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1. Allele and gene copy fixation under a constant-N Wright-Fisher neutral model.

The probability that a given allele will ultimately fix is its starting proportion (p). If the allele fixes,
the expected fixation time (Kimura and Ohta 1969) is

—4Nqlngq

t,(p) = >

where q is defined as 1-p. Similarly, if the allele is lost, the expected absorption time is

—4Nplnp

to(p) = q

The expected time depth in generations of a coalescent with sample size k is

E(T) ~ 4N (k _ 1)
~ )
When k = 2N, this becomes ~4N-2. Therefore, for N =100 and N = 1,000, the expected time depths

of the coalescent are 398 and 3,998 generations, respectively. This should correspond to the time
that it takes for a random gene copy to drift to fixation. The expected variance is

k
V(T) ~ 16N22[i(i N

For N=100 and N = 1,000, the expected standard deviations of the time depth of the coalescent
are 215.36 and 2,153.58 generations, respectively.

Simulations were run with population sizes of 100 and 1,000. The linkage map distance was set to
50 cM. For each value of p, 1,000 iterations were performed. The minimum value of p was 1/2N
(one copy of the A and B allele in the population); the maximum value of p was 0.95, and several
intermediate values were tested.
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There was good correspondence between observed and expected values of fixation proportion,
fixation time, and absorption time (Figures 1 and 2). Departures from expectations only
occurred for fixation time when p = 1/2N; this reflects the very small number of fixations coupled
with a high variance. Similarly, absorption time was slightly off for high values of p, again
reflecting small sample size.

Under a neutral model, mean gene copy fixation time and variance therein are independent of p.
For N=100 and N = 1,000, both mean and standard deviation randomly bracket the expected
value, as expected (Figures 3 and 4). For N = 100, the smallest standard error among all runs
(both operating systems) was 6.40; the greatest absolute departure between observed and
expected gene copy fixation time was 12.85, roughly twice the minimum standard error. For N =
1,000, the smallest standard error was 63.8. The greatest absolute departure between observed
and expected gene copy fixation time was 246.9; the next greatest departure was 158.9. Given
that there are 28 contrasts of observed vs. expected, the departures are reasonable.

2. One generation of drift under a constant-N Wright-Fisher neutral model.

For a diploid population of N individuals, genetic drift can be modeled by random sampling from a
binomial distribution, where the number of trials is 2N and the probability of sampling an allele is
pw1. Thus, the probability of any given value of p: is obtained from

2N
P’r (pt) = <2Npt_1> pZNpt—l qZNCIt—l_

For populations of N =100 and N = 1,000, four values of p..1 were used: 1/2N, 0.1, 0.5, and 0.95.
The simulation was run for one generation, with 50,000 iterations for each combination of
population size and p:.1. Because only one generation was tracked, only the Alpha gene was
analyzed. There was good agreement between observed frequencies and those expected under
the Wright-Fisher model (Figures 5 and 6).

3. Fixation probability of beneficial mutations.

According to Kimura (1962), in a constant-N randomly-mating population, the probability that a
beneficial allele at proportion p will eventually fix is

. 1— e—4-Nsp
PT'(fl.X) = m .

For an allele at a proportion of 1/2N (corresponding to a new beneficial mutation), this becomes

1-— e—Zs
PT'(fl.X) = m .

For low positive values of s and high values of 4Ns, the numerator is ~2s, and the denominator is
~1, giving rise to a fixation probability of ~2s. However, for higher values of s, the probability
must be computed using the above formula.
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Simulations were run with 1,000 and 10,000 individuals. Homozygotes of the beneficial allele had
arelative fitness of 1, heterozgyotes had a fitness of 1-x, and homozygotes of the "ancestral” allele
had a fitness of 1-2x. For simulations with N = 1,000, the population began with 999 individuals
homozygous for the ancestral allele and with one heterozygote. For simulations with N = 10,000,
the population began with 9,999 individuals homozygous for the ancestral allele and with one
heterozygote. [The simulation was run twice, such that A and a were alternatively assigned to be
the beneficial allele.] For N=1,000, x was setto 0.01, 0.02, 0.05 and 0.1. For N = 10,000, x was set
to 0.005, 0.1, and 0.5. Please note the use of x. The selection coefficient s in the above formulas for
Pr(fix) is the selective advantage. It was computed as s = (w12/w11)-1, where w1 is the fitness of
heterozygotes and w11 is the fitness of individuals homozygous for the ancestral allele. For each
simulation, 10,000 iterations were run.

In general, there was fairly good correspondence between the observed and expected number of
fixations of the beneficial allele (Figure 7). It should be noted, however, that the number of
fixations was slightly, but consistently, below expectations for the highest values of s for N = 1,000.

4. Selection-mutation equilibrium.

One way to achieve an equilibrium allele proportion is to balance natural selection against
genotypes bearing the allele with recurrent introduction of the allele by mutation. If the mutation
is incompletely dominant, such that the heterozygote has a fitness between those of the two
homozygotes, the expected equilibrium proportion is

__H
1_W12’

qeq

where u is the mutation rate to the deleterious allele and w1 is the relative fitness of the
heterozygote; the fittest genotype is assigned a relative fitness of 1.0. In the case of no dominance,

__H
Geq 0.5s,, ’

where s2; is the selection coefficient against individuals homozygous for the deleterious allele. If
the fitness effect of the deleterious allele is completely recessive,

| H

To test whether the expected equilibrium allele proportion was achieved, simulations were run
with N = 10,000 for 1,000 generations. In all cases, s22 was set to 0.02. Mutation rates varied from
0.0001 through 0.0016. For the case of no dominance, the Alpha gene was used; the simulations
were repeated using one allele or the other as the deleterious allele. For all simulations with no
dominance, the initial proportion of deleterious alleles was 0.05, which did not correspond to any
of the predicted equilibrium proportions. For the case of a recessive deleterious allele, the Beta
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gene was used. Again, the simulations were repeated using both alleles as the deleterious allele.
For all simulations with recessive deleterious alleles, the initial proportion of the deleterious allele
was 0.12, which did not correspond to any of the predicted equilibrium proportions. The mean
proportions (using 200 iterations) corresponded well with those predicted from theory (Figure
8).

5. Directional selection.

In a modified two-allele Hardy-Weinberg model, the recurrence equation for allele proportion is

' p*wi1 + pqws;
p2wy + 2pqwy; + qwy,

p

where p and q are shorthand for p«.1 and g1, respectively; p'is shorthand for pi; and wj; is the
fitness of the aiaj genotype.

Simulations were run with initial p of 0.1 at HWE genotype frequencies (N = 10,000) for 1, 2, 5, 10,
or 20 generations (500 iterations). For the case of a harmful recessive allele, the Alpha gene was
used, with fitnesses of waa = 1, wae = 1, and wae = 0.9. For the case of no dominance, the Alpha gene
was used, with fitnesses of waa = 1, waq = 0.98, and waq = 0.96. For the case of a harmful dominant
allele, the Beta gene was used with fitnesses of wpz = 1, wgp, = 0.75, and wpp = 0.75; that is, from a
fitness standpoint, b was the dominant allele. There was very good correspondence between
mean p and p predicted by the recurrence equation (Figure 9).

6. Heterozygote advantage (overdominance).

[f the heterozygote has the highest fitness, allele proportions should reach an equilibrium:

P = S22
eq — )
S11 + S22

where s11 and sz are the selection coefficients for the respective homozygous genotypes.
Simulations were run with the following combinations of w11 and wzz: (a) w11 = 0.99 with w2 =
0.97, 0.95, and 0.93; (b) w11 = 0.9 with w22 = 0.6, 0.5, and 0.4; (c) w11 = 0.80 with w22 = 0.96, 0.97,
0.98; and (d) w11 = 0.96 and w2z = 0.995, 0.99, and 0.985. Populations began with 1,000 A4, 2,000
Aa, and 1,000 aa individuals. Simulations ran for 500 generations; 100 iterations were performed
for each of the twelve combinations of fitnesses. There was good correspondence between
observed and expected allele proportions (Figure 10).

