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Fine-scale estimation of outcrossing in western
redcedar with microsatellite assay of bulked DNA
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Western redcedar (Thuja plicata, Cupressaceae) is a self-
fertile conifer with a mixed mating system and significant
variation for outcrossing among populations. In this paper, we
conducted a fine-scale study of mating system variation to
identify correlates of outcrossing in natural populations. We
examined variation for outcrossing within and among
individual trees, and describe a new method to estimate
outcrossing using bulked DNA samples. Bulking (assaying
DNA tissues from several individuals simultaneously) in-
creases the experimental power without increasing the
experimental effort. We sampled 80 trees from four natural
populations in southwestern British Columbia. From each
tree, we sampled from up to six crown positions (three heights
and inner vs outer branches). From each position, two
samples of three seedlings each were bulked before DNA

extractions. Using four microsatellite loci, we obtained
outcrossing rates for each tree and for each of the six crown
positions. We found individual tree selfing rates to increase
with tree height in all four populations, but selfing rates did not
differ among crown positions. The higher selfing rate of larger
trees is probably due to their greater proportional contribution
to local pollen clouds. Individual tree outcrossing rates ranged
from 22 to 100% and the population outcrossing rates from 66
to 78%. Missed alleles due to bulking and the estimation
method used both cause a downward bias in outcrossing
rates, so that these estimates are probably lower than the
actual outcrossing rates. Nevertheless, the trends we
observed are not affected by systematic biases of estimation.
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Introduction

Western redcedar (Thuja plicata Don ex D. Donn,
Cupressaceae) shows quite high selfing for a conifer,
with estimates of outcrossing in natural populations
ranging from 17 to 100% (weighted mean=71.5%)
(O’Connell et al, 2001). The outcrossing rate for most
conifer species is above 80% (52 species, mean 83.5%;
reviewed in O’Connell, 2003). While western redcedar
produces abundant viable selfed seeds (Owens et al,
1990), inbred trees produced by self-fertilization have
shown significant reduction in growth rate (ca. 10%)
compared to noninbred trees (Russell et al, 2003). A
proportion of seeds used for reforestation are from
natural populations, thus knowledge of the variation in
selfing rates within a tree is important for the collection
of seeds with the highest expected outcrossing rate. In
addition, knowledge of fine-scale variation of outcross-
ing rate will enable the understanding of mechanisms
promoting selfing, and hence factors affecting the
evolution of selfing (Barrett and Eckert, 1990).

The mating system of conifers is dynamic in space and
time, mainly being affected by variation of self-pollen
availability (Mitton, 1992). Prepollination factors that can
affect inbreeding rates in conifers include population
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density (Farris and Mitton, 1984), crown position (Shaw
and Allard, 1982; Omi and Adams, 1986; Chaisurisri et al,
1994), family structure and tree size (Mitton, 1992). In
western redcedar, both male and female cones are
distributed throughout the crown of trees and the lower
branches often reach the ground. Higher selfing is
expected in lower branches or in cones closest to the
trunk because they are more likely to receive self-pollen
from branches higher up in the tree. Likewise, higher
branches and branch tips are expected to receive
more unrelated pollen and show less selfing (El-Kassaby
et al, 1986; Omi and Adams, 1986; Chaisurisri ef al,
1994). Higher outcrossing rates in the upper crown vs
lower crown have been observed in Sitka spruce
(Chaisurisri et al, 1994) and Douglas fir (Shaw and
Allard, 1982; Omi and Adams, 1986). In a study of
western redcedar seed orchards, selfing rates were found
to be higher in lower branches compared to higher
branches (K. Ritland, unpublished data). Seed orchards
may be unrepresentative of natural populations, how-
ever. In another study, differences for outcrossing among
natural populations of western redcedar suggested that
populations with larger trees had higher selfing rates
than populations with smaller and younger trees
(O’Connell et al, 2001).

In the past, population outcrossing rates have been
estimated with isozyme markers, as in O’Connell et al
(2001). More recently, microsatellites have gained popu-
larity for use in plant mating system studies because of
their high variability allowing for finer-scale studies. In
western redcedar, only one isozyme locus of 21, G6PDH
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(glucose-6-phosphate dehydrogenase), shows sufficient
polymorphism for estimation of outcrossing (Copes,
1981; Yeh, 1988; El-Kassaby et al, 1994). Several highly
variable microsatellite loci have been developed for
western redcedar, which should allow us to conduct
detailed studies of variation of selfing rate (O’Connell
and Ritland, 2000). Microsatellites have the statistical
power to estimate outcrossing at different crown posi-
tions (Pinus densiflora, Pinaceae; Lian et al, 2001), to
discriminate between biparental inbreeding and self-
fertilization (Caryocar brasiliense, Caryocaraceae; Colle-
vatti et al, 2001), to infer differences of selfing between
immature and mature fruits (Shorea leprosula, Diptero-
carpaceae; Nagamitsu et al, 2001), and to jointly estimate
outcrossing and relatedness among siblings (Zostera
marina, Zosteraceae; Reusch, 2000, 2001).

However, compared to the less-informative isozymes,
microsatellites are more expensive and labor intensive,
often leading to a reduction in sample size compared to
isozyme studies. For example, in other microsatellite
studies, seeds were sampled from only one maternal tree
in Pinus densiflora (874 offspring; Lian et al, 2001), five
trees in Shorea leprosula (199 offspring; Nagamitsu et al,
2001) and outcrossing rates were estimated from a single
progeny per family in Zostera marina (100 families;
Reusch, 2000, 2001). Bulking, or the use of more than
one individual in DNA extraction and assay, has been
shown to increase the efficiency of gene frequency and
heterozygosity estimates (Ritland, 2002). Likewise, for
estimating outcrossing, bulking the offspring within a
family can significantly increase experimental power for
the same effort, provided that alleles can still be detected
in bulked samples.

In this study, we test for fine-scale variation of
outcrossing rates within natural populations of T. plicata,
at the level of individual trees and within individual
trees. To increase experimental efficiency, we use a new
estimation method based upon the bulking of several
individual progeny into one sample. This method greatly
increases the power to detect fine-scale variation, as more
individuals can effectively be included for the same
number of genetic assays.

Materials and methods

Bulking tests
To evaluate the feasibility of bulking DNA (assaying
DNA tissues from several individuals simultaneously),
we performed three tests to assess whether all alleles
could be detected, using samples bulked either before or
after DNA extraction. First, we bulked equal proportions
of DNA separately extracted from three individuals with
known genotypes to test whether all alleles could be
detected. Second, we bulked DNA from two individuals
in 1:5 DNA ratios to test whether alleles occurring at a
low frequency could be detected. Third, we screened
samples of one, three or 10 seedlings bulked before DNA
extraction, and in this case the individual seedling
genotype was not known, but the maternal genotypes
were obtained from separately screened haploid mega-
gametophytes.

All individuals were screened at four easily inter-
pretable and robust microsatellite loci (TP1, TP3, TP9,
TP11; O’Connell and Ritland, 2000). PCR amplification
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and detection of alleles on a LI-COR 4200 (Lincoln,
Nebraska) were carried out as described in O’Connell
and Ritland (2000). To score alleles, we used a program
that gives the intensity of each individual band (Odyssey
ver. 1.0.55, LI-COR Inc., Lincoln, Nebraska). The band
intensity is equal to the sum of the intensity values for all
pixels in an area covered by a band (integrated intensity).
To test whether alleles were missed in bulked DNA
samples compared to unbulked samples, paired t-tests
were used, with the number of alleles as units in the
tests. Statistical tests were performed using JMP version
3.2.1 (SAS Institute, 1997).

Sample collections

In the autumn of 1999, mature cones were collected from
four southwestern British Columbia, Canada, popula-
tions: three on eastern Vancouver Island (Paldi, Coombs
and Yellow Point) and one on the mainland near
Pemberton (O’Connell, 2003). All populations were
mixed-species, second-growth stands with western red-
cedar being a dominant major component co-occurring
with Douglas-fir (Pseudostuga menziesii), western hem-
lock (Tsuga heterophylla) and grand fir (Abies grandis).
Sampled trees ranged in height from 4.8 to 36.8 m, and
were representative of the height of reproductive
individuals in the populations. Cones were collected
from up to three different crown heights within a tree:
the top of each tree, midway up the tree and from the
lowermost branches of the tree (Figure 1). From shorter
trees, only two heights (top and bottom) were sampled.
At each height, cones were collected from two positions:
from the tip of the outer branches and from the hanging
inner branches closer to the trunk. In the three island
populations, cones were collected from up to six
positions on each tree; in the Pemberton population,
seeds were collected from only two positions (1 and 5;
Figure 1).

Seeds were mechanically extracted from the cones,
stored at 4°C until they were germinated in Petri dishes
on moist filter paper at room temperature (O’Connell
et al, 2001). A few days after germination, the haploid
megagametophytes and diploid seedlings were sepa-
rated and placed in 1.5ml microtubes. Bulks of 10
megagametophytes were used to obtain maternal geno-
types, and bulks of three seedlings to obtain estimates of
outcrossing. Samples were kept at —20°C until DNA
extraction. Each sample was ground and DNA extrac-
tions were carried out using a modified CTAB method in
the microtubes (Doyle and Doyle, 1987).

DNA assay of bulks

To test for differences in outcrossing among crown
positions, two collections of three bulked seedlings each
were screened from each position. Seedlings were
screened at four loci: TP1, TP3, TP9 and TP11. Mega-
gametophytes were also scored at three additional loci as
part of another study (O’Connell and Ritland, 2004). This
information was used to calculate genetic diversity and
inbreeding coefficients for each population. The total
number of seedlings sampled per tree ranged between 12
(two positions) and 36 (six positions). To ensure that
bands were uniformly scored, on each gel we ran an
allelic ladder composed of two to three individuals with
alleles of known sizes and spanning the range of allele



sizes at a locus. Microsatellite alleles typically show
additional nonallelic bands of lower intensity and
smaller size on gels. These stutter bands are the result
of slippage during PCR amplifications. The intensity and
size of microsatellites were scored using the Odyssey

Figure 1 Diagram of six cone collection positions in a T. plicata tree:
(1) top, outer branches (2) top, inner branches (3) mid, outer
branches (4) mid, inner branches (5) lower, outer branches and (6)
lower, inner branches.
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software. Using the intensity of each band to score alleles
helps to differentiate between allelic and nonallelic
stutter bands. This extra caution in scoring bands was
needed, as many alleles are possible in bulk samples. For
example, in a bulk of three seedlings, up to four alleles
can exist for a homozygous mother, and up to five alleles
for a heterozygous mother.

Estimation of outcrossing from bulked samples
Probabilities of progeny, conditioned upon maternal
genotype, are the basic ingredients for the estimation of
mating systems. These are functions of the population
allele frequencies and the outcrossing rate. Table 1 gives
these probabilities for cases of (1) a single progeny, (2)
two progeny and (3) three progeny. Ritland (2002)
presented a model for estimating gene frequencies and
heterozygosities using bulked samples. In that paper, a
general probability was given using a ‘mask’ function,
but that notation cannot be easily applied to these mating
system probabilities; instead, the direct probabilities are
given for the simpler cases of bulks of 1, 2 or 3.

The probabilities of single progeny are used in the
classic method of estimating outcrossing, while the two-
and three-progeny probabilities represent the cases
where two and three individuals are bulked, respec-
tively. Using these probabilities, the procedure for
estimating outcrossing then follows the usual proce-
dures, described in Ritland (1983). A computer program
was written in FORTRAN95 by K Ritland for estimating
outcrossing rate for the case of bulks of size three.
Maternal parentage was assumed known, and the
bootstrap method was used to ascertain errors of
estimates. To check the accuracy of the estimation
program, a second program was written to simulate
data with known parameters.

Results

Allele detection

In samples of two and three seedlings with known
genotypes bulked after DNA extraction, all alleles were
detected at each of the four loci in both the 1:1:1 and the

Table 1 Probabilities of band patterns observed for a single progeny, and for bulked progenies of sizes 2 and 3, conditioned upon maternal

genotype (homozygous A;A; or heterozygous A;A))

Bands Prob | AiAi Bands Prob | AiAj
One progeny (un-bulked)
I a; i Ci
if b; ij CitCj
ikorjk k
Two progeny (bulked)
I a? i c?
iJ 2a;b+b7 ij ci+2cici+c;
i,j,k 2b]bk i,j,k or Z,k or ],k 2C,‘dk+2dek
ijk1or ikl orjkl 2d,d,
Three progeny (bulked)
I a; i c}
ij 3aib+3a;b7+b} ij cl+3cici+3cici+cf
ijk 6a,bbi+3b7by+3b;bt ijkorikorjk 6cicidi+3cidi+3cidi+3cidi+3cidi+d}
i,j,k,’ 6bjbkbl i,j,k,l or i,k,l or j,k,l 6Cidkd]+6C/dkd,+3didl+3dkdf

ijklm oriklm orjklm

6didid,,

Note: for outcrossing rate t =1—s, where s is the selfing rate, and for gene frequency p; for band i, the following abbreviations for formula are

used: (1) a;=s+pit, (2) bj=pit, B) c;=s/4+pit/2, 4) d;=pit/2.
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1:5 DNA ratios (results not shown). Tests performed with
individuals of known genotypes showed that stutter
bands were almost exactly half the intensity of the
previous band, and the intensity of overlapping bands
was additive. Using this information, alleles can be
disentangled from stutter bands and other alleles in
bulked samples (Figure 2). The tests also showed that, for
bulked samples, the number of copies of a particular
allele could not be accurately inferred. This is probably
because of allele competition during PCR reactions.
Bands from larger size alleles are usually less intense
than for shorter alleles.

The total number of alleles detected for the same
number of seedlings was greater when samples were not
bulked (Table 2). Maternal alleles and common alleles in
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Figure 2 Band intensity profile (right) of three bulked individuals at
locus TP9 from lane 6 on the microsatellite gel (left). The four
detected alleles are indicated by black arrows on the band intensity
profile. M, 10 bulked megagametophytes from the maternal plant. S,
three bulked seedlings.

Band intensity profile

the population were detected in both bulked and
nonbulked samples. Low frequency alleles, however,
were probably missed in bulked samples. Bulks of three
seedlings were chosen for outcrossing rate estimation
because individual alleles were easily identified, yet
bulking still provided the advantage of reducing the
number of samples of DNA to extract and score.

Genetic diversity

Microsatellites were scored in a total of 2019 seedlings
(673 bulked assays) from 80 families in four populations
(20 families/pop). Expected heterozygosities and in-
breeding coefficients for each population based on seven
loci were obtained from the megagametophytes (Table 3).
Three of the populations had inbreeding coefficients that
were significantly greater than zero. The four micro-
satellite loci used to score seedlings showed a large
amount of polymorphism within sampled populations.
The number of maternal alleles per population ranged
from five to seven at locus TP11, and from 14 to 16 at
locus TP9. At each locus, almost twice the number of
alleles were detected in the seedlings compared to the
maternal plants.

Outcrossing rates

The estimates for outcrossing rate at each crown position
were estimated over all trees in a population. Out-
crossing rates did not significantly differ among tree
position in any population (Table 4). In the three
populations where cones were collected separately from
inner and outer crowns, outcrossing estimates appeared
higher in inner branches compared to outer branches (six
of nine positions), but this difference was not statistically
significant (paired t-test: 1.57, P=0.077). In contrast,
there was a significant correlation between tree height
and selfing rates. Over all populations, individual tree
outcrossing rates decreased significantly with tree height
(r*=0.155, N=73, P=0.0006; Figure 3). An analysis of
covariance showed that there was no difference among
populations in the mean tree outcrossing rate (F=0.35;
df=3; P=0.79) or for the slope of the regression of
outcrossing rate on tree height (F=0.19, df =3, P=0.90;

Table 2 Total number of alleles detected in samples bulked before DNA extraction in two T. plicata trees

Tree  Locus M Total number of seedlings sampled
Number of bulks x number of seedlings
10 9 3
1x10 1x10 10x1 3x3 9x1 1x3 1x3 1x3 3x1 3x1
1 TP1 2 4 4 5 4 4 3 3 2 3 4
2 TP1 2 3 3 5 3 5 3 2 2 4 2
1 TP3 2 3 5 6 5 6 3 3 4 4 3
2 TP3 2 2 4 4 4 4 3 3 2 4 3
1 TP9 2 8 4 7 6 7 3 4 3 5 3
2 TP9 2 4 5 7 4 7 2 3 3 2 5
1 TP11 1 2 1 2 1 2 1 1 2 2
2 TP11 1 2 3 4 2 4 1 2 2 3 2
Average* 3.5 3.6° 5.0° 3.6 4.9° 2.4° 2.6 2.6 3.4° 3.0°°

Samples were scored at four microsatellite loci (TP1, TP3, TP9 and TP11). M, number of maternal alleles detected from the bulked

megagametophytes. Unbulked samples are in bold.

*Numbers with different superscripts differ significantly from each other in paired f-tests: P <0.05. Only columns with the same total number

of seedlings were compared.
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Table 3 Genetic diversity measures and total number of alleles detected at four microsatellite loci (TP1, TP3, TP9 and TP11) in four natural

populations of T. plicata

Population N H,p F # of maternal alleles Seedlings # of alleles in seedlings

TP1 TP3 TP9 TP11 N TP1 TP3 TP9 TP11
Coombs 20 0.817 0.013 9 10 14 7 510 18 20 34 10
Yellow Point 20 0.771 0.056* 8 9 14 6 642 12 14 31 8
Paldi 20 0.741 0.042* 9 12 16 6 633 12 14 28 7
Pemberton 20 0.825 0.109* 6 9 14 5 234 15 17 30 5
Total 80 2019

N, number of trees sampled. Seedlings N, total number of seedlings sampled. He,, expected heterozygosity based on seven microsatellite loci;

F, inbreeding coefficient based on seven microsatellite loci.
*F>0, P<0.0001.

Table 4 Outcrossing rates (SE) at six different positions within the crown of trees (see Figure 1) in four natural populations of T. plicata

Population Position
1. topjout 2. topfin 3. midfout 4. midfin 5. low/out 6. lowfin
Coombs 0.614 (0.084) 0.765 (0.062) 0.695 (0.062) 0.664 (0.043) 0.741 (0.075) 0.633 (0.081)
Yellow Point 0.537 (0.050) 0.654 (0.052) 0.631 (0.075) 0.584 (0.071) 0.631 (0.060) 0.689 (0.073)
Paldi 0.677 (0.063) 0.789 (0.052) 0.665 (0.043) 0.747 (0.064) 0.733 (0.055) 0.812 (0.065)
Pemberton 0.766 (0.065) 0.773 (0.047)
Average 0.649 0.736 0.664 0.665 0.720 0.711
Height Upper =0.692 Mid =0.664 Lower=0.715
In vs out In=0.704 Out=0.658
1.0 Table 5 Mean tree heights () and individual tree outcrossing rates
- © : h¥ed C 0% (#) in four populations of T. plicata
<&
.. - © Population Mean tree height (range) t (range) SE
o b ces e e N=73 N=80
0.8 - -

Coombs 21.7 (14.0-35.5) 0.741 (0.27-1.00)  0.040
= Yellow Point 20.2 (12.1-34.5) 0.662 (0.22-0.98)  0.046
2 Paldi 18.8 (8.3-32.8) 0.744 (0.48-1.00)  0.033
g 0.6 - Pemberton 20.2 (4.8-36.8) 0.778 (0.29-1.00)  0.040
£
[%2]
<]

(@]
2 04+t o
o
o © the nonlinearity of the model; in a bulk of three, terms of
5 .
0.2 . —®— Coombs o order t* appear, for ¢ the outcrossing rate.
—© ~Yellow Point
— ¢ -Paldi Discussion
0.0 -o- ’IPembel,non . . . .
o 5 10 15 20 25 30 35 40 Within tree variation in outcrossing

Tree height (m)

Figure 3 Individual tree outcrossing rate estimates regressed on
tree height in four populations of T. plicata. N=73.

Figure 3). Individual tree outcrossing rates range from 22
to 100% and the mean outcrossing rate over all trees in a
population ranged from 66 to 78% (Table 5).

