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Variation of selfing rate and inbreeding depression
among individuals and across generations within
an admixed Cedrus population
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Ecologie des Foréts Méditerranéennes, UR629, Domaine Saint Paul, Site Agroparc, Avignon Cedex 9, France

We investigated the variation and short-term evolution
of the selfing rate and inbreeding depression (ID) across
three generations within a cedar forest that was established
from admixture ca 1860. The mean selfing rate was 9.5%,
ranging from O to 48% among 20 seed trees (estimated
from paternally inherited chloroplast DNA). We computed the
probability of selfing for each seed and we investigated
ID by comparing selfed and outcrossed seeds within proge-
nies, thus avoiding maternal effects. In all progenies, the
germination rate was high (88—100%) and seedling mortality
was low (0-12%). The germination dynamics differed
significantly between selfed and outcrossed seeds within
progenies in the founder gene pool but not in the following
generations. This transient effect of selfing could be

attributed to epistatic interactions in the original admixture.
Regarding the seedling growth traits, the ID was low but
significant: 8 and 6% for height and diameter growth,
respectively. These rates did not vary among generations,
suggesting minor gene effects. At this early stage, outcrossed
seedlings outcompeted their selfed relatives, but not
necessarily other selfed seedlings from other progenies. Thus,
purging these slightly deleterious genes may only occur
through within-family selection. Processes that maintain a high
level of genetic diversity for fitness-related traits among
progenies also reduce the efficiency of purging this part of
the genetic load.
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Introduction

Forest trees, generally outcrossing species, are character-
ized by a huge genetic diversity within populations
(Hamrick and Godt, 1989), including for adaptive traits
(Kremer, 1994; Notivol et al., 2007). This diversity is
maintained at the expense of a high mutation load
(Ledig, 1986; Petit and Hampe, 2006; Scofield and
Schultz, 2006), which can only be purged whenever
inbreeding occurs. Investigating the processes that
dynamically maintain the genetic load and the adaptive
genetic variation within populations cannot rely only on
a theory that assumes a demographic and genetic
equilibrium. This is particularly true in forestry where
transient situations frequently occur: recently established
forests (in terms of the number of generations), marginal
areas of expansion or retraction in the distribution range,
maturation phase of the silvigenesis, or simply pioneer
species in disturbed areas (riparian forests, forest fires,
and so on). The demo-genetic approach provides a
general framework to study short-term evolution in non-
equilibrium populations (Lande, 1988; Benton et al., 2006;
Coulson et al., 2006; Pichot et al., 2006). In these models,
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the genetic variation of individual capacities such as
survival, growth potential, fecundity, and dispersal
ability determines the demographic structure of the
population. As a feedback, the demographic structure
regulates competition and the mating system, thus
driving the evolution of the genetic diversity by affecting
the intensities of drift and selection.

Inbreeding results from particular types of mating
systems, such as selfing or mating among relatives, and
it has a higher probability when population size is limited
and mating is at random. Most studies generally consider
the selfing rate through a mean value for a population but
it has been shown that it can be highly variable among
individuals (O’Connell et al., 2004). Under the mass action
model (Gregorius et al., 1987; Holsinger, 1991), in herma-
phroditic or monoecious species with no incompatibility
system, the selfing rate is determined by the ratio of
autopollen vs allopollen that is locally available for each
female flower. Therefore, individual variation of the selfing
rate is partly explained by the local demographic density
as observed in several conifer species (Farris and Mitton,
1984; Knowles et al., 1987, Robledo-Arnuncio et al., 2004;
Restoux et al., 2008). However, other mechanisms, such as
dichogamy, also determine the individual selfing rate. One
feature of the monoecious Atlas cedar, Cedrus atlantica
Manetti, is a continuous variation of male/female alloca-
tion to reproduction among individuals, which ranges
from quasi-male trees to quasi-female trees and everything
in between (Krouchi et al., 2004). In such situations, both
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demographic and biological features may affect the mating
system.

Effective purging of inbreeding depression (ID) de-
pends not only on the mating system that generates
inbred individuals but also on the genetic make-up of ID
(Byers and Waller, 1999). ID that is caused by a small
number of recessive genes that have major deleterious
effects on fitness is expected to vary among individuals
depending on their genotype at these few major genes
and, therefore, to respond rapidly to selection. Purging is
less efficient when selfed offspring do not contribute to
the next generation (Scofield and Schultz, 2006), or when
dominance and epistatic interactions among major genes
occur (Williams et al., 2003). By contrast, ID because of
many genes with small individual effects is not expected
to vary drastically among individuals and is less easily
purged in the population.

Seed abortion is often because of embryonic lethal
equivalents, a number of deleterious alleles whose cumu-
lative effects are the equivalent of one lethal allele (Lee et al.,
1996; Keller and Waller, 2002). The number of embryonic
lethal equivalents could be as high as 11 in conifers
(Savolainen et al., 1992) and experimental results generally
support the assumption of an additive effect of recessive
alleles (Remington and O'Malley, 2000a). However, in
Pinaceae, a stage-specific death peak occurring during early
embryogenesis could be caused by partial dominance or
overdominance of deleterious genes (Williams, 2007, 2008).
In Pinus taeda L., Remington and O’Malley (2000b) showed
that embryonic lethals do not contribute to ID later in the
life cycle. Beyond seed abortion, ID delays seed germina-
tion (Sorensen, 2001), increases juvenile mortality (Koele-
wijn et al., 1999), depresses growth (Sorensen and Miles,
1982; Bower and Aitken, 2007), causes morphological
abnormalities later in the life cycle (Wilcox, 1983), and
decreases seed production and fertility in young trees
(Karkkainen and Savolainen, 1993; Durel et al., 1996). At
this later stage mildly deleterious mutations or polygenic
mutations, which difficult to purge, are likely the main
actors (Husband and Schemske, 1996).

ID has been experimentally assessed in controlled
pedigrees of trees (Eriksson, 2006, White et al., 2007).
Within forest tree populations, the common trend of
increased heterozygosity in older age classes is considered
as an indicator of previous selection against inbred
individuals in younger age classes (Shaw and Allard,
1982; Farris and Mitton, 1984; Yazdani et al., 1985;
Marquardt and Epperson, 2004; Jones et al., 2006). Some
studies have shown increasing heterozygosity with age,
suggesting that a rapid purging of inbred individuals
occurs in these classes (Pichot et al., 2006). In this study, we
assessed ID at the individual level within progenies (this
term is used throughout the text to designate the set of
seeds or seedlings issued from the same seed tree),
comparing the performance of naturally produced selfed
and outcrossed genotypes that we identified using chloro-
plast DNA markers. Molecular markers such as allozymes
(Ritland and El-Kassaby, 1985) or microsatellite markers
(Collevatti et al., 2001) have long been used for estimating
the selfing rate in nature. In Cedrus, as in most Pinaceae
species, the chloroplast genome is uni-parentally inherited
from the male parent and does not recombine (Fady et al.,
2003). Consequently, this provides an efficient tool to assess
the probability of a selfing event by comparing the
chloroplast genotypes of progenies and their seed trees.
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We studied the C. atlantica forest of Luberon (South
Eastern France) as a model situation of a transient
population of trees experiencing rapid demographic
evolution. The species was introduced locally from
North Africa for afforestation of degraded lands in the
1860s (Cointat, 1996). From the founder trees that
survived until sexual maturity (most of them are still
alive), two generations have developed through natural
regeneration, expanding from the initial plantation areas
to a broader continuous forest, which currently shows a
spatially heterogeneous pattern of density. A previous
study based on isozymes revealed an initial population
admixture through a transient genotypic disequilibrium
in the founder generation that disappeared in the
subsequent generations (Lefevre et al., 2004). The three
objectives of this work were (i) to assess the variation of
the selfing rate at the individual level and test the
predominance of demographic or sexual parameters on
this variation, (ii) to quantify early stage ID during seed
germination and the first year of seedling growth by
comparing selfed and outcrossed seeds within progenies,
thus avoiding maternal effects, and (iii) to test the
existence of purging during the first three generations
after the establishment of the Luberon cedar forest.

Materials and methods

Seed trees and seed collection

Twenty reproductive trees belonging to three different
generations were sampled in different zones of the forest
(Figure 1). The assignment of each tree to its correspond-
ing generation was based on the estimate of the age of
each tree from wood cores at a height of 60 cm (Lefevre
et al., 2004). The stem circumference at breast height was
measured on each tree. The fecundity of Cedrus trees
varies greatly across years and the trees show different
allocations to male and female reproduction that remain
relatively stable (Krouchi ef al., 2004). For this reason, the
male flowering intensity was scored following a 0-3 scale
as an indication of the potential male fecundity of the
reproductive trees, as the seeds used for the germination
test resulted from pollination that occurred 2 years
before. Spatial location of individual trees was obtained
with a laser telemeter and a compass. Local stand density
around each tree was approached as the mean distance
to its five nearest mature trees (Table 1).

Three cones were collected from each tree just before
disarticulation, in October 2003. For each tree, 120 well-
conformed seeds were sampled for the germination test,
that is, 2400 seeds for the totality of the selected trees.
Non-developed seeds were assumed to correspond to
non-pollinated ovules (Mosseler et al., 2000) and were
discarded.

Germination test

To avoid fungal contamination, the seeds were imbibed
in cryptonol (2%) for 1h and chilled. To remove
dormancy, the seeds were maintained in darkness at
2-4°C for 40 days. For the germination test, a rando-
mized block design with four blocks was used. Each
progeny was divided into four sub-samples of 30 seeds
that were sown into each block. Each block consisted of
four Petri dishes (25 cm x 25 cm). Seeds were grouped as
single plot units per seed family and were randomly

147

Heredity



Selfing rate and inbreeding depression in Cedrus
M Ferriol et al

148

z

1 km

Ménerbes district

Lacoste district Bonnieux district

)
\
|

[/ 100m
B119/g445*
100 m c201* 100 m B
* A107
B201 A12*
I
R I c105 *
B206 I A0
B219
. 1
A307 * A202% 215A205R 1

A310

B213 A2l A102F
]
I
\

@@ Dense forest including founder trees and all age classes

Area of important regeneration
Area of diffuse regeneration
— — — Limits of municipal districts
Forest road

Figure 1 Location of the 20 seed trees within the Luberon forest. The nine trees with effective selfing are indicated by *.

Table 1 Characterization of sampled seed trees: zone of origin,
generation, circumference at breast height (in cm), male flowering
intensity (using a 0-3 scale), and local density

Tree Zone Generation Circumference ~ Male Local
flowering  density
intensity

A102 Z1 GO 291 2 5.8

A107 71 Gl 198 3 6.6

A110 Z1 GO 285 1 7.3

B112 Z1 Gl 144 1 5.6

B115 Z1 Gl 134 3 3.5

B118 Z1 G2 117 0 4.0

B119 71 Gl 144 2 52

C105 Z1 G2 63 0 2.5

A202 z2 GO 203 2 49

A206 Z2 GO 243 2 6.4

A214 z2 G0 263 0 7.1

B201 z2 Gl 149 0 13.5

B205 Z2 Gl 159 0 6.9

B206 z2 Gl 100 0 6.1

B213 z2 Gl 96 0 5.8

B216 Z2 Gl 149 3 7.0

B219 72 Gl 92 0 6.1

C201 z2 G2 58 0 5.5

A307 z3 GO 219 3 12.9

A310 Z3 GO 245 1 7.1

Mean (s.d.) 1675 (72.0) 1.2(1.2) 6.5(2.6)

In relation to the age class, GO included the founder trees planted in
1863, G1 was the first generation issued from GO, and G2 was the
next generation that issued from GO and G1 (Lefevre et al., 2004).
Local density was measured as the mean distance from the seed tree
to the five nearest neighbour trees (in metre).
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distributed within each Petri dish, which were also
randomly distributed within each block. Petri dishes
were kept in a climatic chamber at 15 °C, with a cycle of
15h of light per day, and 40% relative humidity. During
the stratification period and the germination test, seeds
were laid on a thick layer of filter paper that was
re-hydrated three times a week. Petri dishes from the
same block were located on the same shelf in the climatic
chamber.

Three times a week, germinated seeds were identified
when the radicle exceeded 2mm in length. When this
occurred, the individual germination date was recorded.
The germinated seeds were then transplanted into mini-
containers (40ml). The germination of seeds lasted for 72
days after sowing. Non-germinated seeds were dissected
under binoculars to check for the presence of embryos.
Empty seeds or infected seeds, because of the presence of
Megastigmus sp. larvae, were observed. As this insect is
suspected, in some cases, to induce the development of full
seeds from non-pollinated ovules (Rouault et al., 2004),
these full sized but infected seeds could not be assigned to
either the pollinated or un-pollinated ovule groups. There-
fore, we computed the germination rate as the ratio
between germinated seeds and the total number of
‘healthy’ seeds, removing all empty and infected seeds.

Nursery test for selfing effects
Immediately after the germination test, a maximum of 50
seedlings were selected within each progeny to represent



the whole range of germination dates. These seedlings
were transplanted from mini-containers to 400 ml WM
containers that were filled with peat and bark substrate,
and grown in a glasshouse for 1 year. For an accurate
comparison between selfed and outcrossed individuals
within each progeny, seedlings from the same progeny
were located within a single plot. As a consequence,
progeny effect and micro-local environment were con-
founded. The whole experiment covered less than
2m x 5m in the glasshouse. The individual height (mm
from cotyledons to apical bud) and diameter (mm at the
base of the stem) were recorded at the end of the first
year. Any developmental abnormalities or deaths that
occurred during the growing season were also recorded.

