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ABSTRACT
Inbreeding depression is important in the evolution of plant populations and mating systems. Previous

studies have suggested that early-acting inbreeding depression in plants is primarily due to lethal alleles
and possibly epistatic interactions. Recent advances in molecular markers now make genetic mapping a
powerful tool to study the genetic architecture of inbreeding depression. We describe a genome-wide
evaluation of embryonic viability loci in a selfed family of loblolly pine (Pinus taeda L.), using data from
AFLP markers from an essentially complete genome map. Locus positions and effects were estimated from
segregation ratios using a maximum-likelihood interval mapping procedure. We identified 19 loci showing
moderately deleterious to lethal embryonic effects. These loci account for .13 lethal equivalents, greater
than the average of 8.5 lethal equivalents reported for loblolly pine. Viability alleles show predominantly
recessive action, although potential overdominance occurs at 3 loci. We found no evidence for epistasis
in the distribution of pairwise marker correlations or in the regression of fitness on the number of markers
linked to deleterious alleles. The predominant role of semilethal alleles in embryonic inbreeding depression
has implications for the evolution of isolated populations and for genetic conservation and breeding programs
in conifers.

THE key role of inbreeding depression in the evolu- necessary to explain the levels of inbreeding depression
found in many species (Kärkkäinen et al. 1996; Kon-tion of plant populations and mating systems has
drashov 1998). If U is sufficiently large, the resultinglong been recognized (Charlesworth and Charles-
high level of inbreeding depression may be maintainedworth 1987). Levels of inbreeding depression above
even with relatively high selfing rates, because selectioncritical thresholds will effectively counteract the fitness
against individual alleles will be ineffective (Lande etadvantages of self-fertilization in plants and thus prevent
al. 1994).the evolution of selfing. Conversely, increased inbreed-

The evolutionary dynamics of inbreeding depressioning in populations that undergo bottlenecks is likely to
will be profoundly influenced by the contribution ofreduce the extent of inbreeding depression through
overdominant loci, the roles of lethal alleles vs. thosepurging of deleterious recessive alleles and favors the
with slight deleterious effects, and the extent of epistaticevolution of self-fertilization (Lande and Schemske
interactions (Charlesworth et al. 1991; Husband and1985; Schemske and Lande 1985). Average levels of
Schemske 1996). Overdominance would favor muchinbreeding depression have been reported lower in pre-
higher values of equilibrium heterozygosity, compareddominantly selfing species than in outcrossing taxa
with dominance or partial dominance, and would allow(Husband and Schemske 1996), although a recent
high levels of inbreeding depression to occur with veryanalysis by Byers and Waller (1999) calls these find-
low mutation rates (Charlesworth and Charles-ings into question.
worth 1987; Namkoong and Bishir 1987). TheObserved levels of inbreeding depression provide in-
strength of selection against homozygous deleterioussights about other important genetic and evolutionary
alleles largely determines the effectiveness with whichparameters. The equilibrium level of inbreeding depres-
they are purged in inbred populations. Models devel-sion is a function of the genomic mutation rate U and
oped by Charlesworth et al. (1991) predict that nega-the average dominance coefficient h of deleterious al-
tive synergistic epistasis will tend to increase the meanleles. If information on h is available, the degree of
fitness of individuals but lead to greater inbreeding de-inbreeding depression provides a direct estimate of U
pression, relative to strictly multiplicative models. Thein obligately selfing populations (Charlesworth et al.
relative contribution of each of these factors remains1990). In outcrossing plants, high values of U appear
largely unresolved. Overdominant loci with respect to
fitness appear to be rare (Charlesworth and Charles-
worth 1987; Ritland 1996), but some studies have
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Schemske (1996) found indirect evidence that early- individuals in the selfed family. The essentially com-
plete genome coverage of this map allows us to makeacting inbreeding depression in plants is due primarily

to lethal mutations, while effects later in life are proba- inferences about the entire set of loci with major ef-
fects on viability in this individual. We estimate the totalbly due to a large number of mildly deleterious muta-

tions. Data from Drosophila, however, suggest that loci inbreeding depression explained by these loci using a
maximum-likelihood interval mapping procedure andwith small effects do make a large contribution to over-

all egg-to-adult viability of homozygous chromosomes compare these estimates with those obtained from filled-
seed frequencies. We also evaluate epistatic interactions(Charlesworth and Charlesworth 1987). Several

studies in Mimulus and various gymnosperms have indi- between the viability loci, both by evaluating the distri-
bution of pairwise interactions and by regressing fitnesscated a major role for negative synergistic epistasis in

early viability and in fertility (Griffin and Lindgren on the number of markers linked to deleterious alleles.
Finally, we discuss the significance of our findings from1985; Willis 1993; Fu and Ritland 1996).

Gymnosperms are especially useful systems for study- the standpoint of evolutionary processes in long-lived
woody plants and consider their implications for conser-ing inbreeding depression in early life stages. They are

predominantly outcrossing, but lack genetic self-incom- vation and breeding programs.
patibility or a separately pollinated endosperm, which
would confound estimates of genetic load (Charles-

MATERIALS AND METHODSworth and Charlesworth 1987; Husband and
Schemske 1996). Most gymnosperms exhibit high levels Selfed progeny: Selfed seed from loblolly pine clone 7-56
of inbreeding depression, especially at the embryonic (NCSU-Industry Cooperative Tree Improvement Program)
stage. Embryonic lethality generally results in empty were provided by Westvaco Corporation and the USDA Forest

Service. A total of 373 filled seeds were soaked for 5 min inseed, and embryonic inbreeding depression is typically
70% ethanol to kill seed coat pathogens, nicked at the micro-measured by the ratio of filled seed frequencies under
pyle end, and then soaked for 24 hr in 0.03% hydrogen perox-inbreeding compared with outcrossing (Williams and ide. Seeds were then surface sterilized in household bleach

Savolainen 1996). Conifers typically carry an average diluted to 15% of commercial concentration for 5 min and
of 8–10 embryonic lethals, although a few species show rinsed three times for 5 min each in sterile water. Seeds were

germinated under sterile conditions on 1% agar in tissuelittle inbreeding depression (Fowler 1965; Sorensen
culture tubes in a growth chamber. Root emergence was1969; Franklin 1972; Park and Fowler 1982; Fowler
checked every 2–3 days, and the date on which emergenceand Park 1983; Griffin and Lindgren 1985). Actual was first observed was recorded for each seed.

