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ABSTRACT
Testing (over)dominance as the genetic cause of heterosis and estimating the (over)dominance coeffi-

cient (h) are related. Using simulations, we investigate the statistical properties of Mukai’s approach,
which is intended to estimate the average (h) of hi across loci by regression of outcrossed progeny on the
sum of the two corresponding homozygous parents. A new approach for estimating h is also developed,
utilizing data on families formed by multiple selfed genotypes from each outcrossed parent, thus not
requiring constructing homozygotes. Assuming constant mutation effects, h can be estimated accurately
by both approaches under dominance. When rare alleles have low frequencies at any polymorphic locus,
Mukai’s approach can estimate h accurately under over(under)dominance. Therefore, the (over)domi-
nance hypothesis for heterosis can be tested by estimating h, under either dominance or overdominance
at all genomic loci. However, this is invalid with more plausible mixed dominance and overdominance
at different loci. Estimating the variance of hi across loci is also investigated. In self-compatible outcrossing
populations with mutations of variable effects and lethals, our new approach is better than Mukai’s, not
only because of not requiring homozygotes but also because of the better statistical performance reflected
by the smaller mean square errors of the estimates.

INBREEDING depression results from mating among 1908; Shull 1908; Crow 1952), which argues for het-
erozygote superiority relative to both homozygotes. Al-relatives, and outbreeding enhancement results from
though neither dominance nor overdominance is neces-mating among usually inbreeding lines or isolated popu-
sary for heterosis (Richey 1942; Minvielle 1987; Schnelllations. Both phenomena are widely observed (e.g.,
and Cockerham 1992), here we concentrate on studyingWright 1977; Charlesworth and Charlesworth

just these two mechanistic causes (see discussion).1987; Falconer 1989; Crow 1993; Lynch and Walsh

Although most experimental data are consistent with1997). For simplicity, hereafter we will refer to both phe-
the dominance hypothesis, overdominance cannot benomena collectively as heterosis. The magnitude of het-
ruled out in many situations (Simmons and Crow 1977;erosis has implications in many areas, such as the evolu-
Charlesworth and Charlesworth 1987; Barretttion of self-incompatibility systems in plants (Lande and
and Charlesworth 1991; Stuber et al. 1992; CrowSchemske 1985; Schemske and Lande 1985; Charles-

1993; Mitton 1993). At present, the evidence for func-worth and Charlesworth 1987), the evolution of dis-
tional overdominance does not seem to be very convinc-persal mechanisms for inbreeding avoidance in ani-
ing, and most cited examples are compatible with associ-mals (Shields 1982), the biological conservation of rare
ated overdominance [an artifact of linked deleteriousand endangered species (Soule 1986), the improve-
recessive genes (cf. Houle 1989, 1994; Crow 1993)].ment of agricultural production (Falconer 1989), and
The debate over the relative importance of the twothe protection of human welfare (Cavalli-Sforza and
hypotheses continues (Sprague 1983; Wallace 1989;Bodmer 1971).
Crow 1993; Mitton 1993) and is unlikely to be settledThere are two main rival genetic hypotheses concern-
until an unambiguous test is devised (H.-W. Deng,ing individual loci to explain heterosis. One is the domi-
Y.-X. Fu and M. Lynch, unpublished results).nance hypothesis (Davenport 1908; Crow 1952), which

Testing dominance vs. the overdominance hypothesisargues that heterosis is caused by an enhanced expres-
is important for discerning mechanisms for the mainte-sion of deleterious genes when homozygosity is increased
nance of genetic variability (Crow 1993). Some fairlyand the heterozygote performance is somewhere (but
recent studies tested the (over)dominance hypothesesnot exactly) in between the two corresponding homozy-
and inferred nonadditivity of within-locus mutation ef-gotes. The other is the overdominance hypothesis (East

fects by estimating the average (h, the arithmetic mean)
of the within-locus nonadditive coefficients (hi) across
loci (e.g., Eanes et al. 1985; Crow 1993; Johnston and
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inferences remains to be investigated. Additionally, esti- to estimate, and thus h is normally estimated. Even for
h (the arithmetic mean of hi across loci), there currentlymating the harmonic mean of hi under the dominance

hypothesis is important for estimating genomic muta- is no method to directly estimate it. Often, h is approxi-
mately estimated by Mukai’s method (Mukai et al.tion rates—an important parameter in many evolution-

ary theories (Charlesworth et al. 1990; Deng and 1972), which is closely related to the earlier methods of
Comstock and Robinson (1949) and Hayman (1954).Lynch 1996a; H.-W. Deng and Y.-X. Fu, unpublished

results) and for testing theories of transition from hap- Because the arithmetic mean is the most often used
measure of the average, the investigation of the bias ofloidy to diploidy (Perrot et al. 1991). However, partly

because the often-used method (Mukai et al. 1972) of Mukai’s and our new method will be relative to the
true h. Throughout, hi will refer to dominance coeffi-estimating h requires constructing homozygous lines,

estimates of h are still very scarce, especially in outcross- cient at individual loci, h refers to the arithmetic mean
of hi across loci, and h refers to the general term domi-ing populations. Therefore, there is a need to develop

alternative approaches to estimate h in outcrossing pop- nance coefficient or the dominance coefficient with
constant hi across loci.ulations and to understand their statistical properties.

