch23

Ach9l Acb60  Pch69 Pch88

Acb 62 Pch 105
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Table 3.6. Results of Ward’s minimum variance cluster analysis

Cluster 1 Cluster 2 Cluster 3

P. caribaea pollen lines Ach33 Ach29 Ach22 Acb62 Ach24 Achll4

Ach9l Ach49 Pch105 Ach93 Ach57

Ach 3l Acb6 Ach 65 Ach?271

Pch 23 Pch 69

Pch 88

When the results of the Median hierarchical cluster and Ward’s minimum variance
cluster analysis were compared basic similarities were observed. Both methods cluster
Ach 29, Ach 31, Ach33, Ach 49, Ach 91 and Acb 60 in one group (Group A, Figure
3.10) and Ach 57, Ach 65, Ach 93, Ach 114, Ach 271, Pch 23, Pch 69 and Pch 88 in a
separate group (Group B, Figure 3.11). When these results were compared with the
original SEM images it was found that all the pollen types clustering in group B
displayed intermediate dimensions (Figure 3.12 A & B), while all the pollen types
clustering in group A either displayed smaller than average dimensions (Figure 3.12 C &
D) or displayed larger than average dimensions (Figure 3.12 E & F). When these results
were compared with the germination results obtained it was found that the pollen types
which clustered into group B were amongst those types which displayed high
germination percentages and those which clustered into group A were amongst those

types which displayed low to intermediate germination percentages (Figure 3.13).
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Figure 3.10. P. caribaea pollen types clustered into Group A. (A) Ach 29. (B) Ach 31. (C) Ach
33. (D) Ach 49. (E) Ach 91. (F) Acb 60. 250 X Magnification, 100 pum Scale bar.
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Figure 3.11. P. caribaea pollen types clustered into Group B. (A) Ach 57, (B) Ach 65, (C) Ach
93, (D) Ach 114, (E) Ach 271, (F) Pch 88. 250 X Magnification, 100 um Scale bar.
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Figure. 3.12. SEM pictures of P. caribaea pollen clusters. (A). SEM picture of pollen with
intermediate germ furrow in side view. (B). SEM picture of pollen with intermediate germ furrow
in distal view. (C). SEM picture of pollen with narrow germ furrow in side view. (D). SEM
picture of pollen with narrow germ furrow in distal view. (E). SEM of pollen with wide germ
furrow in side view. (F). SEM of pollen with wide germ furrow in distal view. 1 000 X
Magnification, 10 pm Scale bar
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Figure 3.13. Light microscope pictures of P. caribaea pollen germination. (A) High germination

(10 X Magnification). (B) Intermediate germination (10 X Magnification). (C) Low germination
(20 X Magnification).
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3.4 Discussion

Pollen viability is one of the most important limiting factors of reproductive success
(Singh, 1978). The viability of gymnosperm pollen is very vulnerable due to its airborne
dispersal and slow maturation (Wright, 1976), which facilitates the exposure of the pollen
to various environmental pollutants (Pardi e al., 1996). The viability of the pollen is,
however, not only determined by atmospheric agents, but also by internal factors such as
lipid (Van Bilsen ef al., 1994) and carbohydrate reserves (Pacini, 1996) and the duration

and conditions under which it is stored (as found in this study).

The environmental conditions to which the pollen was exposed played a major role in
germination and pollen viability. The results indicated that there was a direct decrease in
viability with an increase in the age of the pollen, temperature at which the pollen was
stored and exposure to high humidity during storage. These results correlate with those
described by Van Bilsen et al. (1994) who found that the higher the relative humidity (i.e.
75% vs. 40%) during pollen storage the lower the viability. Van Bilsen ez al. (1994)
linked this decrease in viability to the deesterification of phospholipids that resulted in
the degradation of membrane integrity. The pollen cone developmental stage at the time
of harvesting was also found to influence viability as the highest germination percentages
were observed for medium pollen cones. This would suggest that medium cones are more
likely to contain mature, but fresh pollen. It is therefore proposed that the decrease in
viability observed with the increase in pollen cone age is due to the pollen having passed

it’s optimal condition and entering into the declining viability phase. Based on these
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results recommendations were made to SAFCOL, suggesting ways in which the viability

of P. caribaea pollen could be prolonged. These recommendations are summarized in

Table 3.7.

Table 3.7. Summary of recommendations pertaining to optimization of P. caribaea pollen

storage conditions

Recommendations

The P. caribaea pollen should be:

e Dried prior to storage;

e Stored in small quantities;

¢ Stored at the lowest possible temperature;

e Stored in a dry place;

s Stored in sealed containers;

Once opened, all left over pollen should be discarded.