primary selfing rates in conifers may actually be quite Germinated seedlings were transferred to Ray Leach super
high, but the high lethality of selfed embryos results in cells, with peat-vermiculite growing medium when cotyledons

had fully emerged, and placed in a greenhouse. Embryos werelow percentages of selfs observed at the seedling stage
extracted from seeds that had not germinated after 44 days(Lande et al. 1994).
and stored at 2808 in microfuge tubes. Surviving germinatedMolecular markers can provide a powerful supple- seedlings were transferred to 10-liter containers in the summer

ment to the traditional techniques of quantitative genet- of the first growing season and transplanted to a field site
ics to investigate the genetic architecture of inbreeding (provided by the South Carolina Forestry Commission) during

the second growing season.depression in plants (Ritland 1996). Fu and Ritland
DNA preparations: DNA was prepared both from germi-(1996) used a modest set of unlinked isozyme markers

nated seedlings and embryos of nongerminating seeds. Succu-to test for epistatic interactions among viability loci in lent stem tissue was collected from seedlings that germinated
Mimulus. Stuber et al. (1992) and Mitchell-Olds but subsequently died. Needles were collected from surviving
(1995) used comprehensive genetic maps to character- seedlings in the second growing season. Approximately 100

mg of these tissues was placed in 1.5-ml polypropylene tubesize genetic mechanisms for heterosis in crosses between
with a ceramic ball and cylinder, in 800 ml FastDNA CLS-VFinbred lines of maize and of Arabidopsis, respectively.
lysis solution (BIO 101, Vista, CA) with 1% soluble polyvinyl-However, the necessity of a complete genetic map and pyrollidone added, and 200 ml protein precipitation solution

large sample sizes has made this approach infeasible for (BIO 101). The tissues were then ground in a FastPrep instru-
most nonmodel systems to date (Ritland 1996). ment (BIO 101) at speed 4.5 for 15–30 sec. The ground sam-

ples were centrifuged at 14,000 3 g for 5 min, and 700 mlRecent advances in marker technology, however, now
supernatant was mixed with an equal volume of chloro-allow much more efficient construction of complete
form:isoamyl alcohol (24:1). This mixture was centrifuged atgenetic maps and marker scoring in large progeny sets. 20,000 3 g for 5 min. The aqueous phase was transferred to

In this article, we describe a genome-wide evaluation of fresh microfuge tubes containing 700 ml cold isopropanol to
embryonic viability loci in a selfed family of loblolly pine precipitate nucleic acids and centrifuged at 20,000 3 g for 12

min. The supernatant was poured off and the pellet was rinsed(Pinus taeda L.), using data from mapped markers. We
twice, using 1 ml of 70% ethanol for the first rinse, and 1 mlpreviously constructed a linkage map from amplified
of 95% ethanol for the second rinse, followed each time byfragment length polymorphism (AFLP) markers in meg-
centrifugation at 20,000 3 g for 5 min prior to discarding the

agametophytes from outcrossed seed of the same parent ethanol. Pellets were air dried and then resuspended in 100
(Remington et al. 1999). In the present study, we scored ml TE buffer containing 1 mg/ml RNase A.

DNA was prepared in a similar manner from the nongermi-this set of markers in germinating and nongerminating
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nating embryos, except that the supernatant from the cell lysis near ends of linkage groups with single distorted markers were
also treated as candidate viability loci if confounding effectsand protein precipitation step was directly precipitated in

isopropanol without the additional chloroform:isoamyl alco- from comigrating fragments could be ruled out.
We used a maximum-likelihood interval mapping proce-hol step. Due to the lower yields expected from this tissue,

the volume of resuspension buffer was reduced to 50 ml. dure to estimate the position and relative fitness (w) of delete-
rious homozygotes at each candidate viability locus. The modelAFLP template preparation and reactions: All AFLP tem-

plate preparation and reactions (Vos et al. 1995) were carried used a pair of dominant coupling-phase markers presumed
to flank the viability locus. Our data do not have enoughout in 96-well format. Template preparation, preampli-

fcations, and selective amplifications were done as described degrees of freedom to estimate the dominance coefficient (h)
from the data, so we assumed completely recessive gene actionby Remington et al. (1999) except as follows. Reaction mix-

tures for preamplification were increased to 30 ml, using 15 (h 5 0) in this model and subsequently tested the validity of
this assumption with other data (see below). Estimates for wml diluted restriction-ligation mixture as template, 1.8 units

Taq polymerase (Boehringer Mannheim, Indianapolis), 45 ng and recombination fractions r1 and r2 to the flanking markers
that jointly maximize the likelihood of the marker data setEcoRI (E) primer, 45 ng MseI (M) primer, 10 mm Tris-HCl

pH 8.3, 1.5 mm MgCl2, 50 mm KCl, and 0.2 mm each of all for the two markers were generated. The model is conceptually
similar to model 3 of Cheng et al. (1996) except that dominantfour dNTPs. Preamplification products were diluted 1:20 or

1:40 prior to use as templates for selective amplifications. The markers are used and the likelihood expression is modified
to obtain a legitimate multinomial likelihood function withPCR profile for selective amplification was changed to 36 cycles

of 10 sec denaturation at 948, 30 sec annealing (see below), integer counts that depend only on the observations and not
on the parameters being estimated.and extension (see below) at 728. Annealing temperature was

658 for the first cycle, was reduced by 0.78 for each of the next We designate the band-present and band-absent alleles at
marker loci 1 as A and a, respectively, and the alleles at marker12 cycles, and was 568 for the remaining 23 cycles. Extension

times were 60 sec for the first 13 cycles and were increased locus 2 as B and b. We also designate the dominant and delete-
rious recessive alleles at the viability locus as Q and q. Theby 1 sec/cycle for subsequent cycles. Primer combinations for

preamplification and selective amplification, and infrared dye expected frequencies of the genotypes QQ, Qq, and qq are
1/(3 1 w), 2/(3 1 w), and w/(3 1 w). The joint probabilities(IRD) labeling of the E primers, were the same as described

by Remington et al. (1999). for the combined marker/viability locus genotypes are given
in Table 1. The observed numbers of each marker type niDetection and scoring of AFLP fragments: AFLP reaction
are apportioned to the viability locus genotypes using theproducts were resolved on 25-cm denaturing gels with
relationship nij 5 nigij/gi., where gij represents the joint proba-0.25-mm thickness, containing 8% Long Ranger polyacryl-
bility of marker type i with viability locus genotype j, and gi.amide (FMC, Rockland, ME), 7.5 m urea, and 0.83 TBE (71.2
is the sum of the gij elements over the viability locus genotypes.mm tris, 71.2 mm boric acid, 1.6 mm EDTA). Loading buffer
The likelihood function is given by(10 ml) consisting of 95% deionized formamide, 20 mm EDTA

pH 8.0, and 1 mg/ml bromophenol blue (United States Bio-
chemical, Cleveland) was added to each selective amplification L(w, r1, r2|N) 5

n!
P4

i51ni!
p
4

i51

gnii. , (1)
product. This mixture was heated at 948 for 3 min, then quickly
cooled on ice before loading 1.0 ml of each sample on the and the log likelihood,
gel. IRD-labeled molecular weight markers (Li-Cor, Lincoln,
NE) were loaded in two lanes as a standard. Electrophoresis log L 5 log c 1 o

4

i51

ni log gi., (2)
was carried out by the NCSU DNA sequencing facility on Li-
Cor 4000 and 4200L-2 automated sequencers using 0.83 TBE

where c is the quotient of factorials from (1).running buffer, with run parameters of 1500 V, 35 mA, 42 W,
The derivatives with respect to r1, r2, and w aresignal channel 3, motor speed 3, 508 plate temperature, and

16-bit pixel depth for collection of TIFF image files. Scoring ] log L
]r1

5 o
4

i51
3ni

o3
j51 ]gij/]r1

gi.
4, (3a)of framework, alternate, and some accessory markers from

the clone 7-56 linkage map from TIFF image files was done
using RFLPscan Version 3.0 software (Scanalytics) as described ] log L

]r2

5 o
4

i51
3ni

o3
j51 ]gij/]r2

gi.
4, (3b)by Remington et al. (1999).

Estimation of viability loci positions and effects: Scored
markers were evaluated for deviations from the 3:1 ratios ex- and

] log L
]w

5 o
4

i51

ni
3(gi3/w) 2 gi1 2 gi2

gi.(3 1 w)pected for dominant markers in F2 configuration. All germi-
nating and nongerminating individuals for which adequate
DNA could be obtained were used for AFLP analysis. Markers 5

1
3 1 w 33n.3

w
2 n.1 2 n.24. (3c)

for which the recessive band-absent phenotype is linked to a
recessive allele affecting embryonic viability (coupling-phase

The maximum-likelihood estimator (MLE) for w, obtained bymarkers) are expected to have an excess of band-present indi-
setting ] log L/]w 5 0, isviduals, while repulsion-phase markers are expected to show

a corresponding deficit of band-present individuals. Devia-
ŵ 5

3o4
i51ni3

o4
i51 (ni1 1 ni2)

. (4)tions in repulsion-phase markers are much smaller than those
in coupling-phase markers. The expected frequency of band-
present individuals increases from 0.75 to 1.00 if the marker Because the values for ni3 themselves depend on w as well as
is perfectly linked in coupling to a recessive lethal, but de- r1 and r2, Equation 4 must be solved iteratively until successive
creases to only 0.67 if the linkage is in repulsion. Consequently, values for ŵ converge. The MLEs for r1 and r2 (r̂1 and r̂2) must
the power to detect viability alleles in repulsion phase is rela- be solved numerically.
tively limited. Chromosomal regions where at least two adja- Values for ŵ, r̂1, and r̂2 at each candidate viability locus were
cent markers in the same linkage phase showed a significant obtained by fixing r1 (here defined as the distance to the most
excess of band-present individuals (P # 0.05) were considered distorted marker) at a small value, finding the value for r̂2 to

the nearest 0.01 that maximized the log likelihood, and thencandidate viability loci and were evaluated further. Regions
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TABLE 1

Joint probabilities of marker and viability locus genotypes

Marker Viability locus genotype ( j)
genotype
(i) QQ Qq qq Totals

A_B_ (1 2 r1
2)(1 2 r2

2) 2(1 2 r1 1 r1
2)(1 2 r2 1 r2

2) w(2r1 2 r1
2)(2r2 2 r2

2) (3 1 w)g1.

A_bb (1 2 r1
2)r2

2 2(1 2 r1 1 r1
2)(r2 2 r2

2) w(2r1 2 r1
2)(1 2 2r2 1 r2

2) (3 1 w)g2.

aaB_ r1
2(1 2 r2

2) 2(r1 2 r1
2)(1 2 r2 1 r2

2) w(1 2 2r1 1 r1
2)(2r2 2 r2

2) (3 1 w)g3.

aabb r1
2 r2

2 2(r1 2 r1
2)(r2 2 r2

2) w(1 2 2r1 1 r1
2)( 1 2 2r2 1 r2

2) (3 1 w)g4.

Totals 1 2 w 3 1 w

All values shown must be divided by 3 1 w to obtain probabilities.

solving iteratively for ŵ. The value of r̂2 was then reestimated tion at a single repulsion-phase marker closely linked to each
identified viability locus. The value for r was derived from theand the cycle was repeated if r̂2 changed by 0.01 or more.

Next, the value for r1 was incremented by 0.01 and the process estimated map positions of the viability locus and the selected
repeated. The values of ŵ, r̂1, and r̂2 at which the log likelihood marker based on the linkage map. A chi-square goodness-
was maximized were accepted as the MLEs under the hypothe- of-fit test was used to evaluate deviations from the expected
sis H1 that a viability allele exists. These were tested against ratios. As we are interested only in deviations in the direction
the null hypothesis H0 of no viability allele by setting w 5 1 of overdominance (i.e., a deficit of band-absent individuals),
and finding the value for r̂2 that maximized the log likelihood this is a one-sided test in which a threshold P value of 2a
for a given r1. A likelihood-ratio (LR) test statistic of LR 5 corresponds to a level a test. This test by itself does not distin-
2(log L|H1 2 log L|H0) is approximately distributed as a chi- guish between true overdominance and recessive alleles at
square random variable with 1 d.f. under H0 (Lander and separate loci linked in repulsion (pseudo-overdominance or
Botstein 1989). A test statistic threshold of LOD 2.8 (≈LR associative overdominance).
of 12.89, P ≈ 0.00033) was obtained from figure 4 of Lander Heterozygous effects of viability alleles were evaluated in
and Botstein (1989), using an average marker spacing of 7.5 data from the original linkage mapping population, which
cM and a genome length of 1700 cM (Remington et al. 1999). consisted of haploid megagametophytes from outcrossed seed
As we are applying a one-sided test that only declares viability of clone 7-56 (Remington et al. 1999). The coupling-phase
loci when there is an excess of band-present individuals, the markers most closely linked to identified and suggestive viabil-
above P value was doubled to 0.00066, reducing the threshold ity loci were evaluated for total and pooled deviations from
LR to 11.60. This LR threshold corresponds approximately to a 1:1 segregation ratios using chi-square goodness-of-fit tests.
probability of 0.05 of declaring a false viability locus somewhere An excess of band-present individuals is expected if viability
within the genome. alleles are deleterious in heterozygotes.

Multiple intervals were tested in the vicinity of the candidate Estimated number of lethal equivalents: A lethal equivalent
viability locus unless the correct interval was obvious from the is defined as a group of mutant alleles that, if dispersed in
marker data. The interval producing the highest LR value different individuals and made homozygous, would on average
was chosen as the most likely location. When w is near zero, cause one death (Morton et al. 1956). We estimated the
coupling-phase markers on opposite sides of the viability locus number of lethal equivalents represented by detected viability
will be nearly independent, making the correct interval readily loci by adding the values for the estimated selection coeffi-
apparent. The values of r̂1 and r̂2 were used to interpolate cients ŝi (equal to 1 2 ŵi) for each of the i identified viability
between marker positions on the linkage map to assign the alleles. This estimate assumes that effects at each locus are
viability locus to an estimated position. In principle, we could independent and recessive.
have used the linkage map distances to determine r1 1 r2 in Evaluation of biases due to linked viability loci: When two
lieu of reestimating them from the selfed family (see Mitch- viability loci are linked, the frequency of the homozygous
ell-Olds 1995). This would have provided an extra degree deleterious recessive genotype at a second viability locus will
of freedom that could theoretically be used to estimate both be biased by a factor (1 2 (1 2 w1)(1 2 r)2)/(3 1 w1), where
h and w from the data, but the precision of the estimate of h w1 is the fitness coefficient at the first viability locus and r is
from coupling-phase dominant markers would be too low to the recombination fraction between the recessive marker
provide reliable estimates. The sample size of the selfed family allele and the recessive viability allele (i.e., r → 1 if the
was much larger than that of the linkage mapping population, alleles are closely linked in repulsion, and r → 0 if the alleles
making it preferable to estimate r̂1 and r̂2 from the selfed family are closely linked in coupling). Consequently, the expected
data. value of the MLE ŵ2 for the fitness coefficient at the second

Evaluation of dominance hypothesis: If the effects of viability locus is equal to 3w2[1 2 (1 2 w1)(1 2 r)2]/(3 2 r(2 2 r)
alleles are completely recessive, the expected ratios of the (1 2 w1), where w2 is the true value. A bias-adjusted estimator,
three genotypic classes QQ, Qq, and qq at a single viability locus ŵ92, can thus be expressed as
are 1:2:w. By contrast, an overdominance model would result
in expected ratios of w1:2:w2, where w1 and w2 are the respective ŵ92 5 ŵ2

3 2 r(2 2 r)(1 2 w1)
3w1 1 3r(2 2 r)(1 2 w1)

. (5)relative fitnesses of QQ and qq relative to Qq. If a marker is
linked in repulsion to a single recessive viability allele, the
expected frequency of band-absent individuals is (w 1 (1 2 Equation 5 was used to adjust fitness estimators for linked

loci by initially substituting ŵ1 for w1 to obtain an initial estima-w)r(2 2 r))/(3 1 w), where r in this case is the recombination
fraction between the band-present marker allele and the dele- tor ŵ92(1) and solving reciprocally for ŵ91(1). This process was

repeated iteratively by substituting the revised estimator ŵ91(t)terious viability allele. We used this expectation to test segrega-
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in Equation 5 when estimating ŵ92(t11), and vice versa for esti- linkage phase over nearly the entire genome. All mark-
mating ŵ91(t11), until successive pairs of estimators converge. ers were scored as dominant markers.
This adjustment is only approximate, as it does not consider

We arranged the scored markers in order of theirthe effect that linkage may have on the estimated map posi-
linkage map positions (Remington et al. 1999). Wetions of the viability loci. Maximum-likelihood methods to

correct for the effects of multiple linked loci (Kao et al. 1999; identified regions on linkage groups in which multiple
Zeng 1994) remain to be developed for viability loci. Estimates markers in one linkage phase, or single reliable markers
of lethal equivalents using the bias-adjusted fitness values were at the ends of linkage groups, showed a significant (P ,
compared with those obtained from unadjusted values.

0.05) excess of band-present individuals as candidateThe deviation D from multiplicative effects on viability of
viability loci. Distorted markers at the ends of two link-selfed progeny produced by linkage of viability loci is estimated

as s1s2[1 2 4(1 2 r)2]/16, where s1 and s2 are the selection age groups could not be adequately distinguished from
coefficients (1 2 w1 and 1 2 w2, respectively) at the two loci, comigrating fragments from other linkage groups and
and r is as defined above. This effect can be apportioned were not included.
multiplicatively to one of the two loci by multiplying s2 by a

Estimation of viability loci: We identified a total offactor 4[1 2 s1(1 2 r)2]/(4 2 s1). Multiplying ŝ2 by this factor
19 embryonic viability loci with LR values that exceededprovides the adjusted number of lethal equivalents that would

be estimated from filled seed frequencies under a multiplica- the test threshold of 11.60. All of these loci are still
tive model. We calculated the adjusted number of lethal equiv- significant at the LR threshold of 12.89 that would be
alents by applying this factor to ŝ at one locus of each linked appropriate for a two-tailed rather than a one-tailed test.
pair of viability loci.

Each of the 12 linkage groups contains at least oneTests for epistasis: Pairwise combinations of marker scores
viability locus. Five linkage groups (LGs 1, 4, 5, 8, andwere evaluated for the coupling-phase markers most closely

linked to identified viability loci, using JMP software (SAS 12) have two viability loci and one linkage group (LG
Institute 1996). A contingency test was done for each pair 10) has three. One additional interval on LG 9 had an
of markers in JMP using Fisher’s exact test. The distribution of LR value of 9.37, which is suggestive of an additional
the pairwise correlations between all unlinked pairs of markers

viability locus. Data for all 20 of these loci are summa-was evaluated and tested for deviations from normality in JMP
rized in Table 2.using a Shapiro-Wilk W-test. Results were compared with those

from a randomly generated set of scores for an equivalent Three loci appear to harbor complete lethals (ŝ $
number of samples and markers. Presence-absence scores for 0.99). The remaining loci have estimated selection coef-
each simulated marker were generated using a distribution ficients ranging from 0.42 to 0.93. Three sublethal loci
of band-present frequencies identical to that of the actual

(two on LG 10 and one on LG 12) map to regions nearmarker set.
the terminal coupling-phase markers of their linkageEpistasis was also evaluated using the regression method
groups. The actual positions of these loci could be distalof Fu and Ritland (1996). Under the univariate model for

recessive viability selection, the frequency of individuals homo- to these markers, so it is possible that these alleles are
zygous for i markers linked to viability alleles, divided by its also completely lethal.
binomial expectation, is log-transformed and regressed on i. Summing the values for ŝ results in an estimate ofA linear relationship is expected if there are no interactions

13.13 lethal equivalents for significant viability loci. Thisbetween loci. Negative synergistic interaction is expected to
increases to 13.52 lethal equivalents if the suggestiveproduce a negative coefficient for an i 2 term when added to

the model. The same set of markers described in the previous viability locus on LG 9 is also included. We estimated
paragraph was used for this evaluation. Only individuals that the biases in these estimates due to effects of linked
had been scored for all of the selected markers were used in loci on ŝ. Coupling-phase linkages bias ŝ upward, while
this analysis.

repulsion-phase linkages result in a downward bias. This
bias occurs because the expected frequency of homozy-
gotes at neutral loci linked to a viability locus deviatesRESULTS
from the 0.25 value used in the likelihood model. These

Scoring of AFLP markers: A total of 279 seeds germi- effects are most pronounced for moderately deleterious
nated out of a total of 373 that were sown (74.8%). We alleles linked to lethals, while lethals themselves are not
were able to make DNA preparations suitable for AFLP affected at all. The net effect of this bias is an overesti-
templates from 270 out of the 279 germinants and from mate of Rŝ by only 0.14, as shown in Table 2.
57 out of 94 nongerminating embryos. These 327 sam- Table 2 also shows the estimated effects of linked loci
ples were scored for 226 AFLP markers. These consisted on the total reduction in viability due to selfing. A pair
primarily of framework and alternate markers from the of loci linked in coupling will have less effect on viability
clone 7-56 genetic map (Remington et al. 1999). Addi- than the same two loci would have if they were unlinked,
tional accessory markers were scored to obtain addi- and repulsion-phase linkages will have the opposite ef-
tional coupling-phase markers in distorted regions to fect. In contrast with the biases in ŝ, these effects will
improve detection and estimation of candidate viability be greatest when both loci approach complete lethality.
loci and to replace framework markers that could not The net effect on the estimate of lethal equivalents,
be scored reliably. This provided one marker in each however, is negligible.
linkage phase for every 15 cM of the genome on average, The segregation ratios of germinated seedlings and

nongerminating embryos show divergent trends at onlya sufficient density to detect major viability loci in either



342 D. L. Remington and D. M. O’Malley

TABLE 2

Summary of identified and suggestive viability loci

Estimated Multiple- Bias- ŝ adjusted
Linkage position Linkage locus adjusted for effects
group (cM) phasea ŵ ŝ LR r b ŝ on viabilityc

1 48.3 B 0.01 0.99 40.23* — 0.99 0.99
1 105.3 A 0.36 0.64 150.79* 0.66 0.71 0.75
2 53.1 B 0.46 0.54 25.83* — 0.54 0.54
3 38.3 B 0.00 1.00 141.02* — 1.00 1.00
4 87.0 B 0.41 0.59 31.93* — 0.64 0.59
4 130.6 A 0.53 0.47 18.61* 0.71 0.55 0.52
5 14.9 B 0.31 0.69 43.46* — 0.67 0.69
5 119.8 B 0.29 0.71 37.63* 0.44 0.69 0.67
6 22.3 B 0.42 0.58 21.37* — 0.58 0.58
7 132.8 A 0.57 0.43 12.92* — 0.43 0.43
8 45.0 A 0.58 0.42 14.36* — 0.34 0.42
8 91.0 A 0.56 0.44 14.54* 0.30 0.37 0.39
9 5.7 A 0.61 0.39 9.37 — 0.46 0.39
9 83.7 B 0.26 0.74 47.67* 0.61 0.76 0.77
10 2.5 A 0.23 0.77 62.17* — 0.55 0.77
10 37.5 A 0.00 1.00 92.97* 0.25 1.00 0.70
10 98.5 B 0.07 0.93 108.55* 0.65 0.94 1.09
11 5.6 A 0.36 0.64 41.74* — 0.64 0.64
12 61.3 A 0.18 0.82 75.50* — 0.84 0.82
12 128.7 B 0.27 0.73 57.64* 0.63 0.77 0.82

Total 13.52 13.47 13.57
Significant loci onlyd 13.13 12.99 13.15

* Significant at the estimated genome-wide 0.05 level (LR 5 11.60, P 5 0.00066).
a Marker linkage phases within each linkage group were arbitrarily designated A or B.
b Recombination fraction of viability allele with viability allele at locus in previous row, estimated from linkage map positions.

Values exceed 0.5 for repulsion-phase linkages.
c Adjustment apportioned to second locus of pair. Adjusted ŝ may exceed 1.00 because adjustment applies to both loci of pair.
d Adjustments to ŝ are not made for linkage to nonsignificant locus.

one of the identified loci (LG 8-b), where the band- a deficit of band-absent alleles). Both are on LG 1, where
two viability loci are linked in repulsion. The trend ofabsent allele frequency at the closest marker is 0.87 for

germinated seedlings but only 0.70 for nongerminating segregation ratios across the linkage group suggested
that the observed deviations were due to the effect ofembryos. The embryo DNA preparations are underrep-

resented in our sample due to a higher failure rate, so the second locus rather than true overdominance.
When the test threshold was relaxed to 2a 5 0.10, 4discrepancies in the segregation rates could confound

effects on germination with effects on embryonic viabil- additional loci showed deviations in the direction of
overdominance. Only one of these, on LG 4, appearedity. Correcting for this bias, however, does not substan-

tially change the overall band-present frequency, so the to be caused by a second viability locus linked in repul-
sion. All other loci showed the trends expected with theidentification of an embryonic viability locus appears to

be valid. dominance model, in which band-absent frequencies at
repulsion-phase markers rise to a maximum in the vicin-Tests of dominance model: Our dominant marker

data lack sufficient degrees of freedom to estimate a ity of viability loci.
Viability alleles with deleterious effects in heterozy-dominance coefficient. Consequently, data from repul-

sion-phase markers close to the estimated position of gotes would be expected to cause an excess of band-
absent alleles in repulsion-phase markers. No markerseach viability locus were evaluated for deviations from

the ratios expected under the complete dominance showed significant deviations in this direction. Heterozy-
gous fitness effects of viability alleles were not observedmodel. All 20 identified or suggestive viability loci were

tested. Data are shown in Table 3. For a test of overdomi- in markers scored in megagametophytes from out-
crossed 7-56 seed either (Table 4). The coupling-phasenance, a P value of 2a 5 0.005 is expected to result in

a type I error probability of 0.05 for the entire set of markers most tightly linked to viability alleles had a
pooled frequency of 0.491, which deviates nonsignifi-20 markers. Two markers showed deviations at this level,

both of them in the direction of overdominance (i.e., cantly from the null expectation of 0.5 and in the oppo-
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TABLE 3

Test for overdominance

Linkage Estimated Repulsion- Marker Expected Observed
group-locus position (cM) phase marker position no. band-absent no. band-absent P value

1-a 48.3 ACG/CCAA-172 43.8 107.78 78 0.0005**,a

1-b 105.3 ACA/CCGC-273 102.8 95.50 65 0.0002**,a

2-a 53.1 ACT/CCAG-364 56.8 90.40 71 0.016*

3-a 38.3 ACA/CCGG-233 39.6 107.32 119 0.167
4-a 87.0 ACA/CCAG-196 64.5 92.60 78 0.072*,a

4-b 130.6 ACG/CCAG-152 126.3 90.01 78 0.135
5-a 14.9 ACA/CCAG-152 11.0 97.19 90 0.383
5-b 119.8 ACG/CCAA-440 120.0 78.72 89 0.165
6-a 22.3 ACC/CCAG-204 23.1 93.27 84 0.254
7-a 132.8 ACG/CCAA-255 128.5 90.97 91 0.997
8-a 45.0 ACG/CCAA-287 48.4 90.18 90 0.982
8-b 91.0 ACG/CCTA-401 98.1 88.87 74 0.063*

