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The present contract is a continuation of a contract held for four previous
years at the University of Rochester.  Thus, the work discussed in this three-year

progress report is, in part, a continuation of that previous contract.  It is not
always easy to separate results of the two different periods, and the publications
during the last three years have partly resulted fram work done before 1965.

I.  Research Accomplishments

The original objectives of this program, as set forth in the first contract
proposed in 1960, were very broad.  It was proposed that we study by algebraic and

numerical methods the dynamics of gene frequency change in populations subject to
natural selection.  In particular, we would emphasize models in which a number of
loci were segregating simultaneously, in which interaction between the loci could
be assumed, in which different loci could be assumed to have quite different kinds
of effects on phenotype and on fitness, and, finally, in which the parameters them-

selves might be subject to temporal fluctuation.

As time has passed, a number of ancillary problems have arisen, related to
these original objectives, and we have pursued scme of them.  As the project has
unfolded over the seven years of its existence, it has touched on nearly every
phase of theoretical population genetics and each problem has been pursued as it
has arisen.  Nevertheless, the original objective of studying the interaction of
genes in determining the evolutionary changes in/population has not changed, and
our main effort has gone into examining various ,aspects of the selection and linkage
problem as originally set out.

A.  Multi-Locus Simulator

We have developed a large computer simulation program for the IBM 7094 that
has  been  used  for a variety of problems  and  can  be  used for mariy others.     The
program is written as a single connecting routine into which a variety of alterna-
tive subprograms can be fitted for different models of mating, gamete production,
selection, determination of phenotype, etc.  An input population of genotypes and
associated phenotypes is specified, and subsequent generations are produced and

printed out together with a variety of statistics on gene frequency, linkage dis-
equilibrium, phenotypic means and variances, and mean fitness of the population.
Each generation is produced by Monte Carlo simulation of mating, gamete production,

phenotype development, and selection.  The selected offspring then became the
parents of the next generation.  The specifications of the program are as follows:

1)  Up to 36 loci which may include main effect loci, modifiers of the addi-
tive effect at the main loci, modifiers of the dominance effect, modifiers of the
epistatic interaction, modifiers of the genotype-environment interaction, all inter-
spersed arbitrarily.

2)  Number of parents of each sex up to 2048.

3)       2 is at random with males and females chosen with replacement (Poisson
process)  ri  hout replacement, but females with replacement.  An option allows
mating to be rejected if phenotypes of male and female differ by more than a given
amount.
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4)  Gamete production allows different recombination in the two sexes and

arbitrary recombination fractions between adjacent genes.  An option allows for
segregation of a cross-over suppressor (inversion)

5)  Phenotype determination has four options for interaction among loci:
additive; an arbitrary power of the sum over loci; additive plus pairwise products
of all loci; additive plus quadratic plus cubic interactions.

6)  Selection alternatives include:  single fixed value truncation; double
fixed value truncation; optimum deviation model  in which fitness falls off as an
arbitrary power of the deviation fram an optimum; genotypic selection in which the
fitness of various genotypes at 6 loci can be specified; multiplicative selection
in which fitness is given by multiplying the fitness of each locus separately;
single proportional truncation; double proportional truncation.

Output from the program includes gene frequencies at all loci, linkage dis-
equilibrium at selected pairs of loci, phenotypic and genotypic means  and variances
of each kind of locus, proportion of all generated individuals selected.

A special graphing program prints out graphs of the various output variables
against generations so that hand graphing is unnecessary.

B.  Synergistic Effects

Using the simulator and an earlier version of it, we have investigated the

effect of breaking up the gename into blocks of genes within which there is
restricted recombination, but between which recombination is free.  The model is of
two chromosomes, both with genes controlling a character.  We have found that if
there are two blocks of genes, one tightly linked and the other loosely linked, the

effects of linkage usually seen are exaggerated.  That is, the tightly linked block
behavesa as if it were even more tightly linked than it is, while the loosely linked
block acts as if it were even more independent.  For example, it was previously
shown that most optimum models lead eventually to gene frequency fixation, but that
linkage slows up this process considerably.  When two blocks of genes are considered,
the tightly linked block changes gene frequency even more slowly than would be ex-
pected, and the loosely linked block more rapidly than expected.  It seems that
there is a synergistic effect.  We may then expect the build up of linked camplexes
even more effectively if there are also scattered genes controlling the character.

Investigation of daminance modification shows that linkage is critical in
determining the role of daminance modifiers.  When linkage among main effect genesis tight, dominance modifiers may be selected strongly, while for loose linkage it
is the main effect genes that are subject to the strongest selection.  This needs
further exploration.

The result of this investigation is published in Bibliography item 14.

C.  Multiple Heterotic Systems

Using the simulator, we have examined a model of selection in which there are

large numbers of heterotic loci, the fitness of the genotype being the product of
the fitnesses at the separate loci.  This model was·developed to answer the question
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"How many loci can be kept segregating in a population by natural selection, given
the available reproductive  rate  and a finite population  size?"    When  a very large
population (N=1000) with camplete linkage was run, the result was that the mean

fitness of the equilibrium population was well below the theoretical value for an
infinite population because of the fixation of genes at several loci.  In fact, there
was very little increase in mean fitness in the completely linked case over the
result predicted for free recombinations, although in an infinite population mean
fitness should have been 5 times higher in the linked case.  When linkage is cam-
plete, there is a fixation of 2, 3, or 4 gametic types which are not perfectly

balanced.  Since there is no recambination, no balanced types can arise fram these.