The results of the TEM investigation on the influence that environmental conditions exert
on the ultrastructure of P. caribaea pollen were found to be variable and generally
uninformative. These results would seem to correlate with those obtained for the study on
the effect of environmental factors on viability as those results were also found to be
variable and uninformative. Of the environmental factors tested only temperature,
humidity and the duration of storage were found to influence pollen viability. These

differences in germination are, however, not clearly reflected in the ultrastructure of the
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P. caribaea pollen. It is therefore proposed that a study needs to be done in which the
effects of temperature, humidity and the duration of storage on the ultrastructure of P.
caribaea pollen are the main focus. Such a study would help determine whether these
results are a true reflection of the effects of environmental conditions on the ultrastructure
of P. caribaea pollen or whether they are just a selectively skewed version of what is

really happening.

According to Snow and Spira (1991) and Stephenson ef al. (1988) only the most vigorous
pollen tubes achieve fertilization under conditions of intense pollen competition. Pollen
competition can occur when more pollen is deposited on the stigma than is required for
fertilization of all the flower’s ovules (Havens, 1994). The deposition of excess pollen
occurs regularly during the controlled pollination of the P. elliottii ovules with the P.
caribaea pollen. It would therefore be advantageous to only use the most vigorous P.
caribaea pollen, which displays the fastest germination rate and pollen tube growth rate,

for the controlled crosses.

As a cautionary note it must be included that pollen performance rates can not only be
contributed to genetic factors, but that non-genetic factors such as: (i) temperature during
pollination (Elgersma ef al., 1989), (ii) the location of the pollen on the stigma (Thomson,
1989) and (iii) the competitive environment within the style (Cruzan, 1986 and 1990),
may play an important role on a seasonal basis (Charlesworth and Charlesworth, 1992).
According to Delph et al. (1997) if the plant is exposed to unfavorable environmental

conditions it may lead to a reduction in the resources available for pollen production and
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ultimately to differences in the quality and / or the quantity of the storage products that

are produced within those pollen grains.

In 1994 Tomlison described the general structure of a pollen grain based on five
contributing factors. These factors included the size, overall shape, surface sculpture,
sporoderm ultrastructure and the presence or absence of obvious apertures. The combined
SEM and TEM investigations provide all the necessary information in order to be able to
describe all these factors relating to P. caribaea pollen. The SEM investigation provided
valuable information pertaining to four of the five factors, namely size, overall shape,
surface sculpture and the presence of an obvious aperture in the form of the germ furrow.
The SEM pictures were, however, limited to an external view of these factors using the
scanning electron microscope. The TEM sections on the other hand provided the means
necessary in order to investigate the sporoderm ultrastructure, as well as the other four
factors on an internal level using the transmission electron microscope. In 1996 Pardi et

al. similarly described the general structure of Pinus pinea and Pinus pinaster pollen.

Generally the results of the statistical analysis indicated that a highly significant
relationship existed between germination and morphology of the P. caribaea pollen. To
this end factors such as whether: (i) the eighteen pollen types were significantly different;
(i) an association between the dimensions of the pollen types and their germination
existed; (i) the sum of the dimensions would provide a reliable size variable; and (iv)
the dimensions would allow the eighteen pollen types to be clustered into groups were

investigated.
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The first factor was investigated by doing an ANOVA of the dimensional data available.
The results of the ANOVA indicated that the term for differences between the eighteen
pollen types was highly significant, which suggests that the eighteen pollen types are

significantly different from one another when their dimensions are taken into account.

Using regression a good association was found to exist between the dimensional
measurements and germination of the pollen types, as it was possible to determine up to

86% of the variation. The association was therefore found to be highly significant.

The Cronbach coefficient (alpha) was used to determine whether the sum of the
dimensions would provide a reliable size variable. The sum can only be accepted if the
measures of the five dimensions add consistently to the total (i.e. their individual
measurement error must be very small) (Steyn ef al., 1994). The analysis for consistency
(i.e. the Cronbach coefficient) indicated that this was not the case and the sum of the
dimensional measurements was therefore not representative of the size of a specific P.

caribaea pollen type.

A principle component analysis (PCA) was carried out in order to determine the way in
which the dimensional measurements aggregated. During a PCA the five dimensions are
combined in a linear function (five linear functions are formed in this case), called a
principle component (Steyn et al.,1994). Differences in the size of the coefficients of the

functions (PC’s) indicate the relative importance of the dimensions. The results of the
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PCA showed that the first PC was dominated by factor 1 (EE) and the second by factor 2
(AA) this means that of the five factors, factor 1 and factor 2 carry the most weight when

the dimensions of the pollen grains are determined (Table 3.4).

The PC’s represent independent aggregations of the dimensions and allow aggregate
values, called scores, to be calculated for each entry (Steyn ef al,1994). These scores
were used to regress on germination. The multiple regression of the scores from the PC’s
representing the dimensions AA, BB, CC, DD and EE as predictors of germination were
found to be highly significant and up to 86.91% of the variation could be determined. It
can therefore be concluded that these variables contribute jointly to the size of the pollen
grain and they are good predictors of germination. These results clearly confirm that there
is an association between morphology and germination, but also emphasize that the

association is not a simple one.

Having determined that the eighteen P. caribaea pollen types were significantly different
from one another (with reference to all five dimensions) and that there was a highly
significant association between the dimension of the pollen and its germination rate, the
next step was to look whether it would be possible to cluster the pollen types. Two
different clustering techniques were investigated. These techniques were Median
hierarchical cluster analysis and Ward’s minimum variance cluster analysis. Using the
Median hierarchical cluster analysis it was determined that the eighteen P. caribaea
pollen types could be divided into three clusters, although the majority of the pollen types

fall into only two clusters (Table 3.5). Using Ward’s minimum variance cluster analysis
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three clusters were chosen in order to keep the data analysis as simple as possible (Table
3.6). When the results of the Median hierarchical cluster analysis and Ward’s minimum
variance cluster analysis were compared it was found that many of the clusters
overlapped, thereby confirming the clustering of the P. caribaea pollen types into two

distinct groups (Group A, Figure 3.10 and Group B, Figure 3.11).

When the results of the cluster analysis were compared with the original SEM images and
the germination results obtained it was found that all the pollen types clustering into
group B displayed intermediate dimensions (Figure 3.12 A & B) and high germination
percentages (Figure 3.13). Conversely the pollen types clustering into group A displayed
either smaller than average dimensions (Figure 3.12 C & D) or larger than average
dimensions (Figure 3.12 E & F) and low to intermediate germination percentages (Figure
3.13). This would suggest that a highly significant association seems to exist between P.

caribaea pollen morphology and viability.
3.5 Conclusion

The results of the investigation on the effect of environmental conditions indicated that
long term pollen viability can be maintained if the pollen is stored under specific
conditions. The results indicated that only mature pollen from intermediate cones should
be harvested and that if temperature and humidity are controlled during storage, then it

should be possible to maintain P. caribaea pollen viability.
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The highly significant association found to exist between P. caribaea pollen morphology
and viability strongly suggests that a dimensional screening step would be beneficial
during the selection of the pollen parent. This screening step would reduce the chances of
inferior P. caribaea pollen parents from being used in crosses during hybrid production
and therefore from entering into the hybrid performance trials in general. The correct
storage of the P. caribaea pollen would ensure the viability of the pollen used in the cross

and therefore result in increased pollination which should in turn result in increased

fertilization.
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CONCLUSION
Identification of pine hybrids using SSR loci.

The fact that microsatellite markers developed in other species can be used successfully
in the DNA profiling in related species, and specifically for the profiling of the P. elliottii
x P. caribaea hybrids, makes this an extremely powerful and accessible technique. By
eliminating the need for sequence information and marker development cross-species
amplification of microsatellite markers greatly reduces the cost and time requirements

involved in DNA profiling studies.

The results also indicated that not all microsatellite markers produced DNA fingerprints
that were equally informative and / or useful. Generally polymorphic microsatellite
markers were found to be highly informative and therefore far more useful than
monomorphic markers, which tend to be relatively uninformative. Parental determination
should therefore be approached via a process of elimination in order to accurately accept
or reject the null hypothesis, that the embryo was the result of successful controlled
pollination. As it is unlikely that a single locus will provide enough information upon
which the null hypothesis may be rejected or accepted, the information from several loci

should be pooled and analyzed together.

The results of the preliminary study indicated that the RAMs technique, although not as
cost effective as simply using markers developed in related species, is potentially an

effective way of developing microsatellite markers specific to the P. elliottii x P.
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caribaea hybrids. The species-specific DNA fingerprints obtained using RAMSs are
highly reproducible and can be used to identify both inter- and intra-specific
polymorphisms. The resuits were therefore promising enough to justify further
investigation into this approach for marker development and perhaps even investigation

into the potential of these markers for cross-species amplification.