9-a 5.7 ACA/CCGC-213 7.8 88.63 72 0.038*

9-b 83.7 ACG/CCCA-62 88.2 97.72 109 0.171
10-t 2.5 ACG/CCTC-356 17.2 97.22 104 0.409
10-m 37.5 ACC/CCAG-84 27.6 105.48 108 0.764
10-b 98.5 ACC/CCAG-66 106.3 103.40 108 0.583
11-a 5.6 ACT/CCCG-177 5.6 97.02 91 0.466
12-a 61.3 ACG/CCAG-270 63.2 99.97 94 0.471
12-b 128.7 ACG/CCTC-385 117.6 96.24 86 0.211

*, Significant at a 5 0.05 level; **, significant at a 5 0.0025 level.
a Locus is linked in repulsion to a second viability locus.

site direction to that predicted if viability alleles are expected for a negative synergistic interaction. Only one
individual was band-absent for both the LG 2-a anddeleterious in heterozygotes. When these loci are evalu-

ated individually, the total and heterogeneity chi-square LG 4-b markers, close to the expectation for complete
colethals. Thus, there is no power to distinguish evenvalues also show insignificant deviations from null ex-

pectations (P 5 0.28 and P 5 0.25, respectively). If the strong negative synergistic interactions from random
variation in a data set of this size.null hypothesis is changed to reflect expectations under

a dominance coefficient of 0.2, however, the total and The distribution of the 200 correlation coefficients
of unlinked marker pairs was characterized. Resultspooled deviations become highly significant.

Tests for epistasis: To test for epistatic interactions, from this comparison are shown in Table 5. The actual
correlations deviated significantly from normality, pri-we selected the single coupling-phase marker closest to

the estimated position of each of the 20 identified or marily due to a substantial positive skewness caused by
an excess of slightly negative correlations. The meansuggestive viability loci. A marker linked to an additional

possible viability locus on LG 2 (ŝ 5 0.25, LR 5 4.52) correlation did not deviate significantly from zero. This
effect could potentially be due to a tendency towardwas also used in this analysis, for a total of 21 loci. We

included this locus because s will be #0.25 for an allele slightly negative epistatic interactions or may simply re-
flect skewness in the shape of the binomial distributionwith recessive colethal interactions with a second locus.

Contingency tests were done on the four two-locus of one or more marker class frequencies. The expected
number of double band-absent individuals is very small,marker classes for each of the 210 possible pairs of

markers, using Fisher’s exact test. which would create a positively skewed distribution. To
distinguish between these possibilities, the distributionOnly 8 marker pairs deviated from expected numbers

of markers per class at the 0.05 level. This is close to was compared to those from two sets of 21 randomly
generated markers scored for 320 individuals. Each sim-the 10.5 pairs expected to deviate by chance alone. Only

1 pair of markers deviated at the 0.01 level, and these ulated marker was generated using a band-present fre-
quency corresponding to one of the 21 actual markerswere the markers linked to the two loci on LG 8, which

are linked genetically. Three other marker pairs showed to make the two-marker sets as similar as possible for
factors other than epistatic interactions. As shown indeviations approaching the 0.01 level. One of these in-

volved markers that were both linked to complete le- Table 5, the simulated data have comparable distribu-
tions with a similar degree of positive skewness.thals, for which no interaction effects are possible. The

other two pairs both involved LG 4-b. One of these two Finally, we tested the combined scores for all 21 mark-
ers using the regression approach of Fu and Ritlandpairs (LG 4-b-LG 2-a) showed the negative correlation
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TABLE 4

Test for partial dominance

Chi square test statistic

Individuals Band-present Hypothesis Hypothesis
Markera scoredb individualsb h 5 0 h 5 0.2c d.f.

ACG/CCCA-192 91 55 3.967 1.632 1
ACA/CCGG-51 92 41 1.087 3.131 1
ACT/CCAG-52 91 45 0.011 0.681 1
ACC/CCAG-154 92 40 1.565 3.915 1
ACG/CCTA-151 93 43 0.527 2.120 1
ACG/CCGC-262 91 49 0.538 0.000 1
ACG/CCAA-293 91 47 0.099 0.164 1
ACG/CCTA-208 93 49 0.269 0.043 1
ACG/CCTA-430 93 39 2.419 5.234 1
ACA/CCTG-283 88 42 0.182 1.290 1
ACA/CCGC-316 92 40 1.565 3.915 1
ACG/CCTA-402 93 47 0.011 0.389 1
ACA/CCTG-422 88 49 1.136 0.130 1
ACA/CCAG-351 92 37 3.522 6.791 1
ACA/CCTG-453 88 53 3.682 1.479 1
ACG/CCCA-476 91 40 1.330 3.521 1
ACT/CCGC-78 90 45 0.000 0.513 1
ACA/CCGG-140 92 44 0.174 1.305 1
ACG/CCTA-306 93 49 0.269 0.043 1
ACA/CCAG-527 92 42 0.696 2.435 1
Totals 1826 896 23.049 38.731 20
P values 0.286 0.007
Pooled chi square 0.317 16.188 1
P values 0.573 ,0.001
Heterogeneity chi square 22.731 22.543 19
P values 0.249 0.258

a Coupling-phase markers nearest identified or suggestive viability loci.
b Markers scored in megagametophytes from outcrossed half-sib progeny of 7-56.
c Assumed average s 5 0.7. Expected band-present frequency is 1/(2 2 (0.7)(0.2)) 5 0.538.

(1996). We used two versions of the univariate regres- out selection. The second version, ln f(i) 5 a 1 b1i 1
b11i2, includes a quadratic term whose coefficient is ex-sion model for recessive viability selection. The first

version is a simple linear model ln f(i) 5 a 1 b1i, in pected to be negative in the presence of negative syner-
gistic epistasis. Results are summarized in Table 6. Wewhich f(i) is the number of individuals homozygous for

i of the 21 markers linked to the identified or possible found that the linear coefficient alone provided an ex-
cellent fit with the observed data (R 2 5 0.9973). Addingviability alleles, divided by its binomial expectation with-

TABLE 5

Comparison of distributions of pairwise correlations for scores of actual and simulated marker sets

Actual marker set Simulated Simulated
Moments/tests (unlinked pairs only) marker set 1 marker set 2

Mean 20.0006 20.0068 20.0028
Variance 0.0037 0.0028 0.0029
Skewness 0.5823 0.399 0.7318
Kurtosis 0.2087 20.0318 0.4594
Test for mean 5 0

t-statistic 20.1434 21.8650 20.7553
P(T . t) 0.8861 0.0636 0.4509

Shapiro-Wilk normality test
w-statistic 0.962 0.965 0.948
P(W , w) 0.0008 0.0018 0.0001
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TABLE 6