In medium size populations (250 of each sex) there can be a drastic improvement

in mean fitness if there is a very small amount of recambination, but only if there
is a very small amount.  That is, there is an optimal amount of recombination for

this model.  For example, with each hamozygote at a locus having a fitness of .90
relative to the heterozygote, the mean fitness of a freely recombining population
at equilibrium is .15-.16.  This fitness is not detectably different in a popula-
tion where recombination between adjacent genes is as small as .002.  When R drops
to .001, however, the fitness of its population rises to .35-.40 because two balanced
gametic types are evolved (in 200-400 generations) and these are not broken up by

recombination.  If R=0, the balanced types never evolve because fixation of gametic
types occurs and fitness does not rise above .20.

In very small populations (25 of each sex), gene fixation at all loci is so

rapid that there is no chance for balanced types to build up except when selection
is much more extreme.  It is unlikely that large numbers of loci have heterotic

effects in excess of 10% so that in effect tight linkage does not increase fitness
in very small populations.

This work needs further development before any definitive statement can be
made about how much population fitness can be saved by linkage.

D.  Quadratic Optimum Model

It was reported by Jain and Allard (P.N.A.S. 54:1436-1443) that linkage makes
a substantial change in the equilibrium of genes in quadratic optimum selection.
More particularly, they claimed th90 surh linkage -reduced the region of stability
from that given by Lewontin (Genetics 50:7 r-rea).    This  seemed  imp-04hl e  to  us  so
we   conducted a careful equilibrium study of two-locus optimum models. The -sult,
as  we   expected,   was that linkage signi ficantly increased the region of stabilin,
and that Jain and Allard were in error because of computational difficulties.

The result showed such a marked increase in the region of stability with tight
linkage that we must now allow the possibility that many loci can be kept segregat-

ing by such a aelection mode.  The complete result is reported in Bibliography item
10.



-4-

E.  Segregation Distortion

A larger and larger number of genes have been discovered in natural populations,

whose maintenance in a segregating equilibrium is the result of abnormal gamete pro-
duction.  In particular males (usually) heterozygous for a wild type allele and a
mutant allele, produce sperm most of which carry the mutant. This "meiotic drive"
keeps in high frequency a gene that would otherwise be lost because of the sterility
or lethality associated with it.

In previous years we have studied the population dynamics of sterile and lethal

genes with a meiotic drive mechanism as exemplified by the male-sterile and lethal
t- alleles in mice.  Recently evidence has accumulated that the male-sterile genes
in mice also have adverse viability effects in homozygotes.  Such genes are thus
part-way between simple male-sterile and camplete lethals.  The population dynamics
of such alleles has been studied for infinite populations by numerical evaluation of
exact algebraic relations, and for finite populations by Monte Carlo simulation.
The results are embodied in Bibliography item 16.

For finite populations, male sterile alleles with segregation distortion m in

heterozygotes viability 1-S in mutant hamozygotes and 1-t in normal hamozygotes,
will be maintained in stable equilibrium provided that t>.5-m irrespective of the
value of s.

For finite populations, the result is quite different.  The rates of fixation
of both deleterious genes (leading to population extinction because of male steril-
ity) and normal genes are more or less independent of 9 unless selection is extreme
(S>.5)·  Thus, provided that mutant homozygotes are more than semi-lethal, the pop-

ulation dynamics of male-sterile alleles is unchanged by viability loss.  When se-
lection is very extreme, however, population extinction becomes infrequent because
high frequencies of male sterile alleles never occur.  Such semi-lethal, male

sterile, t-alleles are similar to lethals in their dynamics.

F.  Variable Selection

We have investigated mathematically and with numerical integration on the cam-
puter the effect of fluctuating selection in populations of a given size.  In par-

ticular, we want to know what the genetic load on a population of size N is, if a
heterotic gene is under selection only in some generations.  We have studied two
cases.  In one, selection of intensity S is "on" a proportion of generations E and
"off" (not operating) a proportion (1-PT where generations are independent.  In
the second, there  are  runs of generations during which selection is  "on"  and  "off. "
The distribution of gene frequencies at the ergodic  state differs very little for
these cases from the distribution when there is constant selection of intensity iE·
However, most of the genetic load comes from the terminal classes, and it is not
clear from our analysis how much these are affected.  We have had great difficulties
in the numerical integration because the distribution is U-shaped and the terminal

classes approach q=o and q=1 asymptotically.  It appears that genetic load is
actually smaller in the fluctuating case than in the constant case, but we are not
certain yet.
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G.  Selection in Inbred Populations

In inbred populations subject to natural selection, it is well known that a
function  of the inbreeding coefficient,  E,  and the selection coefficients  is  maxi-
Eized by natural selection.  This function is not the mean fitness of the population,
W, but is

--

V=W+F W
I

where WI is the mean fitness of the inbred part of the population.  When two loci are
considered simultaneously, however, there is no function that is maximized in two
dimensions.  Therefore to find the equilibrium of gene frequencies it is necessary
to plot vector fields of gene frequency change.  Using our GE shared-time console,
we have begun to investigate the properties of two-locus systems with inbreeding and 6-
different amounts of recombination.  We have begun by investigating the two-locus
polymorphisms in the grasshopper Moraba scurra previously worked on.  It was sug-
gested by Allard and Wehrhahn (Evolution 18:129-130) that these polymorphisms may

be maintained by selection with inbreed1ng.  These authors used an erroneous method,
however, since they examined maxima of W which do not apply in inbred systems.  We
have found that their suggestion is, nevertheless, plