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» Important characteristics such as parental reproductive success, pollen contamination, and
selfing rate in the second generation Douglas-fir seed orchard have been estimated.

»  Since this research is a part of a multi-year study, outputs were compared to those from two
other years.

*  Results are in line and differences in pollination dynamics across years are attributable to the
various crop management practices.

As part of a multi-year monitoring study of pollination dynamics in a second generation Douglas-
fir (Pseudotsuga menziesii (Mirb.) Franco) seed orchard, we estimated with the aid of eight
microsatellite markers three important reproductive biology characteristics affecting the genetic
worth and diversity of seed crops; namely parental reproductive success, pollen contamination,
and selfing rate. The obtained results were compared to those from two previous years to gauge
appropriate seed crop management practices and ultimately allow approximate generalization of
seed crop genetic quality. We determined that 80% of parental gametes were produced by 52% of
the parents, 13% of paternal gametes resulted from pollen contamination (i.e., gene flow), and 12%
of the seed were the product of selfing. The obtained results were in line with those observed for
2005 and 2009 where 80% of gametes being produced by 37-48% of the parents, 10—-18% pollen
contamination, and 15-17% selfing rate. The observed reproductive biology parameters differ-
ences are attributable to the various crop management practices implemented (i.e., bloom delay
and supplemental-mass-pollination) across years and calls for justification due to the observed
minimal differences on seed crops genetic quality.
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1 Introduction

Seed orchards link tree breeding and silviculture activities and are essential component of the forest
tree improvement delivery system where gains from breeding are captured in their seed crops and
delivered as genetically improved seedlings for reforestation activities (El-Kassaby 1995). Glob-
ally, seed orchards represent the main source of reforestation reproductive material (Funda and
El-Kassaby 2012). Theoretically, seed orchard crops are expected to reflect their parental popula-
tions’ allelic frequencies, so gains attained through breeding, testing, and selection are reflected in
their seedling crops. To reach this goal, seed orchards must function as a closed perfect panmictic
populations (Eriksson et al. 1973). Practically, this goal is hardly achieved as a result of reproduc-
tive phenology asynchrony (El-Kassaby et al. 1984) and fertility variation (El-Kassaby et al. 1989)
among the orchards’ parental population as well as extraneous pollen contamination from outside
sources (i.e., gene flow) (Lai et al. 2010). In spite of these biological violations, seed orchards
remained robust and successfully captured and delivered substantial genetic gains to reforestation
programs (Funda and El-Kassaby 2012). To enhance the genetic quality of seed orchards’ crops,
two management practices techniques; namely, supplemental mass pollination (SMP) (Silen and
Keane 1969) and bloom delay (Wakeley et al. 1966) were commonly implemented in the Pacific
Northwest. Supplemental mass pollination (SMP) involves the broadcast application of viable pollen
to receptive and non-isolated female strobili in order to increase the seed set and the incorporation
of desirable paternal gametic representation in seed crops (El-Kassaby and Davidson 1990; El-
Kassaby et al. 1990). Bloom delay involves the application of an overhead fine water mist during
late winter and early spring to slow the heat sum accumulation in order to postpone reproductive
phenology process inside the seed orchard and thereby place its population out of synchrony with
the ambient pollen and hence reducing pollen contamination (El-Kassaby and Ritland 1986a,b).

At their establishment, most first generation seed orchards’ designs judicially aimed at
attaining equal parental representation (i.e., parents (clones) are represented by the same number
of individuals (ramets) — see Faulkner 1975, for review). Initially, equal parental representation
is thought to yield the same gametic contribution of the seed orchard parents, thus reflecting their
allelic frequencies and therefore fulfilling fundamental quantitative genetics assumption of traits’
transmission over generations (El-Kassaby and Sziklai 1981). It should be stated that orchards’ equal
parental representation assumes reproductive output equality among all parents (male and female
gametes), a highly unattainable attribute due to its extreme variability (El-Kassaby et al. 1989;
Moriguchi et al. 2004). After the completion of every breeding cycle, the genetic worth (breeding
value) of the entire breeding population is estimated and subsequently a logical shift from parental
equal representation to linear deployment was advocated by Lindgren and his co-workers (Lindgren
and Matheson 1986; Bondesson and Lindgren 1993; Lindgren et al. 2009). The linear deployment
concept proposes the use of different parental representation that is proportionate to their respective
breeding values (i.e., high breeding value parents are represented with more individuals than their
lower breeding value counterparts). Notably, the linear deployment concept also assumes that the
gametic contribution is representative of the orchard’s parental linear representation. Finally, irre-
spective of which breeding strategy is implemented or seed orchard design is used, the main goal
of the tree improvement endeavour is to reach an ideal balance between genetic gain and genetic
diversity (Chaisurisri and El-Kassaby 1994; El-Kassaby and Ritland 1996).

The utility of genetic markers in studying seed orchard populations made it possible to
account for parental actual gametic contribution to the seed crop and estimate levels of pollen
contamination. When the actual gametic contribution is known, then seed crops’ genetic worth
(represented by average breeding values weighted by parental gametic contribution) and genetic
diversity (represented by effective population size) are precisely estimated (Stoehr et al. 1998;
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Slavov et al. 2005; El-Kassaby et al. 2010). Gene flow within seed orchard populations is affected
by three main factors; namely, 1) females’ phenological asynchrony and males’ fertility variation,
2) level of gene flow from external pollen sources, and 3) level of self-fertilization (Burczyk et
al. 2002). Variation in parental gametic contributions as well as gene flow produce unpredictable
estimates of genetic gain and diversity. Thus, knowledge of both parental (trees in seed orchard)
and offspring (seeds) gametic composition would enable adjustments of actual gain and diversity
estimates as they often deviate from theoretical expectations. It is also essential to emphasize that
the seed orchard parental population — seed crop analysis are year-specific and do not enable pre-
cise long-term predictions due to the commonly observed male and female reproductive success
variation (El-Kassaby and Barclay 1992; Lai et al. 2010). Precise estimates of temporal variation
of parental gametic contribution, gene flow, and selfing derived from genetic markers allow gen-
eralizations and provide support to practical on-ground survey-type assessment methods (Stoehr et
al. 2004; Funda et al. 2011). Funda et al. (2014) presented an augment supporting the use of bulk
seed samples coupled with the implementation of full pedigree reconstruction in determining the
parental gametic profile of seed crops. Their hypotheses that random seed samples provide better
representation of the parental (paternal and paternal) population and its pollination dynamics as
opposed to the family-array methods that is spatially restricted to the seed-donors locations (Funda
et al. 2014; El-Kassaby et al. 2015).

As a part of multi-year study aimed at investigating the pollination dynamics in a Douglas-
fir (Pseudotsuga menziesii (Mirb.) Franco) seed orchard, this study was conducted to provide the
information needed for 2007 seed-crop year. We used microsatellite markers analysis of a random
bulk seed sample and implemented full-pedigree reconstruction to enable estimating parental
reproductive success, selfing rate, and gene flow from non-orchard sources. The derived estimates
are compared to those produced for 2005 (Lai et al. 2010) and 2009 (Kess and El-Kassaby 2015)
seed crops with the goal of providing more fundamental insight into pollination dynamics processes
including their annual variability and therefore develop informed recommendations for effective
seed orchards’ crop management.

2 Materials and methods
2.1 Study site

A second-generation clonal Douglas-fir seed orchard located on southern Vancouver Island, British
Columbia, Canada (48°35'N, 123°24"W, 50 m a.s.l.) provided the seed for this study. The seed
orchard was established in 1990 using the permutated neighborhood design (Bell and Fletcher 1978)
to minimize inbreeding. The parental population of the studied seed crop (2007) consisted of 57
parents and seed crop management included supplemental mass pollination (SMP) application with
21 within-orchard and 2 external paternal pollen-donors. SMP success rate was determined exclu-
sively using the non-orchard pollen donors as within-orchard donors contributed to the orchard’s
ambient pollination. According to the pedigree records of British Columbia Ministry of Forests’
(Michael Stoehr, personal communication in 2015) the seed orchard harbored some level of co-
ancestry with two parents as members of a single full-sib family and four cases of parent-offspring.

2.2 DNA extraction, PCR amplification and genotyping

DNA from the parental and offspring populations was extracted from young vegetative buds and
arandom sample of bulk seed (2007 crop), respectively. A total of 402 germinated seeds were dis-
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sected into diploid (2n) embryo and their corresponding maternal haploid (1n) megagametophyte
using the CTAB extraction protocol of Doyle (1990). The weight of these seeds before germination
was 4.55 grams in total, the weight of the entire seed crop of the seed orchard was estimated to be
19.3 kg. All PCR reactions contained 25 ng of template DNA, 0.25 mM of each dNTP, 1x Amplitaq
Gold PCR buffer (Thermo Fisher Scientific, Waltham, MA) and 1 mM MgCl, and 0.25 ul forward
and 0.25 pl reverse primer in final volume of 10 pl.

A battery of eight Douglas-fir microsatellite primers (PmOSU _2G12, PmOSU 3B9,
PmOSU _3F1, PmOSU_4G2, PmOSU _3D5, PmOSU_2D4, PmOSU 3G9 and PmOSU_2C2)
developed by Slavov et al. (2004) was used for DNA fingerprinting. PCR reaction conditions,
amplified in a GeneAmp 9700 thermal cycler and an Eppendorf Mastercycler gradient thermal
cycler, followed those reported by Slavov et al. (2004) and DNA amplicons were separated on
polyacrylamide gels using LiCor 4200 automated sequencer (LiCor Inc., Lincoln, NE) and geno-
typed by SAGA™ software (LiCor Inc., Lincoln, NE) followed by final manual adjustment.

2.3 Data analysis and pedigree reconstruction

The maternal parent was determined by comparison of multi-locus megagametophyte genotype
with genotype of all potential maternal trees using a program written in Microsoft VisualBasic®
(Lai et al. 2010). Mismatches between maternal parent and assigned offspring at a particular locus
(most likely arising from null alleles) were manually corrected. The genetic parameters were
calculated using GenAlEx 6.5 (Peakall and Smouse 2012) and paternity analysis was done using
the CERVUS program (Kalinowski et al. 2007) with 95% assignment probability and allowance
for 0.01 error rate, self-fertilization, and mutation. To secure that the same input parameters were
used across seed crops for different years, the proportion of genotyped paternal population (Nypmp)
was set to 0.95 (Lai et al. 2010; Kess and El-Kassaby 2015). Simulation using the eight markers
indicated that under these parameters 0.99 of the 10000 simulated offspring could be assigned
to parents. Genetic diversity represented by effective population size (N,) was estimated using
the concept of molecular co-ancestry (Nomura 2008) which leads to the precise estimation of
the current or so called short-term N, (Wang 2005) implemented in the software NeEstimator v2
(Do et al. 2014). Estimates of correlation between reproductive energy (male and female cones)
and reproductive success (realized gametic contribution based on genotyping results) were gener-
ated using software Statistica 12® and Microsoft Excel. Maternal reproductive energy has been
estimated as proportion of collected cones for each clone to total cones volume and for paternal
reproductive energy in similar way via pollen count. In general, orchard‘s male gamete contribu-
tion is determined using the number of male-cone (pollen bud) clusters for each ramet and assign-
ing a crop intensity rating for this tree (i.e., 100% sampling). The categorical ratings are very
heavy, heavy, medium, light, and very light which subsequently are converted into a quantitative
estimate of male reproductive output Female gamete contributions for each clone are estimated
using either the seed-cone volume or the weight of cones produced.

3 Results

The combined non-exclusion probability of the one candidate parent given the genotype of a known
parent for all loci is 1.01 x 103 indicating high robustness of the selected loci for parentage assign-
ment. Mean polymorphic information content (PIC: Botstein et al. 1980) across the eight studied
loci was 0.857+£0.019 (SE) (Table 1). A seemingly high estimate of null alleles was presumed
0.232+0.035 (Table 1). Nevertheless more important than the estimator itself, which does not
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Table 1. Genetic diversity of seed orchard parents and offspring.

Marker Parents Offspring

Locus PIC F(null) A H, H, A H, H,
2G12 0.855 0.154 15.00 0.438 0.858 19.00 0.665 0.867
3B9 0.860 0.165 19.00 0.636 0.900 27.00 0.624 0.863
3F1 0912 0.225 21.00 0.630 0.928 25.00 0.574 0.917
4G2 0.855 0.096 10.00 0.776 0.863 14.00 0.706 0.870
3D5 0.862 0.288 18.00 0.419 0.887 16.00 0.500 0.873
2D4 0.937 0.180 26.00 0.510 0.953 30.00 0.681 0.938
3G9 0.840 0.419 17.00 0.436 0.861 26.00 0.342 0.851
2C2 0.738 0.326 15.00 0.647 0.877 20.00 0.358 0.745
Mean 0.857 0.232 17.63 0.562 0.891 22.13 0.556 0.866
SE 0.019 0.035 1.56 0.043 0.011 1.88 0.047 0.019

PIC — polymorphic information content
F(null) — null allele frequency estimator
A — allelic richness

H, — observed heterozygosity

H, — expected heterozygosity

actually estimate the level of null alleles rather than indicate the deviation between expected and
observed heterozygosities under H-W expectations, is the null alleles occurrence across all loci
which is further discussed below. Generally, the number of alleles per locus varied between the
orchard’s parental and offspring populations (17.6 vs. 22.1) indicating effective gametic intrusion
(gene flow/contamination) from the non-orchard sources (Table 1). One exception case where
the number of alleles per locus was higher in parents compared to offspring was observed at the
Pm_OSU3D5 locus, indicating that the sampled seed did not capture the parental population’s
allelic profile (two missing alleles) (Table 1). A slight and not significant decrease in the observed
heterozygosity was observed between the parents and their offspring (0.562 vs. 0.556) (Table 1).
The effective population size estimate based on molecular co-ancestry method (proportion of par-
ents involved in the production of the seed crop) was 40.2, a relatively high estimate considering
a census number of 55 parents.

Allelic concordance between alleged maternal parents and their putative progeny (N=402)
were compared. We found low proportion of genotypic mismatches (0.0064 across all loci) which
indicate no maternal contaminants (i.e., seed mixing from other sources) and low occurrence of
null alleles. If partial mother-offspring mismatches at one or two loci could be explained by non-
amplifying allele (apparent incorrect homozygous maternal or offspring genotype), genotypes
were then corrected to include this missing allele. After this adjustment low but still remaining
proportion of allelic mismatches might be explained by mutation process between generations
(Jones and Ardren 2003).

A 13.18% (53 individuals) gametic contribution of non-orchard pollen sources (i.e., gene
flow/pollen contamination) was estimated. Of the 349 individual seed pollinated by within orchard
pollen were assigned to both parents, of which 42 resulted from selfing, producing a selfing rate
of 12.04%. Based on the two non-orchard pollen donors, the SMP success rate (i.e., gametic con-
tribution from outside pollen donors) was only 0.57% (2 seeds from the subset of 349 individuals
with the assigned fathers).

Maternal, paternal, and parental reproductive success varied among the orchard’s parents and
all were lower than the ideal scenario of equal contribution and indicating the presence of greater
variation in female reproductive success compared to their male counterparts (Fig. 1). Considering
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Fig. 1. Paternal, maternal and clonal cumulative reproductive success (80% contribution is represented by the horizon-
tal line).

gametic contribution of 0.8 as a benchmark, maternal, paternal, and parental contributed 0.393 (22
individuals), 0.554 (31), and 0.518 (29), respectively (Fig. 1). Male gametic contribution slightly
mirrored that of the female with a significant (» <0.01) Pearson product-moment correlation coef-
ficient of r=0.519. However, while correlated, female and male reproductive success followed
different trajectories as indicated by the coefficient of determination (R2=0.269) indicating the
presence of different male and female reproductive successes. It is important to point out that the
use of randomly drawn bulk sample of seed as a representative of the entire orchard’s seed crop
enabled the unbiased estimation of female reproductive success as opposed to the commonly
practiced sampling of equal number of seed from a subset of the orchard’s parents which is only
capable of estimating male rather than female reproductive success.

Pearson product moment correlation between female reproductive investment represented
by the volume of harvested cones and female reproductive success determined from the gametic
contribution was relatively high correlation (r=0.868; p<0.01). Similarly, the correlation between
male reproductive investment assessed by pollen count and reproductive success determined
from gametic contribution significant (r=0.482; p<0.01)), yet lower that observed for female.
These results confirmed earlier observations on the approximate relationship between on-ground
reproductive investment surveys and DNA-based estimates and highlighting the strength of this
relationship for female rather than male reproductive success.

The assigned paternal and maternal gametic contributions were used to construct a three
dimensional graph depicting the mating pattern across the seed orchard’s parents (Fig. 2). Each
column represents a full-sib family (i.e., a cross between particular maternal and paternal parents)
with the largest full-sib of sample size of 6 progenies (Fig. 2).
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Fig. 2. Three dimensional representation of the mating dynamics in the seed orchard.

4 Discussion

The observed results from the present seed crop (2007) were in line with that obtained from 2005
(Lai et al. 2010) and 2009 (Kess and El-Kassaby 2015) seed crops, indicating somewhat consist-
ent outcome over time. Although this study was conducted as a part of a multi-year assessment of
a single seed orchard it should be noted that the seed orchard population is in the dynamic state
across studied years due to the removal and inclusion of the reproduction participating parents.
Even this minor variation in contributing parents among years is expected to have an influence on
parental gametic composition. Therefore, comparing the dynamics and changes of reproductive
biology parameters across the three studied years’ (2005, 2007 and 2009) seed crops would be
useful and informative.

Evaluating the genetic diversity of the parental and offspring populations considering the 4
shared loci among the studied years (i.e., 2G12, 3F1, 2D4 and 3G9), we detected different observed
heterozygosity (H,) values. Parental population’s heterozygosity estimates values of 0.684, 0.504,
and 0.727 where observed for 2005 (Lai et al. 2010), 2007 (present study), and 2009 (Kess and
El-Kassaby 2015), respectively. We attribute the cause of the observed difference is mainly as a
result of the dynamic reproductive state of the seed orchard’s parental population. For example,
the number of parents contributed to the seed crop were 49, 57, and 66 for 2005, 2007, and 2009
seed crop, respectively. Additionally, in 2009 the parental population increased by 13.6% as the
result of incorporating new parents. New clones are entered the seed orchard in any year as ramets
growing in large pots, thus they are of reproductive maturity. It is also interesting to note that the
observed heterozygosity of the offspring populations were balanced values among years with 0.721,
0.566, and 0.665 for 2005, 2007, 2009, respectively.
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The allele frequency analysis processed by Cervus showed the potential presence of null
alleles in some parents for a set of utilized loci. Nevertheless it is important to point out, that it
provided information on the heterozygote deficit relative to Hardy-Weinberg equilibrium, that
might be caused not only by the occurrence of null alleles (e.g., Jarne and Lagoda 1996) but
also by other biological factors such as relatedness or non-random mating among the individuals
(Dakin and Avise 2004). We believe that the indicator of potential presence of null alleles could
be explained by the biological factors mentioned above, as we can formulate certain assump-
tions about the kinship among the parental generation (see Material and Methods section) and
we found the occurrence of potential null alleles more or less concordant across all analyzed loci
(SE 0.035), whereas the effects of null alleles are locus-specific. Indeed Slavov et al. (2004),
who developed these markers, evaluated them as having low occurrence of null alleles (0.062
in their dataset). They also confirmed their Mendelian inheritance and even their dispersion
throughout the genome. We used the approach proposed by Slavov et al. (2005), namely to
compare genotype of maternally contributed haplotype and the diploid genotype of the embryo
for the obvious mismatches. Although it is not possible to reveal all sources of mistyping (Ewen
et al. 2000), this approach indicates the proportion of null alleles more precisely than that based
only on the deviation from H-W equilibrium, without assumptions about the biological nature
of the data.

The observed frequency of obvious mismatches in maternal parent ranged from 0.0029
(1 maternal — embryogenic mismatch) to 0.0117 (inconsistency of 5 maternal — embryogenic geno-
types) among loci with mean of 0.0064. The high discrepancy between the estimator of potential
null alleles occurrence obtained by Cervus (0.232+0.035) and frequencies of mismatches (i.e.,
the explanatory proportion of null alleles) are also in concordance with our hypothesis about the
biological composition (i.e., relatedness among seed orchard parents and thus the deviation from
H-W expectations of homozygotes/heterozygotes distribution).