The simulation program, written to evaluate the
statistical properties of the bulk method, did find some
downwards bias for outcrossing, but this bias was not
more than 5% of the true value of outcrossing rate, for
the specific bulk size of three. This bias is expected with

No significant difference in outcrossing was detected
among crown positions. Actually, all trends observed
were in the opposite direction of what was expected.
Outcrossing rates were higher in the lower branches vs
the higher branches, and higher in inner vs outer
branches. Unlike natural populations, trees in a previous
study in a western redcedar seed orchard showed a
significant decrease in selfing in higher branches
compared to lower branches (K Ritland, unpublished
data). Higher outcrossing in upper crowns vs lower
crowns was also found in a Sitka spruce seed orchard
(Picea sitchensis; Chaisurisri et al, 1994) and in Douglas-fir
seed orchards and natural populations (Pseudotsuga
menziesii, Shaw and Allard, 1982; Omi and Adams,
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1986). We expect that the variation in the number of
inbred seedlings among different positions within a tree
is due mainly to variation in the amount of self-pollen
received. Factors in seed orchards that differ from
natural populations and that could enhance outcrossing
include higher tree density, top pruning and decreased
family structure.

Among tree variation in outcrossing

Individual tree outcrossing rates varied widely within all
populations ranging between 22 and 100% (Table 5;
Figure 3). Among tree differences in rates of selfing can
be a result of both among tree variation in self-
pollination and self-fertility (O’Connell, 2003). In T.
plicata, outcrossing rates decreased with increasing tree
height in all four populations. Larger trees were probably
more likely to self-fertilize than shorter trees because of
their greater proportional contribution to the local pollen
cloud. Conversely, smaller trees could receive greater
amounts of unrelated pollen from surrounding taller
trees. All four populations were similar in terms of tree
height structure (Figure 3; Table 5). Phenological differ-
ences that occur with tree size can also potentially affect
outcrossing. In Douglas-fir, shorter trees have a higher
proportion of male cones, and larger trees have more
female cones so that outcrossing rate is expected to
increase with tree height (Mitton, 1992). The change in
outcrossing rates expected in Douglas-Fir is opposite to
the trend observed in western redcedar. No data are
available on whether there is a change in cone sex ratio
with tree size in western redcedar, however, no obvious
change has been observed. Furthermore, this species
produces copious amounts of both male and female
cones throughout the crown once sexual maturity has
been reached. Alternatively, if selfing is prevented by a
self-incompatibility mechanism, a breakdown in this
mechanism with tree age could explain the increase in
selfing in larger trees. Although there is no strong
evidence for this scenario, it would be an interesting
question to pursue.

Population outcrossing rates

Unlike a previous study conducted with isozymes
(O’Connell et al, 2001) in six different western redcedar
populations, there was no difference in outcrossing rates
among populations. In the current study, outcrossing
rates were not significantly different among populations
and occurred within a narrow range (t =66.2-77.8%). In
contrast to the isozyme study, populations sampled in
this study were more homogeneous in height structure.
If selfing rates are constant over time, the level of
inbreeding should be reflected in the inbreeding coeffi-
cient. There was no relationship between mean popula-
tion outcrossing rates and inbreeding coefficients or
genetic diversity in this study.

Bulking samples

Our bulking tests showed that most alleles are detected
in bulked assays, however, some rare alleles are probably
missed. Significantly fewer alleles were detected in
bulked samples compared to individually genotyped
samples. Estimates of outcrossing obtained using bulked
DNA samples are expected to be lower than when using
unbulked samples for two reasons. First, alleles are more
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likely to be missed in bulked samples due to allele
competition during PCR and overlapping stutter bands
on gels. Second, simulations showed a 5% downward
bias in outcrossing estimates of bulked samples. Corre-
spondingly, in the western redcedar orchard study,
average outcrossing rates estimated using microsatellites
with nonbulked samples were about 5% higher than
those observed in this study (K. Ritland, unpublished
data). Likewise, in the isozyme study, outcrossing
estimates were above 77% for all populations but one
(5/6) (O’Connell et al, 2001). However, the comparison of
trends in ecological factors affecting outcrossing rates is
little affected by systematic statistical bias.
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