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ABSTRACT

Seed orchards are the tree improvement programs’ production populations used
to predictably package genetic gain and diversity achieved during the breeding
cycle. Genetic gain and diversity delivered by seed orchards is calculated under
the assumption of reproductive randomness, equality, and synchrony. These
ideal expectations are not fulfilled by any existent seed orchards and deviations
in gametic contribution by orchard parents’ makes genetic gain and diversity
unpredictable. In this study, five Douglas-fir (Pseudotsuga menziesii)
microsatellite markers (Slavov et al 2004) were used to genotype 66 orchard
parents, 14 of which were also supplemental mass pollination (SMP) pollen
donors, and 396 bulk seeds from the 2009 seed crop of a wind-pollinated
Douglas-fir seed orchard. Genotype data were analyzed using the likelihood
based CERVUS parentage analysis program (Kalinowski et al 2007) for full
pedigree reconstruction. In this orchard, 14% of paternal gametic contributions
came from outside males. Parental balance curves showed that 80% of paternal,
maternal, and gametic contributions were made by 38 (58%), 34 (52%) and 37
(56%) orchard parents, indicating that the greatest gametic contribution inequality
was attributable to maternal gametic contribution. Differences in gametic
contribution and common ancestry between orchard parents decreased the
effective number of males, females, and population size to 42, 37, and 41, lower
than the census number of 66 parents. Selfing was 24.24%, higher than that
reported for many Douglas-fir seed orchards. High selfing may be attributed to
reproductive asynchrony or differences in parental reproductive output.
Supplemental mass pollination did not result in significantly higher paternal
gametic contribution. Failure of SMP may be attributed to either incorrect timing
of application or competition with ambient pollen. The minimum number of
genotyped seeds required for accurate contamination estimate was 150,

identified by jackknife sampling of the total genotyped seed sample.
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INTRODUCTION

Tree Improvement

The purpose of tree improvement programs is to develop genetically and
phenotypically superior seed stock for reforestation programs and future harvest.
These programs are designed to identify desirable forms of quantitative traits
from the existing genetic variation within natural populations and to reliably
recombine these superior alleles in production populations to enhance phenotype
in seed used for reforestation. This enhancement is achieved by matings among
select parent trees that are genetically superior to the natural populations from
which they were drawn (Zobel and Talbert 1984). Initially, improvement
programs focused solely on individual trait enhancement without consideration
for genetic diversity or the danger of exhausting the genetic potential of selected
populations, leading to difficulty in sustaining future improvement (Zobel 1976).
Current improvement programs have been designed with consideration for future
breeding and environmental scenarios. The objectives of current programs are
to enhance the economic value of specific traits of interest while conserving
genes identified as potentially advantageous under future environmental
regimes, and maintaining a threshold level of genetic diversity in the offspring for
future selection and environmental adaptation (Burdon and Shelbourne 1971,
Woods et al 1996; Forest Genetics Council of British Columbia 2009).

Quantitative Traits

Traits targeted for tree improvement programs are primarily determined by the
additive effect of many genes with small individual contribution to a trait. Traits
under quantitative control show a continuous range of possible phenotypes due
to the cumulative contribution of many genes, each of which comprise a small
portion of phenotypic variability. While some alleles of quantitative genes at any
given locus for a trait are of greater phenotypic effect than another allele at the
same locus, when observing the genotype across all loci for a trait, most
individuals within a population will likely possess only some of these alleles of



greater effect and some of lesser effect in multiple combinations across all loci,
leading to a continuous range of phenotypes (Hartl and Clark 1997). The low
probabilistic likelihood of many individuals possessing several alleles of greater
effect or lesser effect creates a normal distribution in which most individuals in a
population have a phenotypic value that is within one standard deviation of the
population mean. Those few individuals that do possess many superior alleles of
great effect or many inferior alleles of lesser effect for a given trait across all loci
contributing to that trait are expected to be rare within the population and exhibit
a phenotypic value that is far greater or less than the population mean
(Charlesworth and Charlesworth 2010). Individuals exhibiting these rare
phenotypes for economically desirable traits are selected for improvement

programs.

Heritability

Differences in phenotype of continuous traits are also affected by environmental
variability; these effects need to be accounted for in order to identify how much
variability in a trait is under genetic control. Determining the slope of the line of
regression from plots of phenotypic values between parents and offspring
provides an estimate of heritability of a continuous trait. Heritability (h?) refers to
the genetic contribution made to a trait across all loci after accounting for
environmental variance; it is expressed as the ratio of genetic variance (029) to
phenotypic variance (ozph) within the population studied. Additive genetic
variance (oza) is the amount of cumulative genetic variance in a trait that can be
reliably transmitted to the next generation, and is the component of genetic
variance relevant for tree improvement (Eriksson et al. 2006). Dominance and
epistatic interactions between alleles also account for genetic variability of traits
within individuals, but the phenotypes that result from these interactions cannot
be reliably transmitted to the next generation because they are dependent on the
interaction of unique alleles at specific loci. The effect of dominant and epistatic

alleles cannot be maintained across multiple allelic combinations at a locus and



are not considered to be suitable for selection in improvement programs,

because they require inheritance of a specific haplotype (Hartl and Clark 1997).

Genetic Quality

The overall genetic quality of a tree improvement program is assessed on the
criteria of genetic gain and genetic diversity. Of primary importance for the
economic improvement in a crop is genetic gain, which determines how greatly
improved a seed crop is compared to a natural founding population as a result of
breeding. Much like directional selection in natural populations, selective
breeding enhances the frequency of superior quantitative alleles in a population.
However, emphasizing genetic gain comes at the expense of genetic diversity,
because only a subset of the natural population is represented in the breeding
population of an improvement program. Some genetic variation in natural
populations is excluded in improvement programs, limiting the adaptability of the
resulting population and increasing the risk of inbreeding (El-Kassaby and
Ritland 1996). Because of these two opposing objectives, tree improvement
programs are managed to both enhance genetic gain and maintain a baseline
level of genetic diversity (Funda and El-Kassaby 2012).

Genetic Gain

To achieve genetic gain, tree improvement programs are designed to increase
the frequency of superior additive alleles for a trait in a population of selected
parents and in the subsequent offspring generation, relative to the original base
population. By increasing the frequency of superior alleles across all loci for a
trait, the phenotypic mean of the population will shift to a greater value than that
of the natural population from which parents were selected (Eriksson 2006). This
shift in the mean phenotype due to changing the frequency of alleles contributing
to a quantitative trait is referred to as genetic gain. The change in phenotypic
mean as a result of artificial selection is determined by a population’s response to
selection (R), which is calculated by multiplying the heritability (h?) of a trait by
the selection differential (S), which is the difference in mean phenotype between



selected parents and the base population (Hartl and Clark 1997). For a tree
improvement program, the genetic gain expected from a production population
(seed orchard) is determined by the heritability of a trait, and the breeding value
of each individual in the seed orchard, weighted by the gametic contribution of
each of these parents. These values are also adjusted to account for loss of
genetic gain caused by contamination (gene flow) from outside unselected
genotypes (Stoehr et al. 2004; Woods et al. 1996). Breeding value can be
thought of as the individual deviation in phenotype for each parent tree compared
to the population mean, which is determined by the quality of each allele it
possesses that contributes to a quantitative trait. Since it is difficult to directly
identify all quantitative trait loci and the alleles each parent tree possesses at
each locus, parent breeding values are assessed by measuring average
phenotypic improvement obtained from progeny tests. Because not all parents
included in improvement programs have equal breeding values, the greater the
contribution of the best performing parents, the greater the genetic gain.
Maximum gain could technically be achieved by clonal propagation of one
individual tree with the “best” alleles at all loci that contribute to a trait. However,
this overemphasis on genetic gain will reduce the genetic diversity and future
adaptability of an improved population (Funda and El-Kassaby 2012).

Genetic Diversity

Genetic diversity is also important for improvement programs, because it acts as
insurance for adaptability to future environmental conditions and breeding
scenarios (Zobel and Talbert 1984). Genetic diversity is determined by the
richness and variability of a population or species’ genetic base. Diversity is a
prerequisite for evolutionary response to selection because selection acts on
superior variants of alleles; more alleles available for selection allows for greater
response to selection. However, selection or random genetic drift will reduce
diversity as some alleles favored by selection or by chance will be preferentially
passed on to the next generation. Over multiple generations, this process
decreases the number of different alleles at a locus. The overall genetic diversity



of a population can be estimated by observing the average number of alleles per
locus, the number of loci with multiple alleles, or heterozygosity. Genetic
diversity can also be inferred from calculating the probability that alleles are
identical by descent; if any two alleles of the same gene are identical, there is a
chance they are descended from the same ancestral allele. Because selection
or drift cause some alleles to be passed on more successfully, identity by
descent increases each generation as these alleles are more likely to be identical
copies of the same ancestral allele. Genetic diversity decreases because alleles
identical by descent must also be identical in state; loss of genetic diversity by
increasing probability of identity by descent will also decrease measures of
polymorphism and heterozygosity (Hartl and Clark 1997). An ideal population is
a hypothetical population of infinite size experiencing no drift, selection, mutation,
or reproductive imbalance. In an ideal population, genetic diversity will not
decrease over time. However, as no population is infinite, some random
fluctuation in allele frequencies due to drift is expected to occur (Andrews 2010).
In practically every population, other evolutionary factors such as mutation,
migration and reproductive imbalance are also occurring. Under these
circumstances, the census size of a population does not reflect the population’s
actual reproductive dynamics; changes in allele frequency in the offspring
generation do not reflect the allele frequencies in the census population due to
random drift alone. Effective population size is the size of an ideal population
that would explain the allele frequencies in the offspring generation due to drift
(Wright 1931). Effective population size differs depending on how it is calculated;
there are multiple formulae to estimate population size depending on the ideal
population assumption being violated.

In tree improvement programs, there is often reproductive imbalance, migration
from outside the breeding population, and a level of coancestry (alleles identical
by descent) among individuals in the selected population. Measures of effective
population size relevant to breeding programs have been devised to account for
these factors, and production populations are managed in an effort to keep
effective population size as high as possible. Genetic diversity is managed at the



level of effective population size, as reduction in effective population size will also

decrease values for all other measures of diversity (Lindgren et al. 1996).

Breeding Cycle

Tree improvement programs require controlled, recurrent cycles of artificial
selection on traits of interest, in which the genetic contribution from candidate
parents in each subsequent cycle is modified with information gained in previous
cycles (White 1987). Before individuals enter a production population, they are
evaluated in a breeding cycle in three steps: selection, breeding and testing
(Funda and El-Kassaby 2012). The purpose of a separate breeding cycle is to
evaluate the genetic quality of individual genotypes as candidates for entry into
production and subsequent breeding populations (Zobel and Talbert 1984). In
the selection step, trees exhibiting desirable phenotypes are selected from
natural populations. In subsequent breeding cycles, these trees can also be
selected from previously tested parents. These trees are expected to possess
above average phenotypes due to corresponding genetic quality. However,
genetic quality cannot be assumed from phenotype, especially when selecting
trees from natural stands. Parent trees can be tested for genetic worth by
identifying whether superior phenotype can be genetically transmitted to the
offspring generation. These trees undergo breeding to recombine genes in the
offspring generation; crosses between parent trees in this stage are controlled
and recorded to ensure that the offspring of each cross can be matched to both
parent trees. Offspring are then tested to determine whether the phenotypes of
the parent trees can be attributed to superior genetic worth — parent trees that
produce the best offspring consistent over multiple crosses are deemed
genetically superior and can then be incorporated into a production population
(i.e., backwards selection) (Zobel 1971). Additionally, superior individuals from
the progeny testing phase can also be selected for incorporation in either the
production or the breeding population (i.e., forward selection); however, their
superiority requires further testing to parse out the degree of genetic and

environmental effects.



Seed Orchards

Seed orchards are production populations designed to capture the genetic value
present in selected superior parent trees, and to package that genetic material in
superior seed. These populations serve as the link between planned breeding
programs and reforestation efforts because they act as a mass production
system of genetic material selected and verified in breeding and testing cycles.
Ideally, each seed produced by a seed orchard will possess superior genetic
material in a quantity that reflects the genetic value of the parental generation.
However, factors affecting reproductive output equality, synchrony, and isolation
from undesirable gene flow (pollen) often compromise these estimates (El-
Kassaby 1989).

Seed Orchard Assumptions

The genetic gain and diversity of a seed orchard are calculated under the
assumption of reproductive isolation, equality and synchrony. Seed orchards
should perform as ideal populations meeting Hardy Weinberg expectations; allele
frequencies between generations are not changed due to the effects of random
genetic drift, differences in reproductive timing or success, mutation, or gene
flow. Any deviation from these ideal conditions will alter the allele frequency and
genetic quality of seed crops, because superior alleles cannot be assured
transmission into the offspring crop, despite inclusion in the parental breeding
population (Eriksson et al. 2006). Substantial deviation in all of these
assumptions have been identified (El-Kassaby 1989, El-Kassaby et al. 2010);
estimates of genetic quality are more accurately calculated by weighting breeding
value with estimates of reproductive success and outside gametic contribution
(Stoehr et al. 2004).

Seed Orchard Management
Reproductive asynchrony and parental gametic contribution imbalances are
common in seed orchards, and detract from achieved genetic gain.

Reproductive asynchrony can be a result of differences in reproductive



phenology; asynchrony in pollen production and receptivity will create small
subpopulations of breeding individuals, preventing total panmixia of all orchard
parents (El-Kassaby 1995; Funda and El-Kassaby 2012). Variability in
reproductive phenology is under genetic control, and so individual parents
selected from differing climates will still require a genetically determined level of
heat-sum accumulation before pollen production and receptivity, creating
phenological differences within the seed orchard (Worral 1983). Seed orchards
can be “cooled” by spraying mist from overhead irrigation systems in a process
called bloom delay, used to delay heat sum accumulation to a period in which
heat sum can be accumulated rapidly by all parents in the orchard (Silen and
Keane 1969). This process will synchronize pollen production and receptivity for
orchard parents to promote outcrossing within the seed orchard (Fashler and El-
Kassaby 1987). Bloom delay will also create asynchrony in reproductive
phenology between the seed orchard and surrounding stands contributing
contaminant pollen, decreasing undesirable gene flow from these sources (El-
Kassaby and Ritland 1986).

Gametic contribution imbalances will also decrease the level of panmixia and
genetic gain achieved by a seed orchard. To increase the representation of
desirable genotypes in the seed orchard, pollen from selected parents may also
be applied to all receptive clones in the orchard (Wakeley et al. 1966). This
process, called supplemental mass pollination (SMP), has been found to
increase outcrossing rate in the seed orchard, especially for parents that may not
have access to ambient pollen due to phenology differences (Askew 1986).
Supplemental mass pollination has also been found to decrease levels of
contamination within the seed orchard by outcompeting ambient contaminant
pollen (Bridgwater et al. 1993). The application of pollen from select genotypes
can also increase the genetic gain in the seed orchard, and can facilitate
panmixia by increasing the gametic contribution of parents with otherwise low
reproductive output (Stoehr et al. 2006). However, the success of SMP
treatment has varied between studies, ranging between 4 and 80% effectiveness
(Yazdani et al. 1986; Bridgwater et al. 1987). Treatment effectiveness is



influenced by the timing of pollen application (Owens et al. 1981), the number of
applications (El-Kassaby et al. 1993), volume of pollen applied (Webber and
Painter 1996), the level of ambient pollen in the orchard (Webber and Yeh 1987),
the genetic quality of applied pollen (Nakamura and Wheeler 1992), pollen
receptivity of parents within the orchard, the effect of other orchard management
practices (El-Kassaby and Ritland 1986), and the amount of receptive female

cones (El-Kassaby et al. 2010).

Pollen Contamination

Under 100% gene flow, seed orchards’ crops are expected to deliver 50% of their
genetic gain potential; thus gene flow is considered to be the most serious threat
to genetic gain capture (Fast et al. 1986; Wheeler and Jech 1986). Contribution
of genetic material from outside the seed orchard impedes tree improvement
efforts by diminishing the realized genetic gain achieved from breeding and
selection. Wind pollination facilitates random mating of parents within a seed
orchard, but also allows male genetic contributions from outside, unselected
stands to contribute genes to the seed crop. Species in tree improvement
programs have developed specialized adaptations to pollen morphology that
enable transmission of pollen over considerable distances, promoting unwanted
gene flow from outside donors (Adams and Birkes 1989). The inclusion of genes
from unselected parents is expected to diminish genetic gain, because trees from
outside seed orchards frequently have lower breeding values (Eriksson et al.
2006). Although genetic gain is depressed in contaminated orchards, genetic
diversity may be enhanced. This change in genetic diversity depends on the
extent of pollen contamination, the amount of genetic variability within stands
contributing contaminant pollen, and the reproductive success of every individual
contributing contaminant pollen (Adams and Burczyk 2000). Though pollen
contamination can increase genetic diversity, many alleles introduced may be
detrimental to the survival of the seed crop. Orchard parents have been selected
partially for their adaptation to specific seed planting zones; the introduction of
alleles from outside these zones can lead to the loss of fitness and survival



effects expected from the inheritance of adaptive groups of additive alleles. This
decrease in fithess due to gene flow is referred to as outbreeding depression
(Nikkanen 2002). The severity of outbreeding depression depends on the
differences in local adaptation between seed orchard parents and surrounding
stands, and the extent to which these adaptive benefits are phenoptypically
plastic. In some instances, pollen contamination can negate all gains achieved
from breeding by generating seed that is completely maladapted to its planting
zone. An example of this maladaptation has been observed in a Scots pine
(Pinus sylvestris) seed orchard; stands surrounding this orchard are adapted to
milder climatic conditions than required for planting enhanced seed. The
outbreeding depression caused by pollen contamination decreased survival rate
of seedlings produced from these seeds compared to those from natural stands
within the planting zone, making them unsuitable for reforestation in their planting
zone (Pulkkinen et al. 1995).

Detection of Pollen Contamination

Estimates of pollen contamination are variable, ranging from nearly zero (EI-
Kassaby and Ritland 1986) to 90% (Fast et al. 1986). Pollen traps are used to
compare the level of pollen produced within an orchard to the background level
of pollen originating in surrounding stands. These contamination estimates tend
to be high, and reflect only the difference in pollen production between seed
orchards and surrounding stands (Slavov et al 2004). While reproductive output
and success are correlated, high pollen production cannot guarantee fertilization,
so measures of pollen contamination obtained via pollen traps can only provide
an estimate of actual gene flow. Comparisons of pollen levels outside and within
the seed orchard cannot provide insight into the variable levels of reproductive
success between these pollen sources; a high estimate of pollen contamination
may still lead to low fertilization success, depending on the reproductive success
of that pollen relative to the reproductive success of within-orchard pollen. While
current pollen trap methods show concordance with molecular estimates that
directly measure reproductive success, the correlation between these estimates

10



may change as molecular marker based methods are refined to allow greater
resolution of reproductive success.

Molecular markers can be used to estimate contamination and reconstruct
pedigrees because they are reliably inherited between generations. Parentage
can be assigned to individuals based on observed inheritance of molecular
markers. In this method, individuals in a seed sample are assigned to each
parent based on inheritance of specific alleles of a given marker. Assigning
parentage to a small sample of seed from a seed orchard can estimate the
overall level of gene flow from outside the seed orchard. The haploid
megagametophyte tissue surrounding a seed germinant can be genotyped to
determine the maternal gametic contribution; all maternal haplotypes will
originate from within the orchard, barring any labeling errors of seed samples or
ramets. Seed germinant tissue is then analyzed for paternally contributed
haplotypes; germinants with genotypes that cannot originate from a cross
between parents within the orchard are assumed to be sired by outside males
(Smith and Adams 1983).

Early molecular marker based estimations identified structural polymorphism in
proteins. In this technique, called isozyme analysis, a multilocus genoptype used
for assigning parentage can be determined by electorphoretcially analyzing
which form of multiple isozyme proteins an individual possesses (Smith and
Adams 1983). While this method allows direct observation of within and outside
orchard reproductive success, the resolution provided by isozyme markers tends
to be poor (Adams 1992). These markers are limited by their low levels of
polymorphism; contaminant pollen may possess the same multilocus haplotype
as gametes produced by orchard parents and will go undetected in
contamination assessments. The failure to identify outside pollen sources due to
poor resolution of molecular markers is referred to as cryptic gene flow, and will
lead to reduced estimates of pollen contamination. The level of cryptic gene flow
increases with the size of the population studied, and is inversely proportional to
the polymorphism of the markers; this limitation has prevented application of
isozyme analysis of large populations (Slavov et al 2004), and creates large

11



measures of standard error in pollen contamination estimates obtained using
these markers (Adams and Bursczyk 2000).

DNA-based microsatellite markers provide higher resolution for monitoring pollen
contamination and reproductive dynamics in seed orchards. These markers are
variable regions of repeated nucleotides that can be amplified in polymerase
chain reactions (PCR). While the size of the repeat region is variable between
individuals, the flanking region is highly conserved between individuals and
species, allowing design of region-specific primers. Regions of repeated
nucleotides have a high rate of mutation caused by slipped-strand mis-pairing
during DNA replication, making them highly polymorphic and well-suited for
parentage analyses (Ashley 2010). Microsatellites follow a Mendelian
inheritance pattern, allowing for easy interpretation of transmission between
generations. An individual-specific DNA “fingerprint” can be generated using
only a few highly polymorphic microsatellite markers (Dow and Ashley 1998), and
studies of orchard contamination have successfully revealed gene flow and
mating dynamics using only three highly variable microsatellite markers
(Fernandes et al. 2008). These markers have been developed for most
commercial species in improvement programs, and currently provide estimations
of gene flow with the highest resolution per loci typed. However, there are still
several accuracy issues with microsatellites that can bias parentage assignment
and gene flow detection. Due to their high variability, microsatellites can
experience between-generation mutations either in the hyper variable repeat
region, creating a different allele, or in the conserved primer binding region,
preventing amplification. = Both of these mutations will create genotypic
mismatches between generations, due either to the appearance of an allelic
mismatch between parents and offspring, or the disappearance of an allele that
should be present (null allele). Genotyping errors due to incorrect allele scoring
are also frequent with microsatellites, leading to inflated contamination estimates,
depending on how stringently genotypes are assigned to orchard and natural
populations (Slavov et al. 2004).

12



Parentage Assignment Methods

In addition to the type of molecular markers used, pedigree reconstruction and
detection of gene flow between populations is dependent on the method used to
assign parentage. Determining matches between parent haplotypes was initially
conducted by an exclusion method that considers any multilocus haplotype that
mismatches orchard males at one locus as a contaminant. There are few
statistical assumptions made with this method, but it is highly sensitive to
genotyping error, and can lead to unrealistically high contaminant levels,
especially when considering the frequency of mutation, null alleles, and
genotyping error inherent in using microsatellites (Jones et al. 2009). Likelihood
methods, such as the one utilized in the program Cervus 3.0 (Kalinowski et al
2007), will instead -calculate probabilities of parentage based on allele
frequencies, and then assign offspring to the most likely parents. Cervus 3.0
employs a pairwise likelihood assignment method, in which every individual in
the offspring population is compared to every parent individually. This method
will never actually exclude non-parents, but these individuals will be assigned
probability of parentage values that are significantly lower than parents assigned
as the most likely (Marshall et al. 1998). Likelihood methods can also be
adjusted to accommodate for genotyping error, mutation, and null alleles, and are
helpful in compensating for some of the errors in genotyping caused by
microsatellites (Kalinowski et al. 2007).

OBJECTIVES

The goal of this study was to use pedigree reconstruction to determine the extent
of reproductive imbalance and gene flow from outside sources into an advanced
generation Douglas-fir (Pseudotsuga menziesii) seed orchard. Several studies
have been conducted on pollen contamination in Douglas-fir seed orchards using
molecular markers, but few have considered the minimum genotyping effort
required given current advances in parentage assignment methods and the
recent development of highly variable microsatellite DNA markers. The specific
objectives of this study are to:

13



1. Measure the extent of pollen contamination of a Douglas-fir seed orchard
from a bulk seed sample,

2. Reconstruct the seed orchard pedigree to identify deviations from
panmixia, and

3. Determine minimum fingerprinting effort required to identify pollen

contamination in a bulk seed sample.
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MATERIALS AND METHODS

Study Population

Parents’ bud tissue and random bulk seed were obtained from the 2009 seed
crop of a second-generation clonal Douglas-fir seed orchard, operated by
Western Forest Products Inc. and established in 1990. In 2009, this orchard
consisted of 66 parents identified from either forward or backward selection for
breeding in the British Columbia Ministry of Forests, Lands and Natural Resource
Operations’ low-elevation coastal Douglas-fir tree improvement program. This
orchard is located on Vancouver Island in Saanichton, British Columbia (latitude
48°35’N, longitude 123°24'W, elevation 50 m). Parental ramets are arranged
according to the permutated neigbourhood design described by Bell and Fletcher
(1978). In addition to wind-pollination, supplemental (SMP) pollen of 14 within-
orchard parents has been used to enhance the probability of reproductive
success for these clones.

DNA Isolation

Douglas-fir seeds were germinated following stratification to synchronize
germination time following the protocol described by El-Kassaby and Edwards
(1995). Germinated seeds were dissected into diploid embryo and haploid
megagametophyte tissue. All tissue used for DNA extraction was stored at -80
°C. DNA was extracted from diploid parental buds (2n), diploid offspring embryo
tissue (2n), and haploid megagametophyte (n) tissue following a modified version
of the CTAB extraction method described by Doyle and Doyle (1987). Samples
were placed in 1.5mL tubes and submerged in liquid nitrogen, then ground using
bleach-sterilized plastic grinding pestles. Each sample was further ground in 800
ML warmed (65 °C) extraction buffer (0.1M CTAB, 0.1M Tris base (pH 8.0),
0.04M EDTA (pH 8.0), 1.4M NaC1, and 0.2% beta-mercaptoethanol), and
incubated at 65 °C for one hour. Samples were gently vortexed every 10
minutes to break up clumped tissue. Following incubation, samples were

centrifuged at 13,000 RPM for 10 minutes. The supernatant layer was
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transferred to new 2.0 mL tubes and incubated at 37 °C for 45 minutes with 4 pL
of 10mg/mL RNAse A. After RNAse incubation, 750 pyL of 24:1
cholorform:isoamyl alcohol was added to each tube to remove proteins.
Samples were mixed using a rotomixer for 15 minutes and then centrifuged at
13,000 RPM for 10 minutes to separate layers. The supernatant layer was
transferred to new 1.5mL tubes and precipitated overnight at -20 °C with 400 pL
100% isopropanol. Precipitated DNA was concentrated by centrifugation at
11,000 RPM at 4 °C for 30 minutes. Isopropanol was poured off, samples were
washed with 400 pL of 70% ethanol and left to dry on the bench. Following
drying, samples were suspended in 50 pL of deionized DNAse/RNAse free
water. DNA quality and quantity were assessed using agarose gel

electrophoresis and spectrophotometry.

PCR Protocol

In this study, 5 Douglas-fir microsatellite loci designed by Slavov et al (2004)
were used to successfully genotype 396 offspring and 66 parents from a bulk
sample of 544 seeds. DNA samples were amplified by polymerase chain reaction
using a PE Applied Biosystems Gene Amp PCR System 9700 thermal cycler,
and an Eppendorf Mastercylcer gradient thermal cycler. Samples were initially
denatured for 5 minutes at 95 °C, followed by another 33 cycles of 30 seconds of
denaturing at 95 °C, 30 seconds at a primer-specific annealing temperature (T,,
Table 1), and 45 seconds of extension at 72 °C, and a 10 minutes extension at
72 °C following completion of the 33 amplification cycles. All PCR reactions were
carried out in a final volume of 10 yL. Reactions for primer sets Pm_OSU1F9,
Pm_OSU3F1, Pm_OSU3G9 and Pm_OSU2D4 contained 0.25uM of forward
primer and 0.25uM of reverse primer, and all reactions for the Pm_0OSU2G12
primer set contained 0.125uM forward and 0.125uM reverse primer. All primer
sets contained one tailed primer with an additional 19-20 nucleotide tail
complementary to infrared-labeled M13 primers, to allow incorporation of M13
labeled primers into PCR products for visualization on polyacrylamide gel. All
reactions contained 75ng template DNA, 0.25mM of all four DNTPs, 1X Amplitaq
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Gold PCR buffer (Roche, Laval Que), 3.0mM MgCI2, 0.3 pmol of M13 labeled
primers (LiCor Inc., Lincoln, NE), and 1 unit of Amplitag Gold (Roche, Laval,
Que).

Product Visualization and Genotyping

After PCR, all samples were mixed with 2 pL stop dye (LiCor Inc., Lincoln, NE)
and denatured at 95 °C for 3 minutes, and held at 4 °C. Denatured samples
were separated by LiCor 4300 automated sequencer based on molecular weight
corresponding to the number of base pair repeats, on 25 cm long, 0.4 mm thick,
6% Long Ranger polyacrylamide gels (LiCor Inc., Lincoln, NE).
Megagametophtye DNA samples were run next to corresponding embryo DNA
samples to ensure that the maternal contribution to the offspring genotype could
be accurately inferred. A total of 544 offspring and 66 parents were genotyped
by visual scoring using SAGA™ software (LiCor Inc., Lincoln, NE). Of the 544
offspring genotyped, 396 produced genotypes at a minimum of 3 loci and were
sufficient for parentage analysis. Allele size was determined by 50 - 350 base
pair sizing standards (LiCor Inc., Lincoln, NE) loaded on the gel. Parents were
amplified in replicate reactions and run on multiple gels to ensure consistency in
genotyping. Offspring genotypes were checked against parental reference

genotypes, and re-genotyped twice to increase confidence in accuracy.

Parentage Analysis

Parentage was assigned to offspring using the program CERVUS 3.0.3
(Kalinowski et al. 2007). Simulation of parentage analysis in CERVUS
generating 10,000 offspring genotypes found that 100% of parents could be
assigned with 5 loci, with 3 loci set as the minimum necessary for parentage
assignment. Parentage was assigned at 95% confidence, accounting for
genotyping errors (0.01), selfing and mutation. Maternity was determined by
submitting diploid, homozygote doubles of haploid megagametohpyte genotypes
to parentage analysis without selfing in CERVUS to assign the two individuals

most likely to have contributed the maternal haplotype. In all cases where
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megagametophyte DNA was of sufficient quality for PCR with 3 or more loci, one
of the two most likely assigned mothers was matched to one of the two most
likely assigned parents in CERVUS parentage analysis with selfing, allowing for
either identification of the most likely father, or the maternal contribution to a
genotyped seed produced by outside-orchard pollen. Individuals that could be
assigned a maternal parent, but were not assigned two parents in parentage
analysis were considered to be the result of pollen contamination.

Gametic Contribution and Effective Population Size

The pedigree of the seed orchard was reconstructed from molecular data.
Proportional paternal, maternal and total gametic contributions were determined
by direct count. These values were used to assess the level of reproductive
imbalance within the seed orchard. Effective number of mothers, fathers, and
population size was also calculated by weighting summed proportional gametic
contribution by the average level of relatedness (r) between parents within the

seed orchard, using the equation:

1
= TN N
Yizq Xj=1 PjPiTij

Ng (1)

where p; and p; are proportional gametic contributions of parents / and j, and r; is
the coefficient of relatedness between parents i and j, obtained from the available
pedigree of the orchard parents. Relatedness is calculated as the average
probability of possessing an autosomally inherited allele identical by descent
(Charlesworth and Charlesworth 2010). Relatedness between an orchard parent
and itself is 1.0, a parent or full sib is 0.5, a half sib is 0.25, and an unrelated
individual is 0. Effective numbers of fathers and mothers in the seed orchard
were calculated using the same equation, with proportional paternal or maternal

gametic contribution replacing proportional total gametic contribution.
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Table 1. Primer set, annealing temperature and genetic information of 5 Douglas-fir

microsatellite loci (Slavov et al 2004).

Forward

Reverse

Allele

Locus Primer Primer Repeat Motif Range A PIC EE' :,ré

(5-3’) (5-3’) (bp)
Pm_OSU1 CCTCATGC GGATTCTTG (AG)34 208 - 26 0.941 0.022 57
F9 ATTGGACA AGCAGGTAG 270

CTC G
Pm_OSU3 GACTAGAT GGTATTCTT (AT)4..(TG)1 188- 19 0.909 0.047 52
F1 CATCGCAA ATGGTTTTTA 8 (AG)26 254

CTT T
Pm_OSU3 ATTCCTTT CTTCAAAAA (TG) 157 - 23 0.897 0.055 52
G9 TGAGACCT TTCCTACAA  12(AG)28 239

ACTT CA
Pm_OSU2 TTATTGCA CAGATGTTG (TG)6...(TG) 141 - 27 0.928 0.031 50
D4 CATGAGTA TTTTTTATAC 7 207

TTATGA CAC (AG)27...(AC

¥4

Pm_OSU2 CAAGGACT AACATCAGT (AC)11...(AC 251 - 19 0.873 0.078 50
G12 CATATGGG AATAACCTTT )19..(GCAC) 303

AAA T 5(GCAC)4(A

C)7...(AC)6

M13 CACGACGTTGTAAAACGAC
FPrimer
M13 GGATAACAATTTCACACAGG
RPrimer

A, number of alleles per locus identified in 66 orchard parents, PIC, polymorphic information

content (Botstein et al. 1980), NE-PP Non-exclusion probability of a parent pair, T, °C, optimum

annealing temperature for primers designed for a given locus.
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Estimation of Supplemental Mass Pollination Effectiveness

All parents donating pollen for supplemental mass pollination (SMP) were from
the seed orchard, and thus the success of SMP compared to the reproductive
success of ambient pollen from these parents could not be determined.
However, a statistically significant difference in reproductive success of SMP
parents compared to all parents donating only ambient pollen was used as an
indirect measure of the success of SMP. The mean, standard deviation, error
and confidence intervals of paternal reproductive success of all orchard parents,
SMP parents, and parents donating only ambient pollen were compared at the
95% confidence level. SMP was considered successful if there was no overlap
in mean and confidence interval between SMP parents and parents donating

only ambient pollen.

Determination of Minimum Fingerprinting Effort

Minimum fingerprinting effort was identified for low (6%), moderate (14%) and
high contamination (54%) scenarios using simulated contaminant and within-
orchard offspring genotypes. Simulated genotypes were generated by assigning
one of either a set “contaminant” genotype that would not be matched to parents
or a “within-orchard genotype” that would always match to parents to 400
individual offspring, so that while there were 400 offspring, there were only two
genotypes within the actual sample. Samples of 100, 150, 200, and 250 offspring
were randomly drawn without replacement using an R-based sampling program.
A total of 30 random sets of offspring genotypes of each sample size were
assigned parentage to determine mean pollen contamination level and standard
error for each sample size. CERVUS 3.0 was used for estimation of pollen
contamination level under the same parameters used for assigning parentage to
the full sample of seeds. Confidence intervals were calculated for each sample
size at 95% confidence level. Accuracy of simulated genotyping effort was
confirmed by repeating random sampling and contamination estimating using

actual seed genotype samples.

20



RESULTS AND DISCUSSION

Pollen Contamination

Of the 396 seeds genotyped, 55 could be assigned a maternal parent but did not
assign to any paternal parent, indicating a 13.8% rate of pollen contamination.
This estimate is close to the contamination rate (10.36%) of the 2005 seed crop
from the same seed orchard (Lai et al. 2010; El-Kassaby et al. 2010) managed
with supplemental mass pollination and bloom delay. This small increase in
pollen contamination level could be attributed to differences in management
practices between years — the current seed crop studied was not cooled for
bloom delay, and had proportionally fewer supplemental pollen donors,
potentially causing a slight increase in the reproductive success of ambient
contaminant pollen. The absence of bloom delay in the orchard may have led to
differences in reproductive phenology between parents. Because pollen
production and receptivity has not been synchronized among clones in this
orchard, parents may be separated into breeding subpopulations, which could
include contaminant pollen. Due to the decreased number of pollen donors in
each of these subpopulations, the gametic competition between orchard parents
and outside parents is reduced, increasing the chance of gene flow. A multi-year
(1999, 2000, 2003) study of a Douglas-fir seed orchard in Oregon using the
same molecular markers identified an average contamination rate of 35.7%
(Slavov et al. 2005). While the Oregon orchard studied by Slavov et al. is in
close proximity to other Douglas-fir orchard blocks and natural stands and was
not managed for SMP or bloom delay, the Saanichton BC orchard used in the
current study is relatively isolated from contaminant pollen, and has been
managed to increase reproductive success of orchard parents in both 2005 and
20009.

The assignment methods used in these studies may have also lead to different
contamination estimates. Because contamination in Slavov et al.’s study was
calculated using paternity exclusion as opposed to likelihood assignment,

mutation, scoring errors and incomplete genotypes can compromise true

21



estimates of paternity in these methods. In exclusion based methods, efforts to
account for genotyping and scoring errors require multiple mismatches to
exclude a parent, but will require genotyping at several additional loci, which may
actually compound genotyping and mutational mismatches, introducing statistical
noise and leading to erroneous exclusion (Wang and Santure 2009).
Conversely, likelihood methods never exclude individual parents, and may
incorrectly assign parentage based on only limited genotypic information,
artificially decreasing the contamination estimate. However, given the high
polymorphic information content (PIC = 0.9097) and low probability of erroneous
non-exclusion of all loci used in this study, even a small amount of genotypic
information (2-3 loci) has the potential to correctly assign parentage (Slavov et al.
2004).

While different parentage assignment methods might be responsible for some
differences in the contamination estimates between orchards, differences in
orchard isolation and management practices probably account for the high
contamination level of the 2005 orchard. Previous studies in Douglas-fir
orchards have illustrated the importance of bloom delay, isolation, and
supplemental mass pollination in preventing contamination (Adams et al. 1997;
El-Kassaby and Ritland 1986). Knowing that differences in management
practices in the same orchard lead to the different estimates of contamination
when assessed using the same loci and assignment method, it is more likely that
differences in management are responsible for the differing contamination
estimates between the orchard in the 2005 study and the orchard in the present
study, though temporal variation in outside and within-orchard paternal fecundity
cannot be discounted.

Parental Gametic Contribution and Effective Population Size

Through pedigree reconstruction, the gametic contributions of each parental
clone to the bulk seed sample were assessed in terms of maternal, paternal, and
total gametic contribution (Figure 1). Of the 66 orchard parents, 64 (97%) made
gametic contributions to the orchard crop, with 62 (94%) parents contributing
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seed and 64 (97%) contributing pollen. Calculation of cumulative gametic
contribution showed that 80% of gametes were contributed by 37 (56%) orchard
parents. Cumulative maternal and paternal contribution assessment showed that
80% of pollen and seed were contributed by 38 (58%) and 34 (52%) parents,
respectively (Figure 2). Of the 20 top parents ranked for maternal and paternal
gametic contribution, 12 parents were included as the top 20 maternal and
paternal gametic contributors (Figure 3). Maternal and paternal contribution
showed positive correlation (r = 0.666), but stronger correlation was observed
between paternal and gametic contribution (r = 0.874), and maternal and gametic
contribution (r = 0.944).

Family size

il l: i

< 3226

3342 /
3347 /
3353 4

Female

Figure 1. Distribution and size of male and female half sib families of 66 orchard
parents.
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Figure 2. Parental balance curves depicting cumulative maternal, paternal and
gametic contribution vs. number of contributing parents.

These differences in contribution indicate deviation in maternal reproductive
success had greater effect on overall reproductive success compared to paternal
reproductive success. Variations in female reproductive success are expected,
as individual reproductive success differences have been identified previously in
Douglas-fir seed orchards (El-Kassaby and Cook 1994), and have been shown to
have greater variability than male reproductive success (El-Kassaby et al. 2010).
Effective population size and number of effective males and females were
smaller than the census number of orchard parents. The overall effective
population size was 41, indicating that 62% of parents made the majority of
gametic contributions. The effective male population size was 42, while the
effective number of female parents was 37. All of these values are considerably
higher than the threshold effective population size (Ne. = 10) required for
capturing 95% of base population genetic diversity (Yanchuk 2001).
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Figure 3. Comparison of ranking for maternal and paternal gametic contribution
between orchard parents. (Parents contributing both ambient pollen and pollen
for supplemental mass pollination (SMP) are highlighted in green).

Self Fertilization

Of the 396 seeds assigned parents, 96 were assigned the same parent as both
mother and father, giving a 24.24% selfing rate. Self-fertilization rates were
relatively high in this study compared to some previous estimates of selfing in
Douglas-fir seed orchards and wild populations (Slavov et al 2005, El-Kassaby
and Ritland 1985), but relatively close to the selfing rates identified in other
studies, including previous monitoring of this seed orchard (Lai et al. 2010; El-
Kassaby et al. 2010, Fast et al. 1986). This variation in selfing between studies
indicates that selfing rate is affected by variation in orchard management and

design, as well as environmental and temporal factors affecting male
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reproductive output, and individual genetic variation in male output and self-
compatibility capabilities. Selfing was correlated with total gametic contribution (r
= 0.70), male gametic contribution (r = 0.69), and female gametic contribution (r =
0.64), indicating that imbalances in gametic contribution between parents are the
likely cause of high selfing rate (Figure 4). Parents that produce excess pollen
and receptive seed are more likely to produce self-fertilized seed, due to
decreased competition between pollen from the same clone and pollen from

other orchard parents (Erickson and Adams 1990).
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Figure 4. Correlation between amount of self seed produced and number of
maternal, parental and paternal gametic contributions.

Another factor affecting the level of selfing is the reproductive synchrony of
clones within the orchard. Previous studies have shown that bloom delay
synchronizes pollen production and receptivity, and promotes outcrossing by
ensuring all orchard parents are receptive to pollen. In orchards that have not
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been cooled for bloom delay, the period of pollen production and receptivity is
longer (Fashler and El-Kassaby 1987), and the orchard is reproductively
separated into multiple mating subpopulations, each characterized by different
periods of pollen production and receptivity. Outcrossing rates in orchards not
cooled for bloom delay are lower, as there is less pollen from other parents
competing with pollen from the same individual (Erickson and Adams 1990, El-
Kassaby and Davidson 1991). In the orchard currently studied, selfing was high
(15.3%) in a previous year when orchard parents were cooled for bloom delay,
due to high gametic contribution of within-orchard parents (Lai et al. 2010; El-
Kassaby et al 2010). In the present study, it is likely that the level of selfing has
been compounded by the absence of bloom delay treatment and high
contribution in some clones (Figure 1), creating subpopulations containing clones
with high pollen production and fewer receptive parents available for outcrossing.
Selfing also showed a moderate correlation with contamination (r = 0.462). While
the relationship between pollen contamination and selfing is unexpected, this
correlation may be a result of the division of orchard parents into smaller
breeding populations due to temporal reproductive asynchrony; small breeding
groups will have a greater risk of both selfing and contamination due to the low
number of within-orchard pollen donors, especially if maternal gametic
contribution of parents in these groups is high. Reproductive asynchrony may
create scenarios in which parents are more receptive to self and contaminant
pollen than pollen produced later by other orchard parents. Because both selfing
and contamination decrease the genetic gain achieved by breeding, bloom delay

is recommended whenever possible.