7. Irreversible mutation.

Under a model of irreversible mutation, p is expected to change as follows:

pe = (1 —Wip,.
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Similarly,
q: =1 —v)qo.

Note that u and v are the forward and reverse mutation rates, respectively. To test the simulation,
populations of 10,000 individuals homozygous for the ancestral allele of both genes were
subjected to mutation rates of 0.001 for 1, 2, 10, 50, and 200 generations (500 iterations each).
Both mutational directions were tested. There was good correspondence between observed and
expected allele proportions (Figure 11).

8. Reversible mutation.

Under a model of reversible mutation, allele proportions should reach an equilibrium:

1%

peq:u+v'

where p and vare the forward and reverse mutation rates, respectively. Simulations were run
with populations of 10,000 individuals heterozygous for both alleles of both genes. The value of u
was held at 0.001, while vwas set to 0.0005, 0.0008, 0.001, 0.002, and 0.003. 100 iterations were
run for 3,000 generations for each combination of mutation rates. There was good
correspondence between observed and expected allele proportions (Figure 12).

9. Migration.

Under a continent-island model of migration, immigrants arrive into a population at rate m. p*
and g* are the allele proportions in the source (continent) populations, and these are assumed to
remain constant over time. Allele proportions in the recipient (island) population are predicted to
change as follows:

pe=p*+ (1A -m)(p, —p*).

Populations of N =10,000 were started at HWE with po = 0.2 for both genes, with a linkage map
distance of 50 cM. The source of immigrants was also at HWE, with p* = 0.8. Simulations were run
for1, 2,5, 25, and 100 generations (500 iterations each), with migration rates of 0.001 (average of
10 immigrants/generation) and 0.02 (average of 100 immigrants/generation). There was good
correspondence between observed and expected allele proportions (Figure 13).

10. Recombination.

The probability that a gamete produced by a dihybrid of the AB/ab genotype will be
nonrecombinant (i.e., have either the AB or ab haplotype) is 1-c, where c is the linkage map
distance in cM divided by 100. The probability that the gamete is recombinant (i.e., that it will
have either the Ab or aB haplotype) is c. Thus, each nonrecombinant haplotype is expected in (1-
c)/2 of the gametes, while each recombinant haplotype is expected in c¢/2 of the gametes.
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Assuming random mating, the proportions of the nine possible F2 genotypes, and by extension the
four possible F2 phenotypes, are predicted by the product rule.

To simulate the dihybrid cross, populations were started with 5,000 AABB and 5,000 aabb
individuals. Mating preferences were set such that the only permitted matings were AA x aa and
Aa x Aa. [Postmating isolation was selected, but this should make no difference.] Consequently,
all 10,000 individuals in generation 1 must have the AB/ab genotype. Because heterozygotes are
permitted to mate with other heterozygotes, generation 2 will represent the products of the
dihybrid cross. Therefore, the simulation was permitted to proceed for 2 generations. Linkage
map distance was setto 0 cM, 1 cM, 2 cM, 5 cM, 10 cM, and 50 cM, and 500 iterations were run at
each map distance. There was good correspondence between observed and expected proportions
of F2 phenotypes and haplotypes (Figure 14). Although it is difficult to see because the
proportions are so small (or zero, in the case of 0 cM), the mean values for recombinant products
were always extremely close to the predicted values.

The effect of recombination can also be assessed by measuring the decay of linkage
disequilibrium:

Dap = Pap — PaPs

where p4g is the observed proportion of the AB haplotype, and p4 and pp are the observed
proportions of the A and B alleles, respectively. In a diallelic model,

Dpp = Dgp = —Dap = —Dgp ,

such that choice of focal haplotype does not impact estimation of the absolute value of D. In a
discrete generation model with infinite population size, D is expected to decay as a function of
recombination rate, c:

Dt == (1 - C)tDO .

Populations began with 5,000 AABB and 5,000 aabb individuals (Do = 0.25). Linkage map distance
was setto 1 cM, 5 cM, or 20 cM, and simulations were stopped at 2, 5, 10, 25, and 50 generations
(500 iterations apiece). It should be noted that D is expected to be 0.25 at generation 1, because
there has not yet been opportunity for recombination. Therefore, recombination will have been
permitted for 1, 4, 9, 24, and 49 generations, and D; is based on these values for t. There was good
correspondence between observed and expected values (Figure 15).

11. Nonrandom mating.

EvolGenius allows the user to set mating preferences based on the Alpha genotype. If preferences
vary among pairs of genotypes, the mating preference is subsequently set to either premating or
postmating isolation. The former is equivalent to assortative mating as it is traditionally defined;
once a parent is selected, it will continue to seek a mate until successful. The latter effectively sets
a relative fitness of offspring produced by a particular mating, noting that this is distinct from the
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fitness conferred directly by the offspring's Alpha genotype. Assortative mating does not
predictably change allele proportions, while selection (depending on the nature of the select) may.

The most straightforward test of the nonrandom mating option is to set mating preferences as
follows:

AA x AA 1 Aa x Aa 1 Aa x Aa 1
AA x AA 0 Aa x Aa 0 Aa x Aa 0

This model of very strong positive assortative mating leads to a loss of heterozygosity every
generation, because matings between heterozygotes produces 50% homozygous offspring. Over
time, the proportion of AA and aa genotypes should approach the initial proportions of the A and a
alleles, respectively, while heterozygosity approaches zero. Population were started at HWE with
p=0.2 or p=0.5. Complete positive assortative mating was enforced for 1, 2, 3, 4, or 5
generations (500 iterations each). There was nearly perfect correspondence between mean
observed genotype proportions and expected genotype proportions (Figure 16).

An alternative approach to nonrandom mating is to determine if production of offspring is
permitted after mates are randomly paired. This postmating influence has very different
dynamics from the premating influence described above. In particular, if mating preferences are
set the same as above, such that only matings between individuals of the same genotype produce
offspring, then it is virtually guaranteed that the rarer allele will be lost rapidly from the
population. To see why this is the case, first note that the predicted proportions of the three
genotypes (pa4, pas, and paa) are calculated as follows:

_ Pia+0.25p3,

!

p - )
44 pflA + pgla + pczla
, _ P2 +025p%,
e pflA + pia + pczla’

and
) 0.5p3,
Paa =

piA + pia + Paa '

with the squared terms on the right representing the probability of randomly paired individuals
having the same genotype. Note that for any value of pas, p,, must be below 0.5 if either paa or paa
are non-zero. Note also thatif py4 > puq , then py, > pao- Therefore, regardless of the starting
values of genotype proportions, if py4 > p,q, then after one generation, p, 4, > psq and py, < 0.5.
From the formulas above, it can be shown that

_ _Pia+0.5pj,
piA + pfla + pczla

— (Paa + 0.5p44) -
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When py, > paq and py, < 0.5, Ap is positive (see Figure A). Therefore, the population will
eventually fix the A allele. Similarly, when pg, > p4, and p,, < 0.5, Ap is negative; the population

will eventually fix the a allele.
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Figure A. Change in p under a model of postmating isolation. Ap was only calculated
when paa exceeded pqq and when paq, was less than 0.5. Notice that all values of Ap

are positive.

To test the postmating option for nonrandom mating, the same mating preferences were used as
with assortative mating. Populations of N= 10,000 began at HWE, with p = 0.4 or p = 0.55.
Simulations were stopped after 1, 2, 3, 4, or 5 generations (500 iterations each). There was very
good correspondence between the means of observed genotype proportions and those predicted

using the recurrence formulas above (Figure 17).
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Figures for Validation Analyses
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Figure 1. A. Frequency of A and B allele fixation for N =1000 (1,000 iterations). B. Mean
fixation times (when fixed) of A and B alleles. Note that sample sizes are very small (n =2
to 5) for low initial p. C. Mean absorption times (when lost) of A and B alleles. Note that
sample sizes are small for high initial p (n = 43 to 60)
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Figure 2. A. Frequency of A and B allele fixation for N = 1,000 (1,000 iterations). B. Mean

fixation times (when fixed) of A and B alleles. Note that sample sizes are zero or very small
for low initial p (n = 0 to 3). C. Mean absorption times (when lost) of A and B alleles. Note
that sample sizes are small for high initial p (n =46 to 116).
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Figure 3. A. Mean fixation times of Alpha and Beta gene copies for N = 100. B. Observed
standard deviations of gene copy fixation time.
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Figure 4. A. Mean fixation times of Alpha and Beta gene copies for N = 1,000. B. Observed

standard deviations of gene copy fixation time.
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Figure 5. Distribution of values of p1 after one generation of genetic drift for N =100
(50,000 iterations). A. po=1/200. B. po=0.1. C. po=0.5. D. po=0.95.
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Figure 6. Distribution of values of p1 after one generation of genetic drift for N = 1,000
(50,000 iterations). A. po=1/200. B. po=0.1. C. po=0.5. D. po=0.95.
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Figure 7. Frequency of fixation of a beneficial allele at initial frequency of 1 in a population
of 2N gene copies. A. N=1,000. B. N=10,000.
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Figure 8. Selection-mutation balance. A. Harmful mutation with no dominance.
Simulations were run in duplicate, alternating the use of A and a as the harmful allele. B.
Harmful recessive mutation. Simulations were run in duplicate, alternating use of B and b
as the harmful allele.
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Figure 9. Directional selection. Population size was N=10,000. Selection was carried out
for 1, 2,5, 10, or 20 generations (500 iterations each).
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Figure 10. Heterozygote advantage. Population size was N= 4,000 with initial p = 0.5.
Selection using various combinations of w11 and w22 was carried out for 500 generations
(100 iterations per combination).
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Figure 11. Irreversible mutation. Population size was N= 10,000, with initial p = 1.0 for
A—a and B—b mutations and initial q = 1.0 for a—A4 and b—B mutations. Mutations were
accumulated for 1, 2, 10, 50, and 200 generations (500 iterations each). The x-axis is
drawn on a logarithmic scale to spread out the points. Note that all four curves overlap as
expected.
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Figure 12. Reversible mutation. Population size was N= 10,000, with initial p = 0.5 for
both genes. Mutations accumulated for 3,000 generations (100 iterations each).
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Figure 13. Migration. Population size was N= 10,000, with initial p = 0.2 for both
independently assorting genes. Immigrants came from a population with p = 0.8 for both
genes. Migration occurred for 1, 2, 5, 25, and 100 generations (500 iterations each). The x-
axis is drawn on a logarithmic scale to spread out the points.
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Figure 14. Recombination. A dihybrid cross was performed, beginning with a cross of
AB/AB with ab/ab, such that the F1 was AB/ab. Linkage map distance wassetto 0, 1, 2, 5,
10, or 50 cM. Population size was N = 10,000, and 500 iterations were performed for each
recombination rate. A.Phenotype proportions in the F2. B. Haplotype proportions in the
Fo.
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Figure 15. Decay of linkage disequilibrium. Populations began with 5,000 AB/AB and
5,000 ab/ab individuals. Linkage disequilibrium was, therefore, still at its maximum (D =
0.25) at generation 1, but was able to decay in subsequent generations. Simulations were
run for 2, 5, 10, 25, and 50 generations at each linkage map distance (500 iterations each),
corresponding to 1, 4, 9, 24, and 49 generations of decay.
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Figure 16. Assortative mating (premating mate preference option). A. Populations
beginning at HWE with p = 0.2 (400 A4, 3,200 Aa, and 6,400 aa individuals). B. Populations
beginning at HWE with p = 0.5 (2,500 A4, 5,000 Ag, and 2,500 aa individuals). Note that
the AA and aa proportions are superimposed, as expected. Also note that for both values of
p, the homozygous genotype proportions rapidly settle on the initial proportions of the
corresponding alleles.
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Figure 17. Postmating isolation (premating mate preference option). A. Populations
beginning at HWE with p = 0.4 (1,600 A4, 4,800 Ag, and 3,600 aa individuals). B.
Populations beginning at HWE with p = 0.55 (3,025 44, 4,950 Aq, and 2,025 aa individuals).
Note that when p = 0.4, the aa genotype rapidly takes over; when p = 0.55, the AA genotype
rapidly takes over.
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