Genetic markers

To elucidate the selfed or outcrossed origin of each
seedling, we used three chloroplast microsatellites:
Pt71936, Pt96916, and Pt36713 (Vendramin et al., 1996).
The few seeds that developed abnormally were also
included in the study. DNA was extracted from 50 mg of
fresh plant tissue using the Qiagen Extraction kit
(Qiagen, Courtaboeuf, France). The PCRs were per-
formed following the protocol by Fady et al. (2003).
Electrophoresis was conducted in an Li-Cor sequencer.
As allelic variation occurs as a single base polymorphism
for these markers, we paid particular attention to avoid
genotyping errors. In all gels, five repeats of the same set
of three control genotypes and three ladders were
regularly distributed and systematically included.
Furthermore, each progeny was distributed in the gels
as groups of 10 individuals, surrounded by two samples
of the corresponding mother tree, one on each side,
which were also used as an extra-control among gels.
Finally, 553 seedlings (18-39 per progeny) and all the
seed trees were successfully genotyped.

Detection of selfing events
Chloroplast haplotypes were defined as the combination
of the three microsatellite alleles. Outcrossed seedlings
were unambiguously identified by the difference in
haplotype between the seedling and mother. A seedling
that shared the same haplotype with its seed tree may
result either from selfing or from outcrossing, with a
probability that depends on the frequency of this
particular haplotype in the pollen pool. Therefore, an
estimation of the haplotype frequency in the pollen pool
is required to estimate the selfing rate. Thus, we
developed a maximum likelihood estimate that com-
bined both parameters (selfing rates and haplotype
frequencies) as follows.

Considering P/ the probability for mother m with
haplotype (chlorotype) j to produce a seedling with

haplotype i, we can write
P;’i’j:PIIZ*sm—Q—ﬁ*(l—sm) @

where P; is the probability for a mother with haplotype
j to produce a seedling with haplotype i after selfing
(Pi=0 for i#j and Pj=1); s, is the selfing rate of mother
m; f; is the frequency of haplotype i in the pollen pool
and, assuming panmixia, f; * (1—s,,) is the probability of
producing a seedling with haplotype i after outcrossing.

To estimate the frequency f; of haplotype i in the pollen
pool, we have to consider that for a mother tree of
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haplotype j#i, each seedling with haplotype i is issued
from outcrossing and represents one haplotype i of the
pollen pool. However, when the mother tree has
haplotype i, its seedlings with haplotype i partly result
from outcrossing and partly from selfing. In this case, it
is necessary to remove the selfed seedlings from the
count of i haplotypes in the pollen cloud. Finally,
we have

% (NP7 + % (N7 — (5 Nm[gz—J
> 2 NPT+ % S (NJ — (sm N™)

where the N7/ is the number of seedlings with haplotype
i produced by mother m of haplotype i; N" is the total
number of seedlings produced by mother m of haplotype
i and (s,,*N"") is the number of selfed seedlings; and
Ny i—(s,*N™7) is the number of purely outcrossed
seedlings with haplotype i produced by mother m of
haplotype i.

Finally, assuming that all mating events were
independent, the overall probability of the observed

haplotypes is

PN =

Selfing rates (s,,) and haplotype frequencies (f;) were
jointly estimated by the maximization of the log like-
lihood (3 log (Py/)) using the ‘optim” function from the
R Stats package (R version 2.6.2. in http://www.
r-project.org/). Confidence intervals were estimated
from 1000 bootstrap redraws of individuals within
progenies from the observed data. Each seedling k from
a mother m was assigned a probability p.self,, , of
resulting from a selfing event as follows:

p.self,, =0 if the seedling and seed tree have different
haplotypes; otherwise, the conditional probability of
being selfed given the seedling and its mother tree share
the same haplotype 7, is given b
Sm+ (1 — sp) * fi

Haplotype diversity was estimated as H=(1->_f?)
where f; is the frequency of haplotype i. We used the
rarefaction method to compare the number of different
haplotypes between different sub-samples (seed trees,
zones, and so on.).

The effects of male flowering intensity, local density,
and tree size on the individual selfing rate were tested
using the following fixed linear model and type III tests:

fi

i, j
B

im

p.selfmﬁk =

f(sm) = male,, + dens,, + poly (circ,,, 2) (1)

where f(s,,) is the arc.sine(sqrt) transformation of the
selfing rate of mother tree m; male,, is the male flowering
score (0-3) of the mother tree m that we treated either as
a two-level factor (0 vs 1-2-3) or as a four-level factor
(note that a score 0 only means no observed male
strobili); dens,, is the local density of trees around
mother tree m; poly(circ,,, 2) is a quadratic function of the
individual circumference of the mother tree m.

We constrained the model to pass through the
origin. We obtained the same results using a generalized
linear model with the number of selfed and outcrossed
seeds estimated from s, as the dependant variable
(matrix) and a quasibinomial distribution (data not
shown).
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Assessment of maternal and ID effects

From the subset of genotyped seedlings, the effect of
selfing on the seed germination time was tested using the
following mixed effect ANCOVA model:

To,m(z,g),k =i + block;, + zone, + generatio;g

+ap.self, x + b p.self, (2)
+ Am(z‘g) ol Eb,m(z,g),k

where Ty 2, o) is the germination time (number of days
after sowing, log transformed) of seed k from mother
tree m, from zone z and generation g, grown in
block b; block, is the fixed effect of block b in the
germination experiment; zone, is the fixed effect of the
zone z of the forest where mother tree m is located;
generation, is the fixed effect of the generation g to
which mother tree m belongs; p.self,, x is the probability
of seed k from mother tree m being selfed, used as a
covariate; an interaction with generation is also intro-
duced into the model; A, ,) is a random term, variance
var(A,(,g) is the variance among seed trees within
zone and generation; var(Ep, ¢4 is the residual
variance.

Similarly, the maternal and inbreeding effects on
seedling growth beyond their effects on germination
time were analysed as follows:

H(D),yz, 4,k =H + zone; + generation, +;p.se1fm7k

+ bg p.selfy, x4 c gtk
+ Am(z,g) + Eb,m(zg),k (3)

where H(D),(., ¢ is the height (resp. basal diameter) of
seedling k from seed tree m; gt,, i is the germination time
of seedling k from seed tree m, used as a covariate to
account for the effect of different growing periods; other
terms are similar to that in model (2).

Considering that p.self,,  is also the expected propor-
tion of true selfed individuals within the progeny, its
effect represents the absolute difference between selfed
and non-selfed individuals, which is a measure of ID,
assumed to be constant among seed trees in this
model. Alternatively, ID can also be expressed relatively
to the intercept term of the model that represents the
predicted mean of outcrossed progenies (that is, for
value p.self,, =0 of the covariate).

Considering the mean value of a progeny, it is made of
two components: an expected value without selfing
(combining the additive value of the genes inherited
from the parent, or parental breeding value, and
maternal effects) and a correction because of the impact
of selfing (selfing rate x ID). Therefore, we graphically
represented ID through the relationship between the
selfing rate and the difference between the actual and the
expected progeny values. The actual progeny values
were estimated from a sub-model without the p.self,,
covariate, whereas the potential progeny values were
estimated from the global model at the value p.self,, =0
of the covariate.

We used type III tests for the fixed effects and
covariates. We used REML estimates of the variance
components. All statistical tests were computed on R,
and scripts are available on request.
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Results

Seed germination

The percentage of full seeds varied from 58 to 99%
depending on the progeny. The germination rate was
high and varied from 88 to 100%. Some progenies started
germination immediately after the stratification period
but others were delayed for up to 15 days (Figure 2),
suggesting important maternal effects on the progenies
for this trait. Furthermore, the variation of germination
time within progeny varied among seed trees, from just 1
day to 24 days before the level of germinated seeds
reached 50% (Table 2). In particular, there was a
significant difference between zones 1 and 2 (Wilcoxon
test, P=0.034 for the date of first germination; P =0.006
for the date of 50% germination).

Polymorphism of the markers

The three microsatellites used showed four, five, and six
variants for Pt36713, Pt96916, and Pt71936, respectively.
A total of 35 haplotypes was identified over the whole set
of genotyped individuals: seedlings and seed trees. In
our sample, the highest frequencies of these haplotypes
were 0.21 and 0.17, and the lowest was 0.002. The
haplotype diversity was high (H = 0.90).

Selfing rate

Selfing rate estimates varied considerably among the
reproductive trees, ranging from 0 to 0.479 (Table 3). Of
the 20 reproductive trees, 9 showed significantly positive
selfing rates. These trees were dispersed in the popula-
tion (Figure 1). Considering the forest as a single
panmictic unit, selfing rates and haplotype frequencies
from the whole set of seed trees could be estimated
regardless of their location in the forest. Then the mean
selfing rate was 0.095 + 0.140. The selfing rates were also
independently estimated within zone 1 and zone 2 (the
sample in zone 3 was too small for this analysis): the
within-zone estimates of selfing rates were very similar
to the global estimations (data not shown).

The variation in selfing rate among trees was not
determined by local density (Table 4). The effect of
male flowering intensity was marginally significant
(P=0.032), only when considered as a two-level factor
(Table 4).

The number of different haplotypes in the pollen
cloud, estimated after performing the rarefaction
method, varied from 5.97 to 10.25 among seed trees
(Table 3). There was no correlation between individual
selfing rate and the diversity of haplotypes in the
outcrossed progeny.

Effects of selfing on germination

As mentioned above, the final germination rate was very
homogenous among progenies, but germination dy-
namics did vary among progenies. Considering the
subset of individually genotyped seedlings, which
represented the whole germination period within each
progeny (Figure 2), the number of days needed for
germination after stratification varied significantly
among progenies (Table 5). At the individual seed level,
we detected a significant effect of the probability of being
selfed on the germination time and a significant
interaction effect between the probability of being selfed
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Figure 2 Seed germination kinetics for the 20 Cedrus atlantica progenies. Dashed lines indicate the time to reach 50% germination; dots

represent the sub-sample of genotyped seedlings.

Table 2 Germination parameters for each progeny: percentage of
healthy embryos (not empty, not infested), germination rate,
number of days from sowing to the first germination, number of
days until 50% of the seeds within the progeny germinated

Tree Zone % Healthy Germination — Days to  Days 50%
embryos rate (%)  germination germination
A102 Z1 90 99 5 24
A107 Z1 89 100 12 19
AT10 Z1 96 98 1 12
B112 Z1 82 97 10 22
B115 Z1 72 94 10 24
B118 Z1 88 100 8 22
B119 Z1 80 91 1 19
C105 Z1 87 88 1 22
A202 z2 84 100 1 15
A206 Z2 74 97 3 12
A214 z2 63 99 1 1
B201 z2 93 99 5 22
B205 z2 90 99 1 8
B206 z2 87 98 1 15
B213 z2 58 100 1 3
B216 z2 77 99 1 19
B219 Zz2 99 100 1 10
C201 z2 87 99 1 10
A307 Z3 90 100 1 8
A310 Z3 72 94 15 22
Mean (s.d.) 83 (11) 98 (3) 4.0 45 155 (7.1

and the generation: this selfing effect was only significant
within GO but not in the subsequent generations (Table 5).
At progeny level, in generation GO, the selfing rate was
not a predictor of the actual progeny values but only a
predictor of the difference between actual and potential
progeny values (Figure 3).

Surprisingly, within progenies, the selfed seeds germi-
nated earlier than the outcrossed seeds. Early germina-
tion seems to be positively correlated with fitness in our
environmental conditions as earlier growth confers a
competitive advantage by increasing the period of
vegetation.

Effects of selfing on growth in nursery

Seedling survival did not appear to be affected by selfing
as there was no correlation between the mortality rate
(low, 0-12%) and the selfing rate at the progeny level.
Morphological abnormalities and mortality appeared at
a very low frequency in both self and cross-fertilized
seedlings and no significant differences were observed
(data not shown).

The selfing effect was significant at the individual level
for both height and diameter after 1year of growth, and it
did not vary across generations (Table 6). The effect of
the germination date on height and diameter growth was
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also significant but much less important than ID (Table 6).
Within progenies, ID accounted for an 8 and 6%
reduction in height and diameter growth, respectively.
At the progeny level, the selfing rate was not a predictor
of the actual progeny values (Figure 3), as previously
observed for the germination time.

Discussion

Variation in selfing rate among seed trees

Traditionally, studies on ID have been carried out by
performing controlled crosses. There are only a few
studies that have estimated the individual selfing rates
and ID under natural mating systems, by calculating

Table 3 Selfing rate estimates (s,,) for each seed tree considering the
whole forest as a panmictic unit

the proportion of empty seeds and with biparentally
inherited molecular markers such as isozymes,
which need more complicated statistical estimators
(Karkkdinen and Savolainen, 1993; Ritland and Travis,
2004; Bower and Aitken, 2007). In this study, we took
benefit of the high diversity and paternal inheritance of
cpSSRs markers in Pinaceae species (Parducci et al., 2001;
Ribeiro et al., 2002; Naydenov et al., 2005) and particular
Cedrus (Fady et al., 2003; Terrab et al., 2006). In Cedrus, we
measured a mean selfing rate circa 0.1, which is in
agreement with the absence of incompatibility mechan-
isms and the values reported in other conifers (Franklin,
1969; Cottrell and White, 1995; Sorensen, 1999; Restoux
et al., 2008). A considerable variability among seed trees
was observed, reminding us that selfing rate is not a
fixed trait of the species, but that it can vary both
between and within populations (Barret and Eckert,
1990).

To explain this variability, under the mass action
model, a reduced number of male strobili surrounding a

Seed tree Nb of sigs:ty ped  Selfing rate  Nbof haplotypes o0 tree may restrict the relative amount of non-self
pollen and, hence, increase the proportion of self-pollen
A102 28 0.092 8.01+0.79 proportion in the seed tree’s crown. On the one hand, we
Al107 28 0 8.62+1.06 found no relationship between local density of adult
gllllg gs 373 8~7g$ 1.09 trees and selfing rate. Concerning the effect of local
B115 32 8 479 66 10 088 density on selfing rate, various results were obtained in
B118 2% 0 6.88 + 0.89 similar studies on conifers (Farris and Mitton, 1984;
B119 26 0 8.63+0.83
C105 39 0.331 597+08 Table 4 Effects of male flowering intensity (treated as a two-level
2582 gg 8%83 ;S;fg% factor in (a), or as a four-level factor in (b)), local density, and tree
: Db circumference (quadratic effect) on the individual selfing rate
A214 20 0 9.48+0.6 (arc.sine(sqrt) transformed)
B201 26 0.107 10.18 £0.95
B205 19 0 7.95%0.22 Num df. Dendf F P-value
B206 19 0 8.68 £0.46
B213 26 0 6.191£0.73 (a)
B216 29 0 10.25+1.11 Male flowering (0/+) 1 16 553 0.0318 *
B219 29 0 7.41£0.93 Local density 1 16 0.61 0.4480 NS
C201 29 0.054 9.62+1.06 Circumference (quadratic) 2 16 1.68 02175 NS
A307 39 0.288 —
A310 18 0 — (b)
Mean (s.d.) 0.095 (0.141) Male flowering (0-3) 4 13 126 0.3326 NS
- - Local density 1 13 0.29 0.5995 NS
The number of different haplotypes in the outcrossed progeny of Circumference (quadratic) 2 13 091 04263 NS
each seed tree was computed after rarefaction using the smallest
sample size of 18, observed for B115, as a reference. *P <0.05.
Table 5 Inbreeding effect on the germination time of each seed (mixed effect ANCOVA model)
Num d.f. Den d.f. F P-value
Fixed effects and covariates
Block 3 527 0.89 0.4462 NS
Zone 2 15 4.15 0.0368 *
Generation 2 15 0.18 0.8407 NS
Probability of selfing (p.self) 1 527 7.28 0.0072 **
Generation x p.self 2 527 6.31 0.0020 **
Selfing effect within each generation Estimate 95% Confidence interval
p.self within GO —1.010 [—-1.440; —0.581]
p.self within G1 0.053 [-0.392; +0.497] NS
p.self within G2 —0.151 [—0.672; +0.370] NS
Variance components s.d. estimate 95% Confidence interval
Among progenies (at p.self =0) 0.583 [0.397; 0.856]
Residual 0.769 [0.724; 0.817]

The covariate p.self is the probability of each seed being selfed, which provides an estimate of inbreeding depression. The random variation
among progenies includes variation of genetic values of the mother trees and maternal effects.

*P<0.05; **P<0.01.
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Figure 3 Inbreeding effect at progeny level. The actual progeny means are not related to the individual selfing rate (top line graphs), but
selfing rate indicates the difference between actual and potential progeny means because of inbreeding depression (bottom line graphs). The
actual and potential progeny values of non-selfed progenies are equal (represented in the open circle). For partially selfed progenies, the
actual values were computed as the best linear unbiased predictions (BLUP) in a sub-model without the covariate “probability of selfing’,
whereas the potential values were the BLUP estimates for a null value of this covariate in the global model. For germination time, the selfing
effect was only significant in the GO generation, which is represented here.

Neale and Adams, 1985; Morgante et al., 1991; Sorensen
and Adams, 1993; Parraguirre-Lezama et al., 2004;
Restoux et al., 2008). Furthermore, we did not find any
correlation between the selfing rate and the diversity of
the allopollen cloud captured by the seed tree, as would
be expected for isolated trees under the hypotheses of
pollen limitation and gene mixing effects because of long
distance pollen dispersal (Klein et al., 2006). On the other
hand, we detected a weak but significant effect of the
production of male strobili of each seed tree on its selfing
rate. Therefore, individual variation of selfing rate was
determined by the amount of self-pollen and not by the
local amount of non-self-pollen. In this case, this means
that the mating system is controlled by the biology of the
species and not only by the demography. In C. atlantica,
sex allocation to male and female functions is highly
variable and Krouchi et al. (2004) have found that this
variation is stable at least across several years. From an
evolutionary perspective, such a tendency to dioecy in
trees can be interpreted in the light of ID avoidance
(Scofield and Schultz, 2006).

Our selfing rate estimates might be down biased
because they were computed from the number of mature
seeds and not directly from the number of fertilized
ovules. In most conifers, during early embryogenesis, ID
acts more or less severely depending on the number of
embryonic lethal alleles in the parental genome (see

Introduction). Karkkédinen and Savolainen (1993) suggest
that polyembryony, which occurs frequently in Pinaceae,
can diminish the cost of embryonic lethals and make
embryo competition possible, leading to an underestima-
tion of the primary selfing rate. In this regard, the genus
Cedrus shows simple polyembryony, derived from the
fertilization of about half of three to six archegonia in
each female gametophyte, and cleavage polyembryony,
which leads to genetically identical embryos (Wilson,
1923; Favre-Duchartre, 1970). Although cleavage em-
bryos offer no selective advantage, simple polyembryony
is also a weak or even non-existent barrier against selfing
because, during early embryogeny, an advantage is
conferred to the embryo based on its position in the
female gametophyte. The embryo closest to the corrosion
cavity, which is genotype independent, is conferred the
advantage (Williams, 2007).

Effects of selfing on germination and first year growth

in nursery

The rate of empty seeds among well-conformed seeds,
which generally indicates the presence of embryonic
lethals (Savolainen et al., 1992), was low (17%) and its
variation was not related to selfing rate. Furthermore,
juvenile mortality was also very low in this study. These
results suggest that major recessive lethal alleles with
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Table 6 Inbreeding effect on seedling growth in height and diameter (mixed effect ANCOVA model)

Num d f. Den d.f. F P-value
(a) Height growth
Fixed effects and covariates
Zone 2 15 0.30 0.7500 NS
Generation 2 15 1.30 0.3005 NS
Probability of selfing (p.self) 1 500 6.41 0.0116 *
Germination time (gt) 1 500 78.6 <0.0001 e
Generation x p.self 2 500 2.28 0.1032 NS
Selfing and germination time effects Estimate 95% Confidence interval
Probability of selfing (p.self) —20.675 [-37.364; —3.986]
Germination time (gt) —1.687 [-2.067; —1.307]

s.d. estimate
24.588
45.646

Variance components
Among progenies (at p.self =0)
Residual

(b) Diameter growth

Fixed effects and covariates
Zone
Generation
Probability of selfing (p.self)
Germination time (gt)
Generation x p.self

Num d f.

N==DNN

Estimate
—0.288
—0.017

Selfing and germination time effects
Probability of selfing (p.self)
Germination time (gt)

s.d. estimate
0.162
0.579

Variance components
Among progenies (at p.self =0)
Residual

95% Confidence interval
[16.444; 36.767]
[42.910; 48.557]

Den d. f. F P-value
15 1.98 0.1725 NS
15 1.33 0.2953 NS
500 7.22 0.0075 **
500 52.24 <.0001 o
500 0.48 0.6206

95% Confidence interval
[-0.493; —0.082]
[-0.022; —0.013]

95% Confidence interval
[0.095; 0.276]
[0.544; 0.616]

The covariate p.self is the probability of each seedling being selfed, which provides an estimate of inbreeding depression. The covariate gt is
the time before germination of the original seed, accounting (negatively) for the length of the growing period. The random variation among
progenies includes variation of genetic values of the mother trees and maternal effects.

*P<0.05; **P <0.01; **P <0.001.

additive effects had efficiently been purged in this Cedrus
population. This could either reflect a general feature of
the species or a particular situation in this population
that suffered very high mortality after their initial
plantation. Similarly, juvenile mortality was not observed
in studies on P. pinaster Ait. and Pseudotsuga menziesii
(Mirb.) Franco (Durel et al., 1996; Sorensen, 1997).

Germination dynamics differed significantly among
progenies collected in two zones of the forest. Germina-
tion time is determined both by the genotype of the
embryo and by maternal effects, either genetically or
environmentally determined, that affect seed physiology.
As we suspect no genetic differentiation among these
zones (Lefévre et al., 2004 and marker data from this
study), the difference in germination dynamics would
rather be explained by the difference of environmental
conditions among zones.

Within progenies (skipping maternal effects at this
level), we detected a selfing effect on the germination
time in the founder generation GO but not in the
following generations G1 and G2. In our controlled and
artificial conditions, selfed seeds germinated earlier than
outcrossed seeds, a finding that is in contradiction with
results reported for other conifers, such as P. contorta var.
murrayana (Sorensen, 2001) and Picea abies (L.) Karst
(Skrgppa, 1996). In P. menziesii and P. ponderosa Dougl. ex
Laws., germination was hardly affected by selfing
(Sorensen and Miles, 1974). Therefore, we hypothesize
that transient outbreeding depression (OD) might occur

Heredity

in this admixed Cedrus population because of diverse
origins of the plant material. OD occurs in particular
when hybridization disjuncts co-adapted gene com-
plexes (Ledig, 1986). In the founder generation GO,
seedlings from selfing are obviously a result of within-
gene pool crosses, whereas part of the seedlings issued
from outcrossing result from between-gene pool crosses
and could suffer from OD. This hypothesis is further
supported by the evolution across generations: as
observed in this study, OD would not be expected to
correlate to the selfed or outcrossed origin of the seeds
that are produced by the next generations because of
recombination among gene-pools.

Studies of the effects of ID on growth parameters in
trees have often been performed on juvenile trees of at
least 4-years-old. This is because first-year growth can be
influenced by the time of emergence, a possible effect of
maternal influences, as shown here. Moreover, many
studies are conducted at the family level comparing
selfed and outbred controlled crosses (which, by the way,
also imply artificial conditions during pollination and
seed development). In 1-year-old P. contorta var.
murrayana seedlings, Sorensen (2001) found an ID of
17.7% in height; in 1-year-old P. menziesii and
P. ponderosa, Sorensen and Miles (1974) observed an ID
for height of 18 and 21%, respectively; in 2-year-old
P. menziesii, Sorensen (1997) found an ID of 30% in height
and 40% in diameter. In this work, we used a different
approach that consisted of a model that included



maternal effects and germination time in the analysis.
This approach was used to estimate ID beyond these
effects at the individual seed level. In doing so, we
detected a small but significant ID effect, 8 and 6% on
height and diameter growth, respectively. In contrast
with OD, ID did not change across the three generations,
suggesting that ID mainly relates to the additive effects
of many slightly deleterious genes that are not easily
purged in the population. Indeed, we detected no purge
of ID at this short time scale. The effectiveness of purging
is not frequently observed in plant populations, even
when inbreeding occurs (Byers and Waller, 1999).
Comparing selfed and crossed progenies obtained in a
natural population of P. sylvestris, Koelewijn et al. (1999)
observed an effect of ID on survival and seed set up to an
age of 23 years, but no significant differences in height
and flowering, indicating that high levels of ID both for
early stage (seed production) and later stages of the life
cycle were maintained in the population in the long run.
As explained below, our results reveal a possible
mechanism that might explain low purging of slightly
deleterious genes in trees.

In this study, no effect of selfing rate on family means
was observed, suggesting a previous efficient purge of
the most deleterious alleles in this species. Although
significant, the ID effect was weaker than that of the
global seed tree effect, that is, selfed seeds only differ
from their outcrossed relatives but not from all out-
crossed seeds. Owing to between-family variation, selfed
seedlings can still outcompete outcrossed seedlings from
other progenies. The design we used in the nursery to
determine growth traits was oriented towards within-
family comparisons, where seed tree effects (parental
breeding value and maternal effects) were slightly up-
biased and partly confounded with micro-environmental
conditions in the nursery. The micro-environmental
conditions in the nursery were still much less variable
than small-scale environmental conditions in the forest.
Therefore, we expect that ID is even weaker relatively to
progeny effect in natural conditions, which means that
purging such type of ID in nature is only possible
through within-family selection. Under this scenario,
seed dispersal, which affects the spatial distribution of
various progenies, would also affect purging. More
generally, during the regeneration phase of the forest,
when the most intense demographic reduction and
selection for competing ability occur, seed dispersal is
widespread enough so that competition occurs between
seedlings from different progenies and, therefore, we
would expect no early purging of inbred genotypes.
After the regeneration phase, demography decreases
more slowly and inbred trees could remain present in the
forest and contribute to the next generation, even though
they have a reduced fitness. By contrast, in some
particular situations such as a very low density in a
colonization front, we could expect within-family com-
petition at the seedling stage and more efficient purging.
Of course, the most deleterious mutations are more
rapidly purged from the embryonic to later stages of the
life cycle.

Thus, ID that has a lower effect than the variation of
breeding values is maintained in the population for the
long term. Part of these slightly deleterious genes might
become a source for adaptational changes when environ-
mental conditions change.

Selfing rate and inbreeding depression in Cedrus
M Ferriol et al

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

This work has been partially supported by Grant PPI-00-
04 from the Polytechnic University of Valencia (Spain).
We thank B Fady and E Klein as well as two anonymous
reviewers for their helpful comments on a previous
version of the paper. We acknowledge B Jouaud,
W Brunetto, F Jean and H Picot for seed collection and
processing and laboratory assistance, as well as P Brahic
and staff from the Experimental Nursery of Aix-Les
Milles for nursery cares.

References

Barret SH, Eckert CG (1990). Variation and evolution of mating
systems in seed plants. In: Kawano S (ed). Biological
Approaches and Evolutionary Trends in Plants. Academic Press:
London. pp 230-254.

Benton TG, Plaistow SJ, Coulson TN (2006). Complex popula-
tion dynamics and complex causation: devils, details and
demography. Proc R Soc B Biol Sci 273: 1173-1181.

Bower AD, Aitken SN (2007). Mating system and inbreeding
depression in whitebark pine (Pinus albicaulis Engelm.). Tree
Genet Genomes 3: 379-388.

Byers DL, Waller DM (1999). Do plant populations purge their
genetic load? Effects of population size and mating history
on inbreeding depression. Annu Rev Ecol Syst 30: 479-513.

Cointat M (1996). Le roman du cedre. Revue Forestiere Frangaise
48: 503-526.