The influence of storage and morphology on the viability of Pinus caribaea pollen

The results of the investigation on the effect of environmental conditions indicate that
long term pollen viability can be maintained if the polien is stored under specific
conditions. The results indicated that only mature pollen from intermediate cones should
be harvested and that if temperature and humidity are controlled during storage, then it

should be possible to maintain P. caribaea pollen viability.

The highly significant association found to exist between P. caribaea pollen morphology
and viability strongly suggests that a dimensional screening step would be beneficial
during the selection of the paternal parent. This screening step would reduce the chances
of inferior P. caribaea pollen parents from being used in crosses during hybrid
production and therefore from entering into the hybrid performance trials in general. The
correct storage of the P. caribaea pollen would ensure the viability of the pollen used in
the cross and therefore result in increased pollination which should in tum result in

increased fertilization.
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SUMMARY

The study found that cross-species amplification of microsatellite markers developed in
other species can be used successfully for the DNA profiling of related species, and more
specifically for the DNA profiling of the P. elliottii x P. caribaea hybrids. This study also
found that not all microsatellite markers produce DNA fingerprints that are equally useful
and informative, and that the information from several markers should be pooled and
analyzed together in order to make valid predictions relating to parental contribution and
gene flow. Furthermore, it was found that the preliminary study on the usefulness of the
RAMs technique for marker development indicated that the RAMs technique displayed
great potential as an effective way of developing microsatellite markers specific to the P.
elliottii x P. caribaea hybrids.

The study also found that environmental conditions to which the P. caribaea
pollen is exposed may influence its long-term viability and that the viability may be
maintained if the pollen is stored under optimal conditions. Furthermore, a statistically
highly significant association was found to exist between P. caribaea pollen morphology
and viability, thereby strongly suggesting that a dimensional screening step would be
beneficial for the forestry industry before the selection of the pollen donors are made for

pollination studies.
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OPSOMMING

In die studie is bevind dat kruis-spesie amplifisering van mikrosattelietmerkers wat in
ander species ontwikkel is, ook suksesvol vir DNA-profiele van naverwante spesies, en
meer spesifiek vir die profiele van die P. elliottii x P. caribaea hibried, gebruik kan word.
In die studie is verder bevind dat nie alle mikrosattelietmerkers ewe informatief of
bruikbaar is nie. Daar is verder bevind dat die inligting wat met verskillende merkers
verkry is, verskieslik saam geanaliseer moet word om sinvolle afleidings met betrekking
tot geenvloei en ouerlike bydrae, te verkry. Daar is ook verder in 'n voorlopige studie oor
die bruikbaarheid van die RAMs-tegniek bevind dat die tegniek groot potensiaal inhou
om P. elliottii x P. caribaea hibried-spesificke mikrosatteliete op 'n effektiewe manier te
ontwikkel.

Die studie het verder getoon dat die omgewingstoestande waaraan stuifmeel
blootgestel word, die langtermyn kiemkragtigheid van stuifmeel beinvioed.
Kiemkragtigheid kan behou word indien die kondisies waarby die stuifmeel geberg word,
optimaal is. Die studie het verder aangetoon dat daar 'n hoogs betroubare verwantskap
tussen P. caribaea stuifmeelmorfologie en kiemkragtigheid bestaan. Dit wil dus
voorkom asof dit voordelig vir die bosboubedryf sou wees om die dimensies van
stuifmeel eers te bepaal, alvorens finale keuses van vaderlike donors vir

bestuiwingstudies gemaak word.
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5> CACACACACACACACACTGGACGCATATAATCAAGCATACAAGAATAT
GATCAAGCATACAAAATGATACATGTAAGTGACATATAACAACATGTA
ACCAATCATACAATGATCATGATGCATCCCACAACAACAACCGCAACT
TCCACATGGAGACACCACTACAACCATGATCAACACTAGACATTGTAA
TAGGCAGATGGAATGCAAGCGTAAGAGGCATACATGAAACCAACATGC
ATTCATTAACAATGCACACAACCCATTCAGTTCGAGGGGTGAACCATG
CTTCGATATGAATCTGTAACACCCTCCGCCCACATCTACCCAAGTAAC
CAACCAACTGCGGTAAACATGCGACGAGAGGATACCATGATGAGATTC
AACCTCCTAGGTGACCTTAAGGAAATGGAATGAAAGGAAAAACAACAT

ACAGACCTTCCACATCAGCTATAGCACCCTTGACCTCGTCC 3’

Figure A-1. RAMs Sequence 1. Development of primers JD1-AMO and JD2-AMO. Where:

B represents the CAs RAMs primer sequence; B represents the microsatellite sequences;

B rcpresents the JD1-AMO forward primer sequence; BB represents the JD1-AMO reverse

primer sequence; = represents the JD2-AMO forward primer sequence; and 1 represents

the JD2-AMO reverse primer sequence.
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5 CACACACACACACACATAAATTTAATATTTTTGGGGTTATAATGTAAT
GTTATGTTGACATGACAACATCTCGGCCTCATATTTTTGTTTTAATGT
AACATTATGTTTTTTTTTTCTCTATAAAAGCTATTTCGTATTGAACTA
GTAAACATGATAATATTACATGAGGTAGGCGGCTGCAGAAGCCCGCAC
TTGCTAATACTTTACAAAATTTCCCCATTACAGAAGAGATGGGGAATC
TCAACAAAACTAACAGCCAAATCAATTGACGTTACAAACATACTGAGA
GAGGAAGAACTGAAAATAAGCATATGACCGGAGCTGAAGAACCCTTGA

CCTCGTACCCGCTGGTT 3°

Figure A-2. RAMs Sequence 2. Development of primers JD3-AMO. Where: irepresents the

CAs RAMs primer sequence; BB represents the microsatellite sequences; HM represents the

JD3-AMO forward primer sequence; and BB represents the JD3-AMO reverse primer sequence.
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0 5 CACACACACACACACAAAAAAAACTATAAATTTTAATAAAACAAATCT
50 TTTTTTTTTTGTAGGCAAAGGTAGTGCATCTCATTTTCTATTAACATA

100 TCAGAAAATTACATCAAAATTAGTGGACCAGCTACCCGCCCACCAGGG
150 GAAACCGAGTAGGGTATCCACCTAAAGTTTTTAACACCATACCAAAAA
200 AAGAAGTCACGTAGTCTCTTTTTCCTGGCTAAATAGACATTACAGTCC
250 TTCCCTGGTCTAATTCTAGTGATATGCATATATAAACTGTCCATTACA
300 AAAAGAGGGAAGCTGCCTAAAGTATCTAAACACCGCAAAATCATCAGA
350 AGGGAGACAAGAACTAAAACTATTCAACAGCATTGGCAAAGATTGGAG
400 AGTCCTCCTTGGAGCTCCTCTGCTGGCTGGCTTGAGCAATTTCTGAAT

450 CTCTTCCAGCTGCTT 3’

Figure A-3. RAMs Sequence 3. Development of primers JD4-AMO and JD9-AMO. Where: Bl
represents the CAs RAMs primer sequence; ] represents the microsatellite sequences; J
represents the JD4-AMO forward primer sequence; BB represents the JD4-AMO reverse primer
sequence; L represents the JD9.1-AMO forward primer sequence; = represents the JD9.2-

AMO forward primer sequence; and - represents the JD9-AMO reverse primer sequence.

0 5" CACACACACACACACATAGCAAAACAAGATAATCAAGGAGTTCACCCA
50 ACACTCCTGGGCTACATCTCCTGGTCCAACCTTCAGTAGTGACCTCTC

100 TATTATGTCTTTAAGAATATAATTTTACAAAAGAGAGCTCAATTTGAG
150 TCTCACACAACAGATACAAAACAACAAGGCTTTACTTGGATACCCCAA
200 GTCTTTCTGAGTACACAAACTCTCCTCACTGACTCTCTGTCTCCGTTT

250 TCTCTCTGTCTCAACAGTGCTTGCCTCTGTCTCTATCATTCAGTGGCT

300 TTTAAGCCAATTGGCGTTGTCCTGCTCGTTTCCTCTTCTGGGCTTTCT

350 GGCCCTTGACCTCGTCCCGCTGGTT 3’

Figure A-4. RAMs Sequence 4. Development of primers JD5-AMO. Where: Bl represents the
CAj3 RAMs primer sequence; = represents the microsatellite sequences; M represents the
JD5-AMO forward primer sequence; and Il represents the JD5-AMO reverse primer sequence.
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5" CACACACACACACACACACACCATATAAAATCTGTATGAATGATTAAA
TGTGAaAATACATTGATTTTGTAAATGATTGACACATCTTCCAAATTG
GAAATATGGGTATGTTTTAGGAATATTTAGTGTTCTTGGACAAACGCC
TAACCCTCTAGATCTAATAGCAGGTCTAGAAACAACAAACAAAGTAAT
CTCAACCTTTTCTATAATCAATAGATAAAACAAGAGAGAAGAGAAACC
TACTTGTAGTTTTCGCCAGCGCCTTGTCTCCCTTGACCTCGTCCCGCT