Mukai’s approach: This approach was developed un-This study is purported to (1) develop a new approach
der the assumptions that dominance is the sole mode ofto estimate h and the variance (s2

h) of hi across loci in
within-locus genetic effects, the frequency of deleteriousoutcrossing populations that are capable of selfing; (2)
allele is very small, the population is at Hardy-Weinbergexamine the statistical properties of the newly devel-
equilibrium, and mutation effects across loci are addi-oped approach and an earlier one that has been used
tive. It approximately estimates h by the slope of theextensively; and (3) examine the validity of testing the
regression of the outcrossed-progeny fitness (x) on thehypotheses for heterosis and inferring within locus (non)-
fitness sum (y) of the two corresponding parental homo-additivity by estimating h. First, we review an existing ap-
zygotes (Mukai et al. 1972; Simmons and Crow 1977;proach and develop a new one to estimate h and s2

h.
Crow and Simmons 1983)Next, using computer simulations we study the statistical

properties of the two approaches under the pure mode
(i.e., all loci are overdominant or all are dominant) h ≈ Cov(x,y)

Var(y)
. (1a)

and then under the mixed modes of dominance and
overdominance (i.e., some loci are overdominant and s2

h can be approximately estimated as (Mukai and Yama-

others dominant). The investigation of the statistical prop-
guchi 1974)

erties is important because they have never been formally
investigated even for the widely applied Mukai’s ap-

s2
h ≈

Var(x)
Var(y)

2 1Cov(x,y)
Var(y) 2

2

. (1b)
proach (Mukai et al. 1972). Then we study the estima-
tion properties under variable mutation effects with and

This approach is readily applicable to highly selfing popu-without lethals. Finally, we discuss the limitations of the
lations (Johnston andSchoen 1995), where constructionpractice of applying Mukai’s approach in discriminat-
of homozygotes is easy. In most outcrossing populations,ing (over)dominance as the cause for heterosis and
however, construction of pure homozygotes is usually dif-inferring (non)additivity of within-locus allelic effects.
ficult, except in a few organisms (such as Drosophila)
where it can be relatively easily achieved by special chro-
mosomal constructs (e.g., Mukai et al. 1972; Eanes etTWO APPROACHES TO ESTIMATE h AND s2

h
al. 1985). Therefore, the following approach is devel-

Hypothesis testing and parameter estimation in statis- oped to estimate h and s2
h in self-compatible outcrossing

tics are two highly related topics. Unbiased and efficient populations without homozygous lines.
estimation (estimation with a small sampling error) of New approach: A wide variety of outcrossing plants
a parameter generally forms a basis for a powerful test and invertebrates are capable of selfing. In such popula-
concerning that parameter. For a locus with the two alleles tions, if we self a random sample of genotypes and obtain
A and a, let the three genotypic values be, respectively: a number of selfed progeny from each parent to form

selfed families, then h and s2
h can be estimated. The

AA Aa aa
data needed are the genotypic value of the parent (w)1 1 2 hisi 1 2 si and the mean genotypic value (z) of the selfed progeny
within each selfed family. Under the same assumptionsThen hi , 0 implies overdominance, hi 5 0.5 additivity,
as Mukai’s approach outlined above, for a diallelic lo-0 # hi # 1 (hi ? 0.5) dominance, and hi . 1 implies
cus, we define the one-locus genetic effects as in Tableunderdominance. Note that throughout we use “domi-
1. It can be easily seen from Table 1 that,nant” or “dominance” to refer to the cases of 0 # hi #

1 (hi ? 0.5), which include both complete dominant or
The variance of t9: Var(t9) > 2pqs2

i (2a)
recessive, and partial dominant or recessive. For individ-
ual locus of quantitative traits, hi is almost impossible The variance of w9: Var(w9) > 2pqs2

i h2
i (2b)
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TABLE 1

Distribution of mutation effects within selfed families in an outcrossing population

Parental genotypes AA Aa aa

Frequencies p 2 2pq q 2

Mutation effect (w9) 0 hs s

Selfed offspring genotypes AA AA Aa aa aa

Within-family frequencies 1 1/4 1/2 1/4 1
Mean mutation effects (z9) 0 hisi/2 1 si/4 si

t9 5 4z9 2 2w9 0 si 2si

Equation 2, a–c, to hold reasonably well, and also is true
The covariance of w9 and t9: Cov(w9,t9) > 2pqs2

i hi (2c)
in deriving Equation 1, a and b (Mukai et al. 1972).

Then the expected regression of the mutation effects
of outcrossed parent (w9) on the quantity [4*(mean

SIMULATIONSmutation effects of selfed family z9) 2 2*w9] is given by
the ratio of the covariance to the variance, summed The above derivations make a number of assump-
over all the relevant loci. This gives an approximate tions, for example, the within-locus nonadditive genetic
estimate of h effects are dominant and genetic effects across loci are

additive. However, there is good evidence that genesCov(w9,t9)
Var(t9)

5
Rpiqis 2

i hi

Rpiqis2
i

≈ h . (3a) for fitness or its components usually act multiplicatively
(Morton et al. 1956; Crow 1986; Fu and Ritland

As with Mukai’s approach, h is approximately estimated 1996). To investigate the robustness of the above ap-
by the average of his at individual loci weighted by the proaches under overdominance and the more reason-
genetic variance of the homozygotes. Although the able mixed modes of dominance and overdominance
above derivation is based on the mutational effects for at different loci, and to investigate their statistical prop-
ease of derivation, it can be easily shown (because w 5 erties, simulations are performed in which fitnesses are
1 2 w9 and z 5 1 2 z9) that the estimation can be assumed to be multiplicative. To concentrate on study-
performed on the original trait values ing the robustness of the approaches and the influence

of the genetic process (selfing outcrossed individuals or
outcrossing homozygous lines) on the estimation, all

Cov(w,t)
Var(t)

5
Rpiqis 2

i hi

Rpiqis2
i

≈ h (3b)
genotypic values are assumed to be measured accurately.
In reality, this would require that each genotype bewhere t 5 4z 2 2w. Under constant mutation effects,
clonally replicated and assayed a very large number of
times. Ignoring measurement error of genotypic valuesCov(w,t)

Var(t)
5 h . (3c)

due to random environmental and developmental pro-
cesses will likely inflate the sampling error of estimation,

Additionally, we note that the ratio of the variance of
but unlikely bias the estimation and comparison of the

w9 to that of t9 is
two approaches under the same sample sizes of geno-
types (Deng and Lynch 1996a).Var(w9)

Var(t9)
5

Var(w)
Var(t)

5
Rpiqis 2

i h2
i

Rpiqis 2
i

≈ h2. (4a) This section is organized according to the presenta-
tion of different mutation effects across the genome,

As with the estimates of h, h2 is approximately estimated starting from the simplest case of constant effects, pro-
by the average of h2

i s at individual loci weighted by the gressing to biologically more complex and plausible
genetic variance of the homozygotes. Thus, an approxi- situations. Simulations will be described for each situa-
mate s2

h estimate is tion, respectively, and some necessary analytical results
will be developed.

s2
h 5 h2 2 h 2 ≈ Var(w)

Var(t)
2 1Cov(w,t)

Var(t) 2
2

. (4b) Constant mutation effects with dominance: Domi-
nance (hi) and selection (si) coefficients across loci are
the same, that is, hi 5 h, si 5 s.In the above derivation, note that the assumption of

Mukai’s approach in outcrossing populations: AssumeHardy-Weinberg equilibrium is not necessary; in fact, nei-
some random pairs of homozygotes are established fromther is it in Mukai’s approach. One key assumption,
natural populations [such as with a special chromosomethough, is that the frequency of the rarer allele at any locus

is low. This is essential in order for the approximation of construct in Drosophila (Mukai et al. 1972)]. Their fit-
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TABLE 2ness is W 5 (1 2 s)n, where n is the number of mutations
randomly determined from a Poisson distribution with Estimating h by MUKAI’s approach is not influenced by
mean U/(2hs), where U is the genomic mutation rate. different distributions of the number of loci with dominant
This is because the mean number of mutations per or overdominant mutations per genome
genome in an outcrossing population is U/(hs), and

ĥ dominance ĥ overdominancenearly all mutations are heterozygous in state (Deng

Distributions (h 5 0.36, s 5 0.03) (h 5 20.2, s 5 0.03)and Lynch 1996a), and homozygous lines established
are expected to carry only about one-half of the total Poisson 0.357 (0.000) 20.196 (0.000)
genomic mutations of the outcrossed generation. Be- Uniform 0.357 (0.000) 20.196 (0.000)
cause genome size is usually very big and the mutation Exponential 0.357 (0.000) 20.196 (0.000)

Normal 0.357 (0.000) 20.196 (0.000)rate (m) of each locus is very small, the mutant allele
frequency (m/hs at mutation-selection balance; Crow The simulations are performed under constant mutation
and Kimura 1970) is also very small. It is unlikely that effects. In simulations, the means of the Poisson, exponential,
the homozygotes established have mutations at the same andnormal distributions are all 25, the variance for the normal

distributions is 25, the range of the uniform distribution isloci (Charlesworth et al. 1990; Deng andLynch 1996a),
from 0 to 25. Simulations are also performed for a range ofas corroborated by our computer simulations (H.-W.

other parameters, and results not shown here indicate similar
Deng, unpublished data). Therefore, throughout for dom- conclusions.
inant loci under mutation-selection equilibrium, the num-
ber of mutations in an outcrossed progeny is the sum of
the number of mutations of its two parental homozy- outcrossing populations; however, in at least two situa-

tions, it may hold and Mukai’s approach should begotes (nm and nf), but all at heterozygous state. Thus,
the fitness of an outcrossed progeny is W 5 (1 2 applicable regardless of h value. The first is in highly

selfing populations, where overdominance for muta-hs)nm 1 nf. Because
tions is unlikely to be responsible for the maintenance

lnW 5 ln(1 2 s)n ≈ 2ns , (s ,, 1.0) (5)
of genetic variability (Kimura and Ohta 1971). The
second is when lines are obtained by generations of muta-ln(W) therefore approximates the fitness reduction un-

der the additive fitness function. Thus, throughout, log- tion accumulation from homozygous replicate lines. If
the mutation rate per locus is low, overdominant mu-arithmic transformation is performed for fitness, and

then Equation 1a is employed to estimate h. Through- tants are unlikely to achieve high frequencies.
Generally, the distribution of the number of loci perout, in simulating Mukai’s approach, 20 pairs of homo-

zygotes and their hybrids are used. genome with overdominant mutations is not clear. Simu-
lations are performed for different distributions of theMukai’sapproach in selfing populations:Homozygous lines

are readily obtainable. Simulations are performed as number of loci having (over)dominance mutations. The
simulation procedures are the same as before for theabove, except that n in the fitness function W 5 (1 2 s)n

is randomly determined from a Poisson distribution with dominance case, except that the distribution of the num-
ber of loci under (over)dominance is different. The re-mean U/(2s) (Charlesworth et al. 1990; Deng and

Lynch 1996a). sults (Table 2) indicate little influence on the estimation
by Mukai’s approach under very different simulatedNew approach: A number of randomly outcrossed par-

ents are sampled, with each having fitness W 5 (1 2 hs)n, distributions of the number of loci per genome having
(over)dominant alleles. This is not unexpected, becausewhere n is the number of mutations randomly deter-

mined from the Poisson distribution with mean U/(hs) the derivation of the approach is based on the one-
locus results and within-family data and extended to(Deng and Lynch 1996a). A number of selfed progeny

genotypes for each parent is obtained, with each selfed multiple loci under additive mutation effects across loci.
No assumption was made as to the distribution of thegenotype being determined by allowing the n parental

heterozygous loci to segregate randomly into AA, Aa, number of loci having (over)dominant alleles per ge-
nome. Therefore, as before (i.e., Poisson distributionand aa classes with respective probabilities of 0.25, 0.5,

and 0.25. Letting n1 and n 2 (both resulting from random of the polymorphic loci is used) except that we let the
parameter h , 0 (overdominance) or h . 1 (underdom-segregation) be the numbers of heterozygous and

homozygous loci containing mutations in a selfed off- inance), simulations are performed for Mukai’s ap-
proach for selfing populations. For Mukai’s approachspring, its fitness is W(n1,n 2) 5 (1 2 hs)n1 (1 2 s)n 2.

Equation 3c is used to estimate h. For the new approach using mutation accumulation lines, the principle is the
same and the simulation and results are similar, andin outcrossing populations 20 parents are employed

throughout, each having 50 selfed progeny genotypes. hence not presented.
Mixed dominance and overdominance:Lines from highlyConstant mutation effects with over(under)dominance:

Under over(under)dominance, the key assumption for selfing populations or derived by mutation accumulations: It is
possible that both dominance and overdominance under-estimating h, that the frequency of one homozygote at

any polymorphic locus is low, is unlikely to be valid in lie heterosis and that new mutations of either nature can
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occur in the genome. Some interesting questions are the The total heterosis is d 5 E(Wo)/E(Wp) 5 dd do. The
following: In highly selfing populations, what is the major contribution to heterosis from dominance relative to
cause of heterosis? In the genome, what is the major overdominance can then be measured by the index
type of new mutations for heterosis? Can we answer these
questions from ĥ? Throughout, a circumflex (^) indicates a 5

dd

do

5 exp1U1(0.5 2 h1) 2 (1 2 2h2)s2n2. (7)
an estimated value.

With both dominant and overdominant loci present,
a is an important index that will be used more later. Ifif fitness effects of individual loci are independent, as
a . 1, the primary cause of heterosis is dominance; ifis the case for the multiplicative fitness function, the
a , 1, it is overdominance; otherwise, dominance andheterosis due to dominance and overdominance is inde-
overdominance contribute about equally to heterosis.pendent. Let the mutation rate to deleterious alleles
The smaller the a, the larger the contribution to hetero-and constant mutational effects under dominance be
sis from overdominance.U1, h1, and s1, respectively. In large highly selfing popula-

Using Equation 7, we can determine the number oftions, the expected heterosis (the ratio of the mean
overdominant loci (No) when dominance and overdomi-fitness of the outcrossed offspring generation Wo to that
nance contribute equally to heterosisof the homozygous parental generation Wp), which is

due to dominance (dd), is then (Charlesworth et al.
1990; Deng and Lynch 1996a) No 5

U1(0.5 2 h1)
s2(1 2 2h2)

. (8)

dd 5 exp(2U1h1)/exp(2U1/2) 5 eU1(0.5 2 h1) (6a)
n . No , n , No, n 5 No, respectively, correspond to a ,

New mutational occurrence in the genomemost likely 1, a . 1, a 5 1.
follows a Poisson distribution, whether it involves domi- In simulations, the genome contains both dominant
nant or overdominant mutations. Throughout, muta- and overdominant loci, all at mutation-selection equilib-
tions fitting the (over)dominance hypothesis will be re- rium. In the parental generation, the number of domi-
ferred to as (over)dominant mutations. In highly selfing nant loci in each individual is sampled from the Poisson
populations, mutant alleles will be maintained by muta- distribution of mean U/(2s1) (Charlesworth et al.
tion-selection balance, regardless of their (over)domi- 1990; Deng and Lynch 1996a), and that for the over-
nance. This is because within a selfing line, frequent

dominant loci is determined from a Poisson distribution
selfing will quickly bring any polymorphic locus into ho-

with mean n [5 U2/(2s2)]. Simulations are then per-
mozygous state. Under obligate selfing, different selfing

formed as before for Mukai’s approach.
lines are essentially reproductively isolated from each

Homozygous lines constructed from outcrossing populations:other, and thus overdominance will not contribute to
In outcrossing populations, with overdominance the keythe maintenance of genetic variability. Hence, as in the
assumption that the rarer allele at any polymorphic locusdominance case, we assume that the number of loci
is of a low frequency is often invalid. Thus, both Mukai’swith overdominant mutants (n) (all in homozygous
and our new approaches should not be used. However,state) per genome in selfing populations is Poisson dis-
there have been some practice and data on estimatingtributed with mean n and constant effects h2 and s2. If
h by Mukai’s approach using homozygous lines con-the genomic mutation rate to overdominant (but less
structed from outcrossing populations such as Drosophilafit) allele a is U2, it can be easily shown that at mutation-
(e.g., Mukai et al. 1972; Mukai and Yamaguchi 1974;selection equilibrium, n 5 U2/(2s2) (Charlesworth et
Eanes et al. 1985). Therefore, under mixed dominanceal. 1990; Deng and Lynch 1996a). The expected hetero-
and overdominance, we investigate whether those esti-sis due to overdominance (do) is then
mates are of any use and whether they can discern the
predominant mode of genetic effects for heterosis.do 5 1o

∞

n50

(1 2 h2s2)n2(n)ne22n/n!2/1o
∞

n50

(1 2 s2)n(n)ne2n/n!2
Let U1, h1, s1, h2, s2, dd , do , a, and No be defined as

before. In large outcrossing populations, upon selfing
(Deng and Lynch 1996a)5 1o

∞

n50

(2n 2 2h2s2n)ne22n/n!2/1o
∞

n50

(n 2 s2n)ne2n/n!2
dd 5 exp(2U1)/exp(2U1(h1 1 0.5)/2h1)

5 eU1(1 2 2h1)/(4h1) . (9a)5
exp(22h2s2n)

exp(2s2n) 1o
∞

n50

(2n 2 2h2s2n)ne2(2n 2 2h2s2n)/n!2/
Overdominant alleles are mainly maintained by balanc-1o

∞

n50

(n 2 s2n)ne2(n 2 s2n)/n!2
ing selection in outcrossing populations. If there are n
overdominant loci with constant effects h2 and s2

5 exp(22h2s2n)/exp(2s2n)

do 5 1 2(2h2 2 1)2 2 2h2
2s2(2h2 2 1)

2(2h2 2 1)2 2 s2h2(2h2
2 1 h2 2 1)2

n

. (9b)
5 e(1 2 2h2)s2n 5 eU2(1 2 2h2)/2 . (6b)
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Then
hi 5

1
2

exp(213si), (12b)

a 5
dd

do

5 12(2h2 2 1)2 2 s2h2(2h2
2 1 h2 2 1)

2(2h2 2 1)2 2 2h2
2s2(2h2 2 1) 2

n

exp1U1(1 2 2h1)
4h1

2
which is in rough accordance with the few available data

(10) (Crow and Simmons 1983; Deng and Lynch 1996a).
Under the above distribution and function, the meanBy Equation 9, a and b, we can determine No if we set
and the variance of hi isa 5 1

h 5
1

(26s 1 2)
s2

h 5
16922

s

(26s 1 1)(13s 1 1)2No 5
U1(1 2 2h1)

4h1*ln




2(2h2 2 1)2 2 2h2
2s2(2h2 2 1)

2(2h2 2 1)2 2 s2h2(2h2
2 1 h2 2 1)





. (12c)

(11) To evaluate how Equations 1b and 4b perform for
estimating s2

h and how Equations 1a and 3b behave in
Again, n . No , n , No , n 5 No, respectively, are equiva- estimating h under variable mutation effects, simula-
lent to a , 1, a . 1, a 5 1, which correspond to tions are conducted under dominance. As in Deng and
situations where dominance contributes to heterosis less

Lynch (1996a), we use a discrete version of the expo-
than, more than, and equal to overdominance, respec- nential distribution of Equation 12a by dividing the
tively. entire range of si (0, 1) into 200 classes of width 0.005.

In the simulations, the homozygous lines constructed Each parental individual in a simulation is then ran-
from large populations at mutation-selection equilib- domly assigned a number of mutations from each of
rium contain both dominant and overdominant loci. these classes by drawing from a Poisson distribution with
The number of loci homozygous for deleterious alleles means of Upi/(hisi) in outcrossing and of Upi/(2si) in
(under the dominance hypothesis) is determined from selfing populations, respectively, where pi is the density
a Poisson distribution of mean U/(2h1s1), as explained of the mutation distribution in the ith class.
before. The alleles at the n overdominant loci are deter- Because the estimates are usually biased under the
mined from random uniform variables (js) (from 0 to variable mutation effects, we compute their MSE (mean
1) with allele A being chosen if j # h2 2 1/2h2 2 1 square error) for comparison: MSE 5 E(x̂ 2 E(x))2 5
[where h2 2 1/2h1 2 1 is the equilibrium frequency of Var(x̂) 1 (x̂ 2 E(x))2, where x̂ stands for the estimated
A allele (Crow 1986)], and allele a chosen otherwise. mean. Note that when x̂ is unbiased, MSE is simply the
This simulation procedure allows identity by state for variance of x̂.
mutant alleles at the overdominant loci in different The effects of lethals: The above study for variable
inbred lines. In outcrossed progeny, the number of the mutation effects assumes that the genome contains no
loci (all in heterozygous state) having dominant muta- lethal mutations. This is a good assumption for selfing
tions is the sum of the number of mutations of its two populations, where lethal mutations cannot survive for
homozygous parents; the genotypes at the n overdomi- more than a few generations, due to frequent exposure
nant loci are determined by the overdominant alleles at

to selection in homozygous state. In outcrossing popula-
these loci in its two homozygous parents. Other aspects tions, this assumption does not hold (Simmons and
being the same as before, simulations for Mukai’s ap-

Crow 1977; Crow and Simmons 1983), as lethals are
proach are then performed.

usually shielded from selection in heterozygous state by
Variable mutation effects under dominance: Deleteri- their low degree of dominance. With Mukai’s approach,

ous mutation effects across loci (si and hi) are not con- lethals will not appear in final homozygous lines con-
stant. The few available data suggest that si has a roughly

structed. During generations of inbreeding to construct
exponential distribution (Gregory 1965; Mackay et al. homozygotes, lines homozygous for lethals will be im-
1992; Keightley 1994). As in Deng and Lynch (1996a), mediately lost. Therefore, Mukai’s approach gives the
we use the exponential distribution to model si estimates only for mildly deleterious mutations. Hence,

we only evaluate our new approach under variable mu-
f(si) 5

1
s

exp(2si/s), (1 . s . 0) (12a) tation effects with lethals in outcrossing populations.
Lethals (sL 5 1) compose approximately 1% of the

genomic mutations, and hL for lethals is estimated towhere s is the mean of si. Little information exists on
the distribution of hi, but biochemical arguments suggest be about 0.02 (Simmons and Crow 1977; Crow and

Simmons 1983). The simulations in outcrossing popula-an inverse relationship between si and hi (under domi-
nance hypothesis), mutant alleles with larger effects tend- tions with lethals and variable mutation effects are iden-

tical in all respects to those in the previous section, buting to be more recessive (Kacser and Burns 1981). The
few available data are consistent with this idea (Crow with an additional low genomic mutation rate (1%) to

lethals (sL 5 1, hL 5 0.02). In simulations, selfed off-and Simmons 1983). Therefore, as in Deng and Lynch

(1996a), the following function is adopted to approxi- spring homozygous for lethals will be excluded from
analysis, as is most likely the practice in actual experi-mate the inverse relationship between si and hi
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TABLE 3

Estimating h under constant mutation effects

Mukai’s approach New approach

Selfing populations Outcrossing populations Outcrossing populations

h ĥ ĥ ĥ

Dominance
0.2 0.198 (0.000) 0.198 (0.000) 0.193 (0.004)
0.4 0.396 (0.000) 0.396 (0.000) 0.386 (0.016)
0.6 0.596 (0.000) 0.596 (0.000) 0.576 (0.030)
0.8 0.798 (0.000) 0.798 (0.000) 0.763 (0.039)

Overdominance
20.2 20.196 (0.000)
20.4 20.392 (0.000)

Underdominance
1.2 1.204 (0.000)
1.4 1.409 (0.000)

In all the simulations, the selection coefficient s equals 0.03, and the genomic mutation rate U equals 1,
which approximates those from mutation accumulation experiments (Mukai et al. 1972; Kibota and Lynch

1996) without assuming dominance or overdominance. Throughout, the numbers reported are the means
and standard deviations (SDs, numbers within parentheses) over 100 simulations; a SD of 0.000 indicates a
SD ,0.0005.

ments. The selfed family means are for those offspring
TABLE 4that do not contain homozygous lethals.

Estimating h under mixed dominance and overdominance
in highly selfing populations by MUKAI’s approach

RESULTS

h2 n a ĥConstant mutation effects with either dominance or
(under)overdominance (Table 3): The bias and sam- 20.01 0 1.15 0.357 (0.000)
pling variance of estimates by both approaches is very 4 1.02 0.285 (0.041)

5 0.99 0.270 (0.039)small, especially for Mukai’s approach. The very small
10 0.85 0.231 (0.047)bias is because the logarithmic transformation of the

100 0.05 0.039 (0.029)multiplicative fitness function is used to approximate
200 0.02 0.013 (0.023)the additive fitness function assumed by the derivations

20.1 0 1.15 0.357 (0.000)(Deng and Fu 1997). In selfing and outcrossing popula-
3 1.03 0.268 (0.051)tions, estimates by Mukai’s approach yield nearly identi-
4 1 0.268 (0.051)cal results, except for the undetectable difference in

10 0.80 0.200 (0.058)the sampling errors. The new approach has slightly
100 0.03 20.037 (0.036)

larger bias and larger sampling variance. This is partly
20.3 0 1.15 0.357 (0.000)because the estimate is subject to more sampling error,

2 1.04 0.290 (0.043)as the mean of each selfed family is estimated by a
3 1 0.264 (0.050)limited number of progeny. In highly selfing popula-

10 0.71 0.133 (0.084)
tions or in lines from mutation accumulations where the 100 0.01 20.207 (0.051)
key assumption holds, Mukai’s approach can estimate h

U1, h1, and s1 are the parameters of dominant mutations,accurately under over(under)dominance.
while h2 and s2 are the parameters of overdominant mutations.Mixed dominance and overdominance: Lines from highly
n is the mean number of overdominant loci per genome. a

selfing populations or derived by mutation accumulations (Ta- is a measure of relative contribution of dominance and over-
ble 4): When the contributions to heterosis from domi- dominance to heterosis (see text for a detailed definition).

Simulations for data were performed under U1 5 1, h1 5nance and overdominance are about the same (a ≈ 1),
0.36, s1 5 0.03, and s2 5 0.03, which approximate previousthe ĥs are always positive with small sampling errors
experimental data (Mukai et al. 1972; Kibota and Lynch(Table 4), which favors the dominance hypothesis. Only
1996). Simulation results not shown here indicate no influ-

with relatively large overdominance effects (h , 20.1) ence on the conclusion by employing different parameters of
and overwhelming contributions from overdominant U1, h1, and s1. Mutation effects are assumed to be constant for

dominant and overdominant mutations.loci (a z 0.05), is ĥ , 0. Simulation results not shown
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TABLE 5 Mukai and Yamaguchi 1974; Eanes et al. 1985) may
represent values that are underestimated (but not to aEstimating h under mixed dominance and overdominance
great extent) for dominant loci. These results may bein outcrossing populations by MUKAI’s approach
better understood if we recall that, by derivation (Mukai

et al. 1972), Mukai’s method estimates an average of hish2 n a ĥ
at individual loci weighted by the genetic variance of

20.01 0 1.21 0.357 (0.000) the homozygotes. This can lead to very peculiar results1308 1 0.255 (0.041)
as reflected by the simulation results here. In an extreme2600 0.83 0.193 (0.046)
case involving loci of symmetrical overdominance (s2 55000 0.58 0.119 (0.035)
0), even though the loci contribute to inbreeding de-

20.1 0 1.21 0.357 (0.000) pression, they are assigned a zero weight in estimating141 1 0.247 (0.052)
the average of his across loci. This reflects the fact that280 0.83 0.187 (0.057)
the contributions to inbreeding depression and to the500 0.61 0.149 (0.064)
estimation of the average dominance coefficient from1000 0.31 0.105 (0.072)

2500 0.04 0.088 (0.084) individual loci are not exactly the same. Therefore, if
dominant and overdominant loci coexist in the genome,20.3 0 1.21 0.357 (0.000)
inferring which is the major cause for heterosis by the53 1 0.261 (0.063)
sign of ĥs is invalid.100 0.84 0.222 (0.079)

500 0.20 0.086 (0.099) Variable mutation effects under dominance (Table 6):
1000 0.03 0.051 (0.107) Under variable mutation effects without lethals, ĥs are

always biased (underestimated compared to h, the arith-U1, h1, s1, h2, s2, and a are denoted in the legend to Table
4. n is the number of overdominant loci per genome. Simula- metic mean of hi across loci). The biases of ĥs in selfing
tions for data in this table are performed under U1 5 1, h1 5 populations using Mukai’s approach are the smallest,
0.36, s1 5 0.03, and s2 5 0.03. Simulation results not shown

and those in outcrossing populations with Mukai’s ap-here indicate no influence on the conclusion by employ-
proach are slightly smaller than with our new approach.ing different parameters of U1, h1, and s1. Mutation effects

are assumed to be constant for dominant and overdominant The bias increases with an increasing s2
h. The bias pat-

mutations. terns are not unexpected. For example, the smaller the
s2

h, the more constant is hi across loci, and less bias
should be expected for ĥ because as it has been shown
that under constant h, there is no estimation bias.

here indicate similar conclusions for lines from muta- A similar bias pattern is observed for ŝ2
h; however,

tion accumulations.
ŝ2

h may not always be biased. The ratio ŝ2
h/s2

h decreases
Homozygous lines constructed from outcrossing populations

with an increasing s2
h so that ŝ2

h is upwardly biased when
(Table 5): With a ≈ 1, ĥs are always positive with small

s2
h is relatively small, and downwardly biased when s2

h is
sampling errors. Unlike estimates from selfing popula-

relatively large.
tions or mutation accumulation where the key assump-

The biases may have come from at least two sources:
tion holds, ĥ is always positive when employing Mukai’s

(1) The logarithmic transformation of the multiplicativeapproach in outcrossing populations. Even with pure
fitness function is employed to approximate the additiveoverdominant genetic effects, ĥ is almost always greater
fitness function (Equation 5). (2) The definitions of thethan 0. For example, if the genome contains only 200
estimates of ĥ, ŝ2

h (Equations 1, a and b, 3b, and 4b)overdominant loci with h2 5 20.1 and s2 5 0.03, the
are not the usual statistical definitions of h and s2

h. Cur-equilibrium frequency for allele A is 0.917 and a 0.083.
rently, there is no method to estimate h and h2 directly,Applying Mukai’s approach, we obtain ĥ 5 5.84E-4
and thus they are approximately estimated by the aver-(1 SD 5 0.05738). This is because the key assumption
ages of his or h2

i s at individual loci both weighted byof the approach that rarer alleles at all loci are of low
the genetic variance of the homozygotes, instead of byfrequencies is violated at overdominant loci.
their frequencies as usual. Despite this, it is encourag-In summary, with mixed dominance and overdomi-
ing that, with the most likely parameters (U 5 1, s 5nance jointly causing heterosis, Mukai’s approach can-
0.03, h 5 0.36, Mukai et al. 1972; Lynch et al. 1996),not be employed to distinguish dominance vs. overdom-
the biases for ĥ and ŝ2

h are reasonably small. Withinance. On the other hand, it is encouraging to see that
Mukai’s approach, ŝ2

h/s2
h 5 1.07, 1.32 and ĥ/h 5 0.71,the presence of overdominant loci does not greatly bias

0.48, respectively, in selfing and outcrossing popu-the estimation of h for the dominant alleles. Even with
lations; with our new approach, ŝ2

h/s2
h 5 1.52 anda ≈ 1 (i.e., equal contribution of dominance and over-

ĥ/h 5 0.47 in outcrossing populations.dominance to heterosis), ĥ is about 70% of the true h
The effects of lethals in outcrossing populations (Tablevalue for the dominant alleles (Table 5). Therefore,

7): ĥ and ŝ2
h are usually biased, but the bias is muchthe ĥs estimated by Mukai’s approach in outcrossing

populations such as Drosophila (e.g., Mukai et al. 1972; smaller than when lethals are absent. The bias of ĥs
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TABLE 7

Estimating mean and variance of his in outcrossing populations by the new
approach with mutations of variable effects and lethals

s̃ h̃ s̃2
h s h s2

h ĥ ŝ2
h

0.02 0.439 4.09E-3 0.01 0.441 2.63E-3 0.388 [0.056] 8.98E-3 [4.81E-3]
0.038 0.359 1.13E-2 0.03 0.360 1.11E-2 0.218 [0.144] 1.25E-2 [0.66E-2]
0.057 0.303 1.68E-2 0.05 0.303 1.69E-2 0.109 [0.196] 0.99E-2 [0.89E-2]

s̃, h̃, and s̃2
h are the parameters (means and variance), including lethals. s, h, and s2

h are the parameters for
the mildly deleterious mutations only (lethals excluded). ĥ and ŝ2

h are estimates for all mutations, including
lethals. Lethal mutation rate is 0.01 per genome per generation, and the mean number of lethals per genome
in outcrossing parental generations at mutation-selection equilibrium is 0.5. To facilitate comparisons with
the data in Table 6 and also because the main interests are to estimate the parameters for mildly deleterious
mutations in most evolutionary genetics theory, MSE’s in this table are computed based on the parameters
for the mildly deleterious mutations.

increases with an increasing s̃2
h (z indicates the parame- erties of our new approach and the widely used Mukai’s

ter for all mutations including lethals). A similar bias approach. Under the assumption of constant effects and
pattern is observed for ŝ2

h and ŝ2
h/s̃2

h decreases with an that either dominance or overdominance is the genetic
increasing s̃2

h so that ŝ2
h is upwardly biased when s̃2

h is cause of heterosis, h can be estimated satisfactorily with
relatively small, and downwardly biased when s̃2

h is rela- small sampling errors. This may then, indeed, form a
tively large. Again, it is encouraging that with the most basis for powerful tests to discriminate between the over-
likely parameters (U 5 1, s̃ 5 0.038, h̃ 5 0.359), the dominance and dominance hypotheses by the sign of
biases for ĥ and ŝ2

h are reasonably small (ŝ2
h/s̃2

h 5 1.10 ĥs. However, if dominant and overdominant mutations
coexist in the genome, which may be more plausible,and ĥ/h̃ 5 0.607). Actually, they are much smaller than
then inferring which is the dominant cause for heterosisthose by Mukai’s approach when lethals are absent in
by the sign of ĥs is misleading. Estimates of h and s2

houtcrossing populations (Tables 5 and 6), and nearly as
small as in selfing populations using Mukai’s approach. depend on the parameter values. Close estimation of
The same conclusion holds for comparison with MSE s2

h is possible with the most likely parameters of s and
that includes both bias and sampling variance. h and the likely relationship between si and hi. In self-

compatible outcrossing populations with mutations of
variable effects and lethals, our new approach is better

DISCUSSION than Mukai’s, not only because no homozygous lines
need to be constructed but also because of the betterIn this study, we develop a new approach to estimate
statistical performance reflected by the smaller bias andh in self-compatible outcrossing populations. It does not
MSE of the estimates.require the construction of homozygous lines, which is

usually difficult. We also investigate the statistical prop- We developed a methodology in natural outcrossing

TABLE 6

Estimating mean and variance of variable his across loci under dominance

Mukai’s approach New approach

Selfing populations Outcrossing populations Outcrossing populations

s h s2
h ĥ ŝ2

h ĥ ŝ2
h ĥ ŝ2

h

0.01 0.44 2.63E-3 0.391 4.23E-3 0.379 5.35E-3 0.375 946E-3
[0.052] [2.71E-3] [0.063] [3.74E-3] [0.067] [8.20E-3]

0.03 0.36 1.11E-2 0.256 1.19E-2 0.172 1.47E-2 0.169 1.50E-2
[0.109] [0.64E-2] [0.190] [0.74E-2] [0.194] [0.87E-2]

0.05 0.30 1.69E-2 0.170 1.62E-2 0.049 0.68E-2 0.043 0.60E-2
[0.134] [0.83E-2] [0.252] [1.07E-2] [0.258] [1.13E-2]