The sample set of seed was collected randomly from the entire seed crop after proper mixing.
It has been reported that a sample size of 30 individuals/seed is adequate to capture alleles frequency
0f'<0.05 in the population (El-Kassaby 1991). Thus the randomly drawn bulk sample of 402 seed is
assumed to provide a reasonable representation of both maternal and paternal reproductive output
and thus enable the elucidation of unbiased inferences on both female and male reproductive biol-
ogy attributes such as parental gametic contribution (reproductive success) and contamination and
selfing rates (Lai et al. 2010).

We feel that the results from these three years were somewhat consistent as 80% of the
gametic contribution was attributable to 37-52% of the parental population, with pollen contami-
nation rate ranging between 10 and 18%, and selfing rate ranging between 12 and 17% (Lai et al.
2010; Kess and El-Kassaby 2015; the present study). We would like to state that our contamination
estimate represents the so called apparent pollen flow (Devlin and Ellstrand 1990) and does not
reflect the portion of external pollen flow known as “cryptic gene flow” which is often missed due
to similarity between the genotype of the contaminating pollen and the inside the orchard maternal
parents. Our approach is similar to that implemented by Slavov et al. (2005), Adams et al. (1997),
and Burczyk and Prat (1997) in other Douglas-fir pollen contamination studies in which cryptic
gene flow was also undetermined.

As indicated in the M&M section, for the sake of consistency across the three studied crops
(years) we set the assumed proportion of genotyped males (Nypyp) at 0.95. However, Oddou-
Muratorio et al. (2003) suggested that the software PATRI (Nielsen et al. 2001) is better suited
to obtaining more accurate estimation of Ny, as an input parameter for analysis in Cervus. We
did not implement this approach as PATRI is not effective with missing data as in our case where
missing data were observed across the studied loci and individuals.
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Among the three studies there are greater differences between maternal reproductive suc-
cess compared to their paternal counterpart considering the 80% threshold (2005: 0.230 vs. 0.310,
2007: 0.393 vs. 0.554, and 2009: 0.394 vs. 0.454 for paternal vs. maternal, respectively), indicat-
ing that individuals’ reproductive success is a seed crop-specific and generalization is better done
on total parental reproductive success rather than either paternal or maternal. Additionally, the
seed crop management practices implemented as well as the orchard’s parental status (i.e., number
of parents/clones) could have influenced the observed reproductive biology parameters; however,
the observed differences are not that drastic to warrant a specific consideration. For example: 1)
the 2005 seed crop was managed under bloom delay treatment while the other two years were
under ambient condition, 2) the orchard’s population was in a constant change as the number of
parents kept increasing overtime from 49 to 57 to 66 for 2005, 2007, and 2009, respectively, 3)
each seed-crop year is characterized by its own reproductive phenology chorography, thus influ-
encing the mating pattern among the orchard’s parents as well as creating different opportunities
for gene flow (Fashler and El-Kassaby 1987), and 4) varying seed-cone crop size among the stud-
ied year (2005: 0.151 kg.hL-! (small), 2007: 843 kg.hL ! (medium), 2009: 2599 kg.hL! (large)
crops). Generally, while the reproductive biology parameters slightly varied among the studied
years, mainly due to the factors mentioned above, our results are in agreement of those reported
by Slavov et al. (2005) for another Douglas-fir seed orchard studied over a similar three-year
period with only a notable exception that is related to the level of gene flow which was 0.353
compared to our mean of 0.140. The high rate of pollen contamination reported for Slavov et
al. (2005) seed orchard also affected the apparent selfing rate as it is expected that higher pollen
contamination often lead to lower selfing as each pollen contamination event is an outcrossing
event (El-Kassaby and Ritland 1986a,b).

5 Conclusion

Highly polymorphic microsatellite markers allowed analysis of reproductive biology dynamics
within the seed orchard. Gametic contributions, as expected, deviated from the theoretical expecta-
tions of panmixia. Pedigree reconstruction allowed estimation of important reproductive biology
parameters of biological and operational importance such as parental gametic contribution and
gene flow and selfing rates. The analysis of pollination dynamics in the studied orchard produced
somewhat comparable results, encouraging outcome as the orchard’s population itself was in a
dynamic state caused by the removal and introduction of new parents over time as well as the
application of different seed crop management practices such as bloom delay (2005) and SMP
over the studied years.
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