Collevatti RG, Grattapaglia D, Duvall ] (2001). High resolution
microsatellite based analysis of the mating system allows the
detection of significant biparental inbreeding in Caryocar
brasiliense, an endangered tropical tree species. Heredity 86:
60-67.

Cottrell JE, White IMS (1995). The use of isozyme genetic
markers to estimate the rate of outcrossing in a Sitka pruce
(Picea sitchensis (Bong.) Carr.) seed orchard in Scotland. New
Forests 10: 111-122.

Coulson T, Benton TG, Lundberg P, Dall SRX, Kendall BE
(2006). Putting evolutionary biology back in the ecological
theatre: a demographic framework mapping genes to
communities. Evol Ecol Res 8: 1155-1171.

Durel CE, Bertin P, Kremer A (1996). Relationship between
inbreeding depression and inbreeding coefficient in maritime
pine (Pinus pinaster). Theor Appl Genet 92: 347-356.

Eriksson E (2006). Thinning operations and their impact on
biomass production in stands of Norway spruce and Scots
pine. Biomass Bioenergy 30: 848-854.

Fady B, Lefevre F, Reynaud M, Vendramin GG, Bou Dagher-
Karrat M, Anzidei M et al. (2003). Gene flow among different
taxonomic units: evidence from nuclear and cytoplasmic
markers in Cedrus plantation forests. Theor Appl Genet 107:
1132-1138.

Farris MA, Mitton JB (1984). Population density, outcrossing
rate, and heterozygote superiority in ponderosa pine.
Evolution 38: 1151-1154.

Favre-Duchartre M (1970). Des Ovules Aux Graines. Monogra-
phie 8. Masson et Cie.: Paris.

Franklin EC (1969). Inbreeding Depression in Metrical Traits of
Loblolly Pine (Pinus taeda L.) as a Result of Self-pollination.
North Carolina State University: Raleigh, NC. Technical
report No 40, School of Forest Resources.

Gregorius HR, Ziehe M, Ross MD (1987). Selection caused by
self-fertilization I. Four measures of self-fertilization and
their effects on fitness. Theor Popul Biol 31: 91-115.

155

Heredity



Selfing rate and inbreeding depression in Cedrus
M Ferriol et al

156

Hamrick JL, Godt MJ (1989). Allozyme diversity in plant
species. In: Brown AHD, Al Kahler MC, Weir BS (eds). Plant
Population Genetics, Breeding, and Genetic Resources. Sinauer:
Sunderland, MA. pp 43-63.

Holsinger KE (1991). Mass-action models of plant mating
systems—the evolutionary stability of mixed mating sys-
tems. Am Nat 138: 606-622.

Husband BC, Schemske DW (1996). Evolution of the magnitude
and timing of inbreeding depression in plants. Evolution 50:
54-70.

Jones FA, Hamrick JL, Peterson CJ, Squiers ER (2006). Inferring
colonization history from analyses of spatial genetic structure
within populations of Pinus strobus and Quercus rubra. Mol
Ecol 15: 851-861.

Kéarkkdinen K, Savolainen O (1993). The degree of early
inbreeding depression determines the selfing rate at the seed
stage: model and results from Pinus sylvestris (Scots pine).
Heredity 71: 160-166.

Keller LF, Waller DM (2002). Inbreeding effects in wild
populations. Trends Ecol Evol 17: 230-241.

Klein EK, Lavigne C, Gouyon PH (2006). Mixing of propagules
from discrete sources at long distance: comparing an
exponential tail to an exponential. BMC Ecol 6: 3.

Knowles P, Furnier GR, Aleksiuk MK, Perry DJ (1987).
Significant levels of self-fertilization in natural populations
of tamarack. Can | Bot 65: 1087-1091.

Koelewijn HP, Koski V, Savolainen O (1999). Magnitude and
timing of inbreeding depression in Scots pine (Pinus sylvestris
L.). Evolution 53: 758-768.

Kremer A (1994). Genetic diversity and phenotypic variability
of forest trees. Genet Sel Evol 26: s105-s123.

Krouchi F, Derridj A, Lefevre F (2004). Year and tree effect on
reproductive organisation of Cedrus atlantica in a natural
forest. For Ecol Manage 197: 181-189.

Lande R (1988). Genetics and demography in biological
conservation. Science 241: 1455-1460.

Ledig FT (1986). Heterozygosity, heterosis, and fitness in
outbreeding plants. In: Soulé ME (ed). Conservation Biology:
the Science of Scarcity and Diversity. Sinauer Ass: Sunderland.

p 77-104.

Lee JK, Nordheim EV, Kang H (1996). Inference for lethal gene
estimation with application in plants. Biometrics 52: 451-462.

Lefevre F, Fady B, Fallour-Rubio D, Ghosn D, Bariteau M (2004).
Impact of founder population, drift and selection on the
genetic diversity of a recently translocated tree population.
Heredity 93: 542-550.

Marquardt PE, Epperson BK (2004). Spatial and population
genetic structure of microsatellites in white pine. Mol Ecol 13:
3305-3315.

Morgante M, Vendramin GG, Rossi P (1991). Effects of stand
density on outcrossing rate in two Norway spruce (Picea
abies) populations. Can | Bot 69: 2704-2708.

Mosseler A, Major JE, Simpson JD, Daigle B, Lange K, Park YS
et al. (2000). Indicators of population viability in red spruce,
Picea rubens. I. Reproductive traits and fecundity. Can | Bot
78: 928-940.

Naydenov KD, Tremblay FM, Alexandrov A, Fenton NJ (2005).
Structure of Pinus sylvestris L. populations in Bulgaria
revealed by chloroplast microsatellites and terpenes analysis
: provenance tests. Biochem Syst Ecol 33: 1226-1245.

Neale DB, Adams WT (1985). The mating system in natural
and shelterwood stands of Douglas-fir. Theor Appl Genet 71:
201-207.

Notivol E, Garcia-Gil MR, Alia R, Savolainen O (2007). Genetic
variation of growth rhythm traits in the limits of a latitudinal
cline in Scots pine. Can | For Res 37: 540-551.

O’Connell LM, Russell J, Ritland K (2004). Fine-scale estimation
of outcrossing in western redcedar with microsatellite assay
of bulked DNA. Heredity 93: 443-449.

Parducci L, Szmidt AE, Madaghiele A, Anzidei M, Vendramin
GG (2001). Genetic variation at chloroplast microsatellites

Heredity

(CpSSRs) in Abies nebrodensis (Lojac.) Mattei and three
neighboring Abies species. Theor Appl Genet 102: 733-740.
Parraguirre-Lezama C, Vargas-Hernéndez JJ, Ramirez-Vallejo P,
Ramirez Herrera C (2004). Mating system in four natural
populations of Pinus greggii Engelm. Agrociencia 38: 107-119.

Petit R], Hampe A (2006). Some evolutionary consequences of
being a tree. Annu Rev Ecol Evol Syst 37: 187-214.

Pichot C, Bastien C, Courbet F, Demesure-Musch B, Dreyfus P,
Fady B et al. (2006). Déterminants et conséquences de la
qualité génétique des graines et semis lors de la phase initiale
de régénération naturelle des peuplements forestiers. In: 6e
Colloque National du BRG ; La Rochelle 2006,/10/02-04. Les
Actes du Bureau des Ressources Génétiques 6: 277-297.

Remington DL, O’Malley DM (2000a). Whole-genome charac-
terization of embryonic stage inbreeding depression in a
selfed loblolly pine family. Genetics 155: 337-348.

Remington DL, O'Malley DM (2000b). Evaluation of major
genetic loci contributing to inbreeding depression for
survival and early growth in a selfed family of Pinus taeda.
Evolution 54: 1580-1589.

Restoux G, Silva DE, Sagnard F, Torre F, Klein E, Fady B (2008).
Life at the margin: the mating system of Mediterranean
conifers. Web Ecol 8: 94-102.

Ribeiro MM, Mariette S, Vendramin GG, Szmidt AE, Plomion C,
Kremer A (2002). Comparison of genetic diversity estimates
within and among populations of maritime pine using
chloroplast simple-sequence repeat and amplified fragment
length polymorphism data. Mol Ecol 11: 869-877.

Ritland K, El-Kassaby YA (1985). The nature of inbreeding in a
seed orchard of Douglas fir as shown by an efficient multi-
locus model. Theor Appl Genet 71: 375-384.

Ritland K, Travis S (2004). Inferences involving individual
coefficients of relatedness and inbreeding in natural popula-
tions of Abies. For Ecol Manage 197: 171-180.

Robledo-Arnuncio JJ, Alia R, Gil L (2004). Increased selfing
and correlated paternity in a small population of a
predominantly outcrossing conifer, Pinus sylvestris. Mol Ecol
13: 2567-2577.

Rouault G, Turgeon J, Candau JN, Roques A, Aderkas P (2004).
Oviposition strategies of conifer seed chalcids in relation to
host phenology. Naturwissenschaften 91: 472—-480.

Savolainen O, Karkkidinen K, Kuittinen H (1992). Estimating
numbers of embryonic lethals in conifers. Heredity 69:
308-314.

Scofield DG, Schultz ST (2006). Mitosis, stature and evolution of
plant mating systems: low-Phi and high-Phi plants. Proc R
Soc B Biol Sci 273: 275-282.

Shaw DV, Allard RW (1982). Estimation of outcrossing rates in
douglas-fir using isoenzyme markers. Theor Appl Genet 62:
113-120.

Skrgppa T (1996). Diallel crosses in Picea abies. II. Performance
and inbreeding depression of selfed families. For Genet 3: 69-79.

Sorensen FC (1997). Effects of sib mating and wind pollination
on nursery seedling size, growth components, and pheno-
logy of Douglas-fir seed-orchard progenies. Can | For Res 27:
557-566.

Sorensen FC (1999). Relationship between self-fertility, alloca-
tion of growth, and inbreeding depression in three coniferous
species. Evolution 53: 417-425.

Sorensen FC (2001). Effect of population outcrossing rate on
inbreeding depression in Pinus contorta var. murrayana
seedlings. Scand | For Res 16: 391-403.

Sorensen FC, Adams WT (1993). Self fertility and natural selfing
in three Oregon Cascade populations of lodgepole pine. In:
Lindgren D (ed). Pinus contorta—From Untamed Forest to
Domesticated Crop. Department of Forest Genetics and Plant
Physiology, Sweden University of Agricultural Science:
Umea, Sweden. Report 11, pp 358-374.

Sorensen FC, Miles RS (1974). Self-pollination effects on
Douglas fir and ponderosa pine seeds and seedlings. Silvae
Genet 23: 135-138.



Sorensen FC, Miles RS (1982). Inbreeding depression in
height, height growth, and survival of Douglas-fir,
ponderosa pine, and noble fir to 10 years of age. For Sci 28:
283-292.

Terrab A, Paun O, Talavera S, Tremetsberger K, Arista M,
Stuessy TF (2006). Genetic diversity and population structure
in natural populations of Moroccan Atlas cedar (Cedrus
atlantica; Pinaceae) determined with cpSSR markers. Am | Bot
93: 1274-1280.

Vendramin GG, Lelli L, Rossi P, Morgante M (1996). A set of
primers for the amplification of 20 chloroplast microsatellites
in Pinaceae. Mol Ecol 5: 595-598.

White TL, Adams WT, Neale DB (2007). Forest Genetics. CABI
Publisher: Cambridge, MA. pp 149-186.

Selfing rate and inbreeding depression in Cedrus
M Ferriol et al

Wilcox MD (1983). Inbreeding depression and genetic variances
estimated from self- and cross- pollinated families of Pinus
radiata. Silvae Genet 32: 89-96.

Williams CG (2007). Re-thinking the embryo lethal system
within the Pinaceae. Can | Bot 85: 667-677.

Williams CG (2008). Selfed embryo death in Pinus taeda: a
phenotypic profile. New Phytol 178: 210-222.

Williams CG, Auckland LD, Reynolds MM, Leach KA (2003).
Overdominant lethals as part of the conifer embryo lethal
system. Heredity 91: 584-592.

Wilson R (1923). Life history of Cedrus atlantica. Bot Gaz 75: 203-208.

Yazdani R, Muona O, Rudin D, Szmidt AE (1985). Genetic
structure of a Pinus sylvestris L. seed-tree stand and naturally
regenerated understory. For Sci 31: 430-436.

157

Heredity



	Variation of selfing rate and inbreeding depression among individuals and across generations within an admixed Cedrus population
	Introduction
	Materials and methods
	Seed trees and seed collection
	Germination test
	Nursery test for selfing effects

	Figure 1 Location of the 20 seed trees within the Luberon forest.
	Table 1 Characterization of sampled seed trees: zone of origin, generation, circumference at breast height (in cm), male flowering intensity (using a 0-3 scale), and local density
	Genetic markers
	Detection of selfing events
	Assessment of maternal and ID effects

	Results
	Seed germination
	Polymorphism of the markers
	Selfing rate
	Effects of selfing on germination
	Effects of selfing on growth in nursery

	Figure 2 Seed germination kinetics for the 20 Cedrus atlantica progenies.
	Table 2 Germination parameters for each progeny: percentage of healthy embryos (not empty, not infested), germination rate, number of days from sowing to the first germination, number of days until 50% of the seeds within the progeny germinated
	Discussion
	Variation in selfing rate among seed trees

	Table 3 Selfing rate estimates (sm) for each seed tree considering the whole forest as a panmictic unit
	Table 4 Effects of male flowering intensity (treated as a two-level factor in (a), or as a four-level factor in (b)), local density, and tree circumference (quadratic effect) on the individual selfing rate (arc.sine(sqrt) transformed)
	Table 5 Inbreeding effect on the germination time of each seed (mixed effect ANCOVA model)
	Effects of selfing on germination and first year growth in nursery

	Figure 3 Inbreeding effect at progeny level.
	Table 6 Inbreeding effect on seedling growth in height and diameter (mixed effect ANCOVA model)
	Conflict of interest
	Acknowledgements
	References