U 5 1 for all the parameters simulated. The simulation conditions are the same as those in Table 2. Numbers
within brackets in Tables 6 and 7 are the square root of MSE of the estimates, which are reduced to SD when
estimates are unbiased.
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and selfing populations to estimate h as well as the However, for populations not at equilibrium, such as
those resulting from recent admixture, care needs togenomic mutation rate and the mean homozygous ef-

fects s (Deng and Lynch 1996a, 1997). The approach be taken to see that the key assumption holds reasonably
well before applying the methods investigated here.utilizes the information of the mean and genetic vari-

ance before and after selfing/outcrossing in out- Due to the lack of knowledge of the statistical proper-
ties, it has been a practice (even until fairly recently)crossing/selfing populations. Because more informa-

tion from the data is used, more parameters concerning to discriminate dominance and overdominance hypoth-
eses by estimated ĥs with Mukai’s approach (Crowgenomic mutations can be estimated by our previous

approach (Deng and Lynch 1996a, 1997). Additionally, 1993; Johnston and Schoen 1995). However, our stud-
ies show that this may be valid only when one mode ofwhen estimating several genomic mutation parameters

simultaneously under the same sample size, it is gener- constant genetic effects (either dominance or overdomi-
nance) underlies heterosis or mutations. Although itally superior, statistically, to other available methods as

revealed by our computer simulations (Deng and Fu may be more plausible that both dominance and over-
dominance underlie heterosis or new mutations, the1997). However, our newly developed method here uti-

lizes the information that was not considered by Deng conclusions from this approach should be treated with
caution. Estimated ĥs with Mukai’s approach have alsoand Lynch (1996a, 1997), that is, the covariance be-

tween the parent and the mean of the selfed progeny. been used to infer additivity or nonadditivity of within-
locus mutation effects (Eanes et al. 1985; Johnston andAs in the method of Deng and Lynch (1996a, 1997),

our newly developed method also only requires two Schoen 1995). This would not only need to assume
that either dominant or overdominant alleles underliegenerations of husbandry in the laboratory. Our newly

developed method requires multiple selfed progeny heterosis or new mutations but also that mutation effects
across loci are constant, so that h can be estimated withfrom each parent, while this requirement in Deng and

Lynch (1996a) is eliminated by our later work (Deng little bias. Our simulation results indicate that under
more reasonable conditions (variable mutation effectsand Lynch 1997). However, replications of genotypes,

which are not feasible for many outcrossing populations, and/or mixed dominance and overdominance), h can-
not be estimated without bias by Mukai’s approach.are not required for our newly developed method, al-

though they are currently required in the methods of Thus, inferring (non)additivity of within-locus mutation
effects by ĥs with Mukai’s approach may also be invalid.Deng and Lynch (1996a, 1997). Furthermore, estima-

tion of s2
h is possible by the methods investigated here In outcrossing populations, the estimation of h must be

based on the assumption that overdominance does notbut is not possible by our earlier methods (Deng and
Lynch 1996a, 1997). Different methods developed contribute to heterosis. Otherwise, the key assumption

does not hold. As shown, applying Mukai’s approach(such as those discussed here and that in H.-W. Deng

and Y.-X. Fu, unpublished results) may supplement in outcrossing populations will result in an underestima-
tion of h for the dominant alleles, if loci with overdomi-each other in different situations, so that estimating the

parameters of deleterious genomic mutations can be nant alleles exist elsewhere in the genome.
We concentrate on studying the estimation of h andaccomplished in a wider range of taxa.

We concentrate on studying the most plausible multi- s2
h under the hypothesis that dominance and overdomi-

nance are the only two genetic causes of heterosis. Thisplicative mutation effects. Although epistatic mutation
effects have been speculated and may be possible, their is not necessarily true (Richey 1942; Minvielle 1987;

Schnell and Cockerham 1992). If a population is indetection is a very difficult empirical problem, and little
convincing information exists on the subject. We there- gamatic phase disequilibrium, fitness is multiplicative,

and loci do not recombine freely, then change of meanfore do not study their effects here. The effects of syner-
gistic mutation have been investigated for estimating upon inbreeding can happen even under pure additive

genetic effects. However, the contribution to heterosisgenomic mutation rate U (Charlesworth et al. 1990)
and U, h, s (Deng and Lynch 1996a), indicating that from this kind of genetic source (additive-by-additive

epistatic effects) is generally of minor importance,the effects of even strong putative synergism are slight.
Linkage equilibrium for quantitative traits has been sub- compared with those from dominance/overdominance

(Schnell and Cockerham 1992). Therefore, the con-ject to extensive studies for a long period of time (e.g.,
Lewontin 1985; Houle 1989; Zapata and Alverez clusions from our simulations, ignoring such genetic

sources of heterosis, are unlikely to be much affected.1992, 1993; Lynch and Deng 1994; Deng and Lynch

1996b). Given the inconsistent empirical results from Because the arithmetic mean is the most often-used
measure of the average, we compare the bias of ĥ relativethe long time studies, we choose to study in detail its

potential effects on the estimation in our later studies. to h. However, it needs to be keep in mind that some-
times other measures of the average (such as the har-Mutation rate at any locus is generally small; hence, the

key assumption that the rare allele has low frequency monic mean) of hi may be preferred (Deng and Lynch

1996a).is likely to be valid in populations at mutation-selection
balance, whether it influences fecundity or viability. Our results indicate that estimating h in selfing popu-
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lations may be slightly better than in outcrossing popula- the variability of si across loci. Theoretical investigation
is needed, as are data.tions, in terms of the degree of bias and sampling variance.

However, the parameter h in outcrossing populations We thank Drs. D. Charlesworth, D. Houle, M. Lynch, M. Uye-

may not be the same as that in selfing populations due noyama and two anonymous reviewers for very helpful comments on
the manuscript. H.-W. Deng thanks Dr. M. Lynch for years of adviceto the mating system difference. Hence, there is a need
and Dr. D. Hedgecock for providing support to attend the confer-to estimate h in outcrossing populations. Although in
ence “The Genetic and Physiological Bases ofHeterosis,” which greatly

outcrossing populations Mukai’s approach is slightly benefited the development of this work. The work was partially sup-
better than our new approach in terms of bias and ported by a FIRST AWARD from the National Institutes of Health to

Y.-X. Fu. H.-W. Deng was also supported by a Health Future Foun-sampling variance in the absence of lethals, it requires
dation grant to Dr. R. Recker when preparing this article.construction of homozygous lines. Even in the most
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mozygosity is only expected to be reduced by one-half
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