Results of regression of the log-transformed function of the number of individuals homozygous
for i recessive marker alleles linked to viability alleles, on i and i2

Simple linear modela Linear 1 quadratic modela

Coefficients/tests ln f(i) 5 a 1 b1i ln f(i) 5 a 1 b1i 1 b11i 2

Intercept (a) 3.498 3.456
t-statistic 43.412 31.267
P value 1.22 3 1027 6.24 3 1026

Linear coefficient (b1) 20.957 20.907
t-statistic 242.831 210.516
P value 1.31 3 1027 4.62 3 1024

Quadratic coefficient (b11) — 20.0082
t-statistic — 20.599
P value — 0.581

Degrees of freedom
Regression 1 2
Residual 5 4

F-statistic 1834.47 799.79
P value 1.31 3 1027 6.22 3 1026

R 2 0.9973 0.9975

a

f(i) 5
ni

121
i 2(0.25)i (0.75)212i

,

where ni is the number of individuals with band-absent type for i markers.

the quadratic term increased the R 2 only slightly and ent regions of the genome. The 19 identified loci alone
account for 13.13 lethal equivalents. Effects of slightlyactually reduced the significance of the model due to

the loss of an additional degree of freedom. The coeffi- deleterious alleles are not detected by mapping, in con-
trast with estimates from filled-seed frequencies. A com-cient (b11) of the quadratic term was small and insignifi-

cant (P 5 0.581). parison of estimates from the two methods can provide
an indication of the amount of inbreeding depressionThe existence of a prior genetic map allows us to

obtain estimates for the average selection coefficient s contributed by slightly deleterious alleles. We are un-
aware of any filled-seed frequency data specific to cloneand for the strength of synergism t/s from the regres-

sion model as described by Fu and Ritland (1996; 7-56, but the average number of embryonic lethal equiv-
alents for P. taeda has been estimated at 8.5 (FranklinCharlesworth et al. 1991). These estimates are func-

tions of the regression coefficients, the mean estimated 1972). Only 9 of 116 trees in Franklin’s study (7.8%)
had estimates of .14 lethal equivalents. Thus, it seemsrecombination fraction r between marker and viability

locus and the variance in recombination fraction s2
a. unlikely that additional loci with slightly deleterious ef-

fects are contributing much to inbreeding depressionUsing this method with the simple linear model with
our values of r 5 0.0305 and s2

a 5 0.0010 produces an in this family.
Estimation of lethal equivalents from mapping dataestimate of s 5 0.649, which is very close to the mean

ŝ of 0.656 obtained from the MLEs when all 21 loci are can be affected by several other factors. There is limited
power to identify loci whose fitness effects are close toused. The estimate of t/s from the quadratic model is

z0.002, which is not significantly different from 0. the statistical threshold for detection. This will lead to
overestimates of the true effects in experiments in which
the loci are detected (Wilcox et al. 1997; Beavis 1998).

DISCUSSION
Some of the loci we have identified probably belong to
this category. However, we have probably failed to detectEstimation of selection coefficients and lethal equiva-

lents: Our mapping identified 19 viability loci plus 1 other viability alleles with marginal effects, so it is un-
likely that we have substantially overestimated the num-additional highly suggestive locus. Marker coverage in

both linkage phases was sufficient to detect major viabil- ber of lethal equivalents explained by lethal or semi-
lethal alleles. Linkage between viability loci can bias theity throughout the genome, with the possible exception

of some linkage group ends. The power to detect viabil- estimated selection coefficients, and linked loci will also
not affect viability independently. We evaluated the ef-ity alleles with a given effect using our interval mapping

procedure did not appear to vary greatly between differ- fects of linkage on our estimates of s and on viability.
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The opposing effects of coupling- and repulsion-phase recessive at both loci. This will result in negative correla-
tions of scores for the associated markers, similar tolinkages resulted in very little net effect on our estimates.

Partial dominance of viability alleles would result in repulsion-phase linkages. The information content for
dominant loci linked in repulsion is extremely low (Liuunderestimates of selection coefficients, but our data

show no evidence that dominance coefficients are 1998) and is even lower when homozygous recessive
individuals are underrepresented due to reduced viabil-greatly different from zero. Epistasis will also result in

nonindependence of loci. Negative synergistic epistasis ity. Availability of codominant markers would make little
difference because the low power of detection is due(Charlesworth et al. 1991; Fu and Ritland 1996) will

cause mapping data estimates to be inflated, as effects to the recessive nature of the viability alleles, not to that
of the linked markers.detected at multiple loci are in effect contributing to

the same embryo death. However, epistasis does not Neither the overall distribution of the pairwise corre-
lations between loci nor the regression model of Fuappear to be affecting our results (see below). Finally,

only segregating variation can be detected by mapping. and Ritland (1996) showed any overall evidence for
pairwise epistasis. The regression model is especiallyDeleterious alleles that have been fixed by inbreeding

will not be detected by mapping, but they will contribute appealing, as it is conceptually similar to levels-of-
inbreeding studies without requiring the use of complexto reductions in seed viability.

Our data partially support the conclusion of Husband field study designs and multiple generations of inbreed-
ing. The power to detect epistasis with the regressionand Schemske (1996) that inbreeding depression in

early life stages is predominantly the result of lethal approach in our study should be relatively high in spite
of the modest sample size, because linkage phases arerather than slightly deleterious mutations. However,

only 3 of the 19 alleles we identified appear to be com- obvious and markers are generally very close to the
estimated viability locus positions. The very strong fit ofpletely lethal, with a slight possibility that 3 other alleles

at loci near the ends of linkage groups are lethal as well. the linear regression model with only the linear coeffi-
cient (R 2 5 0.9973, P 5 1.31 3 1027) was unexpected.The average ŝ at these 19 loci is 0.69, and this estimate

may be too large if some of the “alleles” we have identi- The support for the linear model and the lack of signifi-
cance of the quadratic coefficient strongly suggest thefied are actually alleles at two or more loci linked in

coupling. The preponderance of semilethal viability al- absence of appreciable epistasis.
Our results contrast with those of Fu and Ritlandleles is consistent with recent findings of Kuang et al.

(1999) in P. radiata. (1996) in a marker-based study in Mimulus guttatus and
those of Griffin and Lindgren (1985) using filled-seedDominance vs. overdominance: Six of the 20 identi-

fied or suggestive viability loci show evidence of marker frequency data in P. radiata and several other conifers.
Woods and Heaman (1989) failed to find evidence offrequency deviations in the direction of overdominance.

In three of these cases the explanation appears to be epistasis with filled-seed frequencies in Douglas fir, but
a reanalysis of their data by Willis (1993) using log-linkage in repulsion to other identified viability loci and

not true overdominance. Deviations at the other 3 loci transformed frequencies obtained a strong quadratic
regression coefficient. Our study involves a single andcould be due to true overdominance or to linkage in

repulsion to a weaker unidentified recessive viability possibly atypical parent, but the number of loci identi-
fied represents a large number of potential pairwiseallele. Some of these deviations could also be due to

chance, as none were significant at the multiple-test P interactions. If epistatic interactions among viability al-
leles are common in pine, they should have been evidentvalue of 0.005. Mitchell-Olds (1995) found strong

evidence for an overdominant locus in Arabidopsis. He among this set of alleles. Stabilizing selection on quanti-
tative traits will produce negative synergism betweenfavored true overdominance and not pseudo-overdomi-

nance to explain the effects because the apparent selec- loci due to the concave shape of the fitness curve (Lande
and Schemske 1985). However, embryonic viabilitytion against the two homozygotes was nearly equal, and

markers on either side of the region did not show direc- seems unlikely to be affected by selection on quantitative
characters, so negative synergism may be less likely attional dominance. However, the 3 loci in question in

our study show unequal selection against the two homo- the embryonic stage. Mapping studies would be useful
to verify the reported evidence for epistasis in embryoniczygotes, and the band-present frequency in the repul-

sion-phase markers reaches a maximum at a point 20 viability in other conifers.
Implications for evolutionary processes: LoblollycM from the estimated viability locus position in one of

the three cases. Consequently, pseudo-overdominance pine, like most other gymnosperms, shows high levels
of embryonic inbreeding depression. Maintaining theseappears to be at least as reasonable as true overdomi-

nance as an explanation for our data. levels of inbreeding depression under dominance mod-
els requires a low natural selfing rate and a high valueEpistatic interactions: Detection of individual nega-

tive synergistic interactions is not feasible with the sam- of U per generation. The levels of inbreeding depression
found in gymnosperms and many other perennial plantsple size we used. The expectation under negative syner-

gism is for a deficit of individuals that are homozygous suggest a value of U at least an order of magnitude
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higher than those in Drosophila and Arabidopsis (Sim- loci that must harbor deleterious mutations, given the
observed levels of inbreeding depression in pines (Hed-mons and Crow 1977; Lande et al. 1994; Kärkkäinen

et al. 1996; Hedrick et al. 1999). rick et al. 1999). Nevertheless, it seems highly unlikely
that the overall range of effects and interactions amongOverdominance and epistasis could account for high

levels of inbreeding depression without requiring high this sample of 20 or so loci is atypical for highly deleteri-
ous (as opposed to slightly deleterious) alleles in pines.values of U (Charlesworth and Charlesworth 1987;

Namkoong and Bishir 1987; Charlesworth et al. These results have relevance for genetic conservation
and tree improvement programs. Fixation of deleteri-1991). However, we find no support in our data for an

important role for epistasis and weak evidence at best for ous alleles could have serious implications for popula-
tions that experience bottlenecks due either to human-overdominance. Conversely, even weak selection against

heterozygotes for deleterious alleles will substantially induced environmental changes or the use of small
breeding populations. Current loblolly pine breedingreduce the equilibrium level of inbreeding depression.

A value of h ≈ 0.02 is commonly assumed for lethals strategies in the southeastern United States call for the
use of elite sublines of four trees each (McKeand andbased on studies in Drosophila melanogaster (Simmons

and Crow 1977; Charlesworth and Charlesworth Bridgwater 1998). Clone 7-56 has been highly favored
by tree breeders due to its exceptional breeding value1987; Lande et al. 1994; Hedrick et al. 1999). Such a

small value of h would be indistinguishable from com- for growth rate. Marker-assisted breeding may be essen-
tial if fixation of deleterious mutations from elite breed-pletely recessive viability alleles in our data. Dominance

coefficients of slightly deleterious alleles in Drosophila ing selections is to be avoided in small breeding lines.
Genetic mapping as a tool for population genetichave average values of 0.20–0.35 (Simmons and Crow

1977), but our data from outcrossed progeny of 7-56 studies: Ritland (1996) recently summarized the op-
portunities to use genetic markers to gain new insightsare inconsistent with heterozygous effects of this magni-

tude. The existence of high levels of U in trees does not on inbreeding depression. He proposed sampling ge-
nomes with a small set of unlinked markers such asseem unreasonable, as trees have long generation times

with many more germline cell divisions between meioses isozymes, as constructing complete linkage maps still
appeared unrealistic for species other than importantthan do annual plants or animals with separation of

germlines (Lande et al. 1994; Gill et al. 1995). crops and model organisms. In the last few years, how-
ever, development of new marker techniques such asOur finding that numerous linkages among viability

loci have almost no net effect on viability estimates may AFLPs has allowed de novo construction of genetic maps
in a short period of time. Effective multiplex ratios ofhave significance for estimation of equilibrium inbreed-

ing depression. Models typically assume that loci are 20–25 polymorphisms per primer combination are com-
mon in outbred organisms, and shared polymorphismsunlinked, which is not true in our data (Lande and

Schemske 1985; Charlesworth et al. 1991; Lande et will commonly be frequent enough to join maps of
different individuals even if multiallelic markers are un-al. 1994). If the effects of coupling- and repulsion-phase

linkages approximately cancel each other, however, available (Rouppe van der Voort et al. 1997; Marques
et al. 1998; Remington et al. 1999). These advanceslinkage is probably not an important source of bias in

these models. should now make whole-genome map-based studies ac-
cessible to almost any organism.The predominance of semilethal as opposed to com-

pletely lethal alleles at viability loci can affect the evolu- We thank Ross Whetten, Zander Myburg, and Arthur Johnson for
tionary dynamics of populations in the early stages of technical advice; Trudy Mackay, Bruce Weir, Steve McKeand, Ben-

Hui Liu, Outi Savolainen, and Don Waller for valuable discussionsinbreeding. The expected frequency of homozygous re-
and suggestions; Ron Sederoff for his guidance and encouragement;cessive zygotes in the second generation of selfing (S2)
and Ruth Shaw and two anonymous reviewers for helpful commentsis (3 2 2s)/(8 2 2s), compared with 1⁄4 in the first (S1) on the manuscript. This work was supported by funding from the

generation. Consequently, the inbreeding depression North Carolina State University Forest Biotechnology Industrial Associ-
contributed by deleterious alleles with s , 2⁄3 will increase ates Consortium, the National Institutes of Health (grant GM-45344),

and by a United States Department of Agriculture National Needsrather than decrease in the S2 generation. Nine of our
Fellowship to D.L.R.19 identified viability loci fall into this category. Lower

purging rates for moderately deleterious alleles com-
pared to lethals will lead to greater probabilities of fixa-
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