Estimation of Supplemental Pollination Effectiveness

Supplemental pollen donors also contributed ambient pollen in the orchard
studied, making it impossible to directly differentiate between the success of
supplemental pollination and the reproductive success of these orchard parents
due to ambient pollen contribution. Significant differences at the 95% confidence
level in reproductive success between the supplemental pollen donor population
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and the population of parents donating only ambient pollen could be interpreted
as successful supplemental pollination. However, there was only a small
increase in the reproductive success of parents that contributed supplemental
pollen. The average paternal gametic contributions for SMP parents was 5.132 +
0.776, compared to an average paternal gametic contribution of 4.913 £ 0.922
from parents donating only ambient pollen. This increase in mean paternal
contribution was not statistically significant at the 95% confidence level when
compared to the reproductive success of ambient pollen. The top 20 parents
ranked for paternal gametic contribution contained only 4 SMP donors (Figure 3).
There are several factors that could have caused SMP failure. Due to the high
number of effective male pollen donors in this population (Figure 1), the pollen
added via SMP may have been outcompeted by the ambient pollen present. In
the study of the 2005 seed crop from this orchard, parents donating
supplemental pollen had greater male reproductive equality, with 63% of parents
donating 80% of pollen, compared to the differences of paternal gametic
contribution in the orchard overall, with 45% of parents donating 80% of pollen
(El-Kassaby et al. 2010). In contrast, the base level of male reproductive equality
of the orchard in the present study was already high, with 63% of parents
contributing 80% of pollen. Because one of the main objectives of SMP
treatment is to equalize the reproductive output of orchard parents, supplemental
pollen served as an extraneous treatment to an orchard with relatively high male
contribution equality. Douglas-fir reproduction is characterized by “first on - first
in” pollination, in which receptivity to the first arriving pollen granules is highest,
and most likely to result in fertilization (Webber and Yeh 1987). In the orchard
studied, ambient pollen may have successfully pollinated the majority of
receptive females, and rendered supplemental pollen ineffective.

Determination of Minimum Fingerprinting Effort

Previous studies estimating pollen contamination in seed orchards have not
included a threshold level of genotyping past which the cost of genotyping
provides diminishing returns in accurately estimating gene flow. The majority of
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contamination studies have involved genotyping a seemingly arbitrary number of
offspring, often far greater than would be required to predict gene flow
accurately. While increased sample size will always increase statistical certainty
of an estimate, there is considerable cost in laboratory reagents and time that
can be minimized by determining minimum fingerprinting effort. Contamination
estimates from simulated random samples identified a minimum genotyping effort

of 150 seeds for low, moderate and high contamination scenarios (Table 2).

Table 2. Mean contamination estimate and confidence intervals of randomly
sampled sets of genotyped seeds under low, medium and high contamination
levels.

Contamination # of genotyped seeds

Level 100 150 200 250

6% (low) 8.70£2.94% 6.60+0.74% 6.20+0.44% 6.20+0.32%
14% (medium) 15.3+1.76% 14.9+084% 145+081% 145120.79%
54% (high) 53.1+1.96% 53.9+1.29% 54.2+0.92% 53.4+0.63%

The size of the confidence interval decreased more quickly in low and medium
contamination scenarios than in the high contamination scenario. Using the
genotypes generated from the bulk seed sample in this study, it was found that
while genotyping 100 seeds led to larger confidence interval than other sample
sizes (Figure &), genotyping of 150 seeds was sufficient to estimate
contamination with a small confidence interval (14.9 + 0.84%), consistent with the
minimum sample size identified using simulated genotypes. Genotyping of
samples beyond this number served only to further increase confidence in the
contamination estimate (350 seeds, 14.0 £ 0.27%) at the 95% confidence level.

This low genotyping effort is comparable to the low genotyping effort required to
estimate the threshold effective population required for genetic diversity capture
(Yanchuk 2001; Lstiburek et al. 2011). The identified genotyping effort will allow
for cost and time efficient contamination monitoring, and can be used to quickly
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identify realized gene flow when pollen trap measures are inconsistent or

unexpectedly high.
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Figure 5. Contamination rate and confidence intervals of contamination
estimates at different contamination rates detected from 30 randomly sampled
seed genotype sets of different population sizes.
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CONCLUSION

Production of improved seed for reforestation relies on seed orchards functioning
properly to package the genetic gain and diversity selected during breeding
cycles. Deviations in reproductive synchrony and equality within the seed
orchard will alter predicted genetic gain and diversity. In this study, | used highly
variable microsatellite markers designed by Slavov et al (2004) to reconstruct the
pedigree of the 2009 seed crop of a Douglas-fir seed orchard. Pedigree
reconstruction of bulk seed sample allowed for identification of the reproductive
dynamics within the seed orchard. Male, female, and parental gametic
contribution and effective population size were all lower than expected under
panmixia in this orchard. Pedigree reconstruction with molecular markers also
allowed for estimation of selfing and contamination rate. The use of a large bulk
seed sample and application of the jackknife random sampling method provided
high confidence and low standard error in contamination estimates at the 95%
confidence level. Jackknife random sampling also allowed for identification of a
minimum seed sample size for contamination estimation in future studies with
95% confidence and low standard error. This study was conducted in a seed
orchard previously studied by Lai et al. (2010) and El-Kassaby et al (2010), and
so comparisons could be made between the reproductive dynamics between the
2005 crop and the 2009 crop used in this study. Differences in genetic diversity,
selfing and contamination between years in this orchard were attributed to the
absence of bloom delay and lower levels of reproductive imbalance in the seed
crop of the current study. Pedigree reconstruction of future seed crops from the
same seed orchard with or without bloom delay will allow for more accurate
comparison of the effects of bloom delay on selfing and pollen contamination.
Future monitoring of contamination and reproductive dynamics in this and other
Douglas-fir seed orchards can use the decreased genotyping effort identified in
this study to minimize the time, cost and effort of pedigree reconstruction using

molecular markers.
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