GGTT 3°

Figure A-5. RAMs Sequence 5. Development of primers JD6-AMO. Where: EMrepresents the

CA3RAMs primer sequence; BB represents the microsatellite sequences; HE represents the

JD4-AMO forward primer sequence; and BB represents the JD4-AMO reverse primer sequence.
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5’CACACACACACACACACATAACACAGCAAGATAATCAAGGAGTTCACC
CAAGACTCCTGGGCTACATCTCCTAGTCCAGCCTTCAGTGGTGACCTC
TCTATTATGTCTTCAAGAGCGGAGTTTTACAAAAGTGAGCTCAATTTG
AGTCTCACACAATAGATACAAAATAACAAGGCTTTACTTGGATCCCCC
AAGTCTTTCTGAGTACACAGATTCTCCTCACTAACTCTCTATCTCAGC
ACTTCTTGTCCCTGTCTCTGTCATTCTACGGCTTTTAAGCCAATGGGT
GTTGTCTGTTCGTTTCCTCTTTGGGTTCTCTGGCCCTTGACCTCGTCC

CGCTGGTT 3°

Figure A-6. RAMs Sequence 6. Development of primers JD7-AMO. Where: Bl represents the

CA; RAMs primer sequence; J represents the microsatellite sequences; BB represents the

JD7.1-AMO forward primer sequence; BB represents the JD7.2-AMO forward primer sequence;

and B represents the JD7-AMO reverse primer sequence.
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CACACACACACACACATGGACGCATATAATCAAGCATACAAGAATATG
ATCAAGCATACAAAATGATACATGTAAGTGACATATAACAACATGTAA
CCAATCATACAATGATCATGATGCATCCCACAACAACAACCGCAACTT
CCACATGGAGACACCACTACAACCATGATCAACACTAGACATTGTAAT
AGGCAGATGGAATGCAAGCGTAAGAGGCATACATGAAACCAACATGCAT
TCATTAACAATGCACACAACCCATTCAGTTCGAGGGGTGAACCATGCT
TCGATATGAATCTGTAACACCCTCCGCCCACATCTACCCAAGTAACCA
ACCAACTGCGGTAAACATGCGACGAGAGGATACCATGATGAGATTCAA
CCTCCTAGGTGACCTTAAGGNAATGGAATGAAAGGAAAAACAACATAC

AGACCTTCCACATCAGCTATAGCACCCTTGACCTCGTCCCGCTGGTT

Figure A-7. RAMs Sequence 7. Development of primers JD8-AMO. Where: ggg represents the

CAs3 RAMs primer sequence; [ represents the microsatellite sequences;, [ represents the

JD8-AMO forward primer sequence; @l represents the JD8.1-AMO reverse primer sequence;

and B represents the JD8.2-AMO reverse primer sequence.
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5’CACACACACACACACAGAGAATTGCAACTAGTTGCAGCAGCGCGAAAG
GCGTCATTGGTTGTCTGAGGGCCTCCTGCATTTCTTTCAATCGACATT
CGGTGAACGGAATGATGGAAACAAGAAAGAAGGCTCGGCTTGCAGAGG
AAATGGAAGCTGTGCGGACCAAGGTGGCTGATAGGAAAGGTAAAGGGA
TTGCGAAAGAGGAGGTCCCGGACGATTTCCTTGAGGTCCCAGACACTT
CAGACGAGGGAGGGAGCAGCGACCCGAGTATGAATGCTGAAGAGTGGG
AACGGTATGCCATGGGTGTCAGTATGAGGAGCCGGCGTGGTCGAAGGG
TTCCTACGCGCGGGCGACGGAGGCGGGTCAATCACAATGGCTGCGAGA

CTGCTCCCAACCGTGGTCAGAACAACGCGGCCAGT 37

Figure A-8. RAMs Sequence 8. Development of primers JD10-AMO. Where: Bl represents the

CA;sRAMs primer sequence; B represents the microsatellite sequences; BB represents the

JD10-AMO forward primer sequence; BB represents the JD10-AMO reverse primer sequence.
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0 CACACACACACACACACATAACACAGCAAGATAATCAAGGAGTTCACC
50 CAAGACTCCTGGGCTACATCTCCTAGTCCAGCCTTCAGTGGTGACCTC
100 TCTATTATGTCTTCAAGAGCGGAGTTTTACAAAAGTGAGCTCAATTT
150 GAGTCTCACACAATAGATACAAAATAACAAGGCTTTACTTGGATCCCC
200 CAAGTCTTTCTGAGTACACAGATTCTCCTCACTAACTCTCTATCTCAG

250 CACTTCTTGTCCCTGTCTCTGTC

Figure A-9. RAMs Sequence 9. No Primers developed for this sequence. Where: Bl

represents the CAs RAMs primer sequence; BB represents the microsatellite sequences.

0 5" CACACACACACACACATAACCATGTAACTTGCCTCCAGGAAAACACCT
50 TCGTGCAGTGACCCGACCTCCCTACCCTTGGTTCTTCACACCTTTGTG
100 TTGCCACCTGACTCTAGTGAACATTGTTCTACCACAGGTCTGAACATG
150 GCCAATGTTGTACAACCTAATTGTTGAACTGTTTACATGTCGATTATC

200 CTTCCATAGAAACCCCAA3Z’

Figure A-10. RAMs Sequence 10. No primers developed for this sequence. Where:

represents the CAs RAMs primer sequence; [l represents the microsatellite sequences.
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Table B-1. Results of ANOVA where the eighteen pollen types were compared based on the dimensional measurement AA.

A22 A24 A29 A31 A33 A49 AS57T A65 A91 A93 All4 A271 Ac60 Ac62 P23 P69 P88 P105

A22 NA / / / / / * / / * / * / * * * / /
A24 / NA / / * / * * * * * * / * * * * /
A29 / / NA / / / * / / * / / / / * / / /
A31 / / / NA / / * / / * * * / * * * / /
A33 / * / / NA / * / / * / / * / * / / /
A49 / / / / / NA * / / * / * / * * * / /
AS7 * * * * * *® NA * * * * * * * * * * *
A65 / * / / / / * NA / * / / / / * / / /
A91 / * / / / / * / NA * / / / / * / / /
A93 * * * * * * * * * NA * * * * / / * *
All4  / * / * / / * / / * NA / * / * / / *
A271 % * / * / * * / / * / NA * / * / / *
Ac60  / / / / * / * / / * * * NA * * * / /
Ac62 ¥ * / * / * * / / * / / * NA * / / *
P23 * * * * * * * * * / * * * * NA * * %*
P69 * * / * / * * / / / / / * / * NA / *
P88 / * / / / / * / / * / / / / * / NA /
P105s / / / / / / * / / * * * / * * * / NA

* = Significantly different



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(og gt

Table B-2. Results of ANOVA where the eighteen pollen types are compared based on the dimensional measurement BB.

A22 A24 A29 A31 A33 A49 AST A65 A91 A93 All4 A271 Ac60 Ac62 P23 P69 P88 P105

A22 NA / * * * * / / / / / / * / / / / /
A24 / NA / / / / * / / / / / / / / * * /
A29 * / NA / / / * * / * * * / / * * * /
A3l * / / NA / / * * / * * * / * * * * /
A33 * / / / NA / * * / * * * / * * * * /
A49 * / / / / NA * * / * * * / * * * * /
AS57 / * * * * * NA / * / / / * * / / / *
A65 / / * * * * / NA * / / / * / / / / /
A9 / / / / / / * * NA * / / / / * * * /
A93 / / * * * * / / * NA / / * / / / / /
All4 / / * * * * / / / / NA / * / / / / /
A271 / / * * * * / / / / NA * / / / * /
Ac60 * / / / / / * * / * * * NA * * * * /
Ac62 / / / * * * * / / / / / * NA / / * /
P23 / / * * * * / / * / / / * / NA  / / *
P69 / * * * * * / / * / / / * / /I NA / *
P88 / * * * * * / / * / / * * * / /" NA *
P105 / / / / / / * / / / / / / ! * * * NA

* = Significantly different
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Table B-3. Results of ANOVA where the eighteen pollen types are compared based on the dimensional measurement CC.

A22 A24 A29 A31 A33 A49 A57 A65 A91 A93 All4  A271 Ac60 Ac62 P23 P69 P88 P105

A2 NA /1 * ] * % 7 1 = ¥ 7 7 T x %] =
A2 / NA [/ ke * / O Y A
A2 /  / NA X [ x kg % / / R T T A
A3 1 * / * N A * / * * * * * * * * * / * /
A3/ /I * NA * *x ./ x / / / /A T A
A49 % / / / * N A * * * * * * * * & / * /
A57 * * * * * * N A * * * * * * * / * % *
A6S /[ x [ x % NA [ / / / / A
A1/ /1 x % %/ NA * * / / ok x
A93 * * * * % * * / »* N A / / * / / / * *
All4 * % %k /% s, x / NA J * / /A
A2V /¢ ke /' NA / o x
A60 /1 [ %k * /ONA*x k[
Ac62 * * 2 x [ x kg% / / * NA /| x
P23 * * * * %* * / £ 3 * / / * * / N A / * *
P69 * * * * * * * f' * / / / * / / N A * *
P88 /x| x x ok / / x x  x NA
PIS5 * /[ [ x k ok x * / x o+ x 7 NA

* = Significantly different



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(05T

Table B-4. Results of ANOVA where the eighteen pollen types are compared based on the dimensional measurement DD.

A22 A24 A29 A31 A33 A49 AST A65 A91 A93 All4 A271 Ac60 Ac62 P23 P69 P88 P105

A22 NA / / / * * * / / / / / * / / / / /
A24 / NA / * * * * / / / / / * / / / / /
A29 / NA / / / * * / * * * / / * * * /
A3l / * / NA / / * * / * * * / * * * * /
A33 * * / / NA / * * / * * * / * * * * /
A49 * * / / / NA * * / * * * / * * * * /
AS7 * * * * * * NA / * / * * * * / * / *
A65 / / * * * * * NA * / / / * / / / / *
A91 / / / / / / * * NA * / / / / * / * /
A93 / / * * * * / / * NA / / * / / / / *
All4 / / * * * * * / / / NA / * / / / / *
A271  / / * * * * * / / / / NA * / / / / *
Ac60 * * / / / / * * / * * * NA * * * * /
Ac62 / / / * * * * / / / / / * NA / / / /
P23 / / * * * * / / * / / / * / NA / *
P69 / / * * * * * / / / / / * / / NA / /
P88 / / * * * * / / * / / / * / / / NA *
P105 / / / / / / * * / * * * / / * / * NA

* = Significantly different
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Table B-5. Results of ANOVA where the eighteen pollen types are compared based on the dimensional measurement EE.

A22 A24 A29 A31 A33 A49 AS7T A65 A91 A93 All4  A271 Ac60 Ac62 P23 P69 P88 P105

A22 NA / * / * / / / / / / / / / / / / /
A24 / NA / / / / / / / / / / / / * / / *
A29 * / NA / / / * * / / / * * * * * * *
A31 / / / NA / / * * / / / / / * * / / *
A33 * / / / NA / / * / / / * * * * * * *
A49 / / / / / NA * * / / / / / / * / / *
AS7 / / * * * * NA / * / / / / / / / / /
A65 / / * * * * / NA * / / / / / / / / /
A9 / / / / / / * * NA / / / / / * / / *
A93 / / / / / / / / / NA / / / / * / / /
All4  / / / / / / / / / / NA / / / / / / /
Y. V) B / * / * / / / / / / NA / / / / / /
Ac60  / / * / * / / / / / / / NA / / / / /
Ac62 / / * * * / / / / / / / / NA / / / /
P23 / * * * * * / / * * / / / NA / / /
P69 / / * * / / / / / / / / / / NA / /
P88 / * / * / / / / / / / / / NA /
P1os  / * * * * * / / * / / / / / / / / NA

* = Significantly different
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DMAE Dimethylaminoethanol
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PC Principle component

PCA Principle component analysis

PCR Polymerase chain reaction

PVP Polyvinylpolypyrrolidone

RAMs Ramdomly amplified microsatellites
RAPD Random amplified polymorphic DNA
RFLP Restriction fragment length polymorphism
SAFCOL South African Forestry Company Limited
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SSR Simple sequence repeats
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TBE Tris-borate-EDTA buffer
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TEMED N,N,N’N’-tetra-methylethylenediamine
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U One unit of Tag DNA polymerase. i.e. the amount
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10 nanomoles of ANTPs into acid insoluble material

in 30 minutes at 74°C.
Uuv Ultraviolet
A\ Volts
VCD Vinyl cyclohexene dioxide
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viv Volume per volume
XGAL 5-bromo-4-chloro-3-indolyl-B-D-galactoside
wiv Weight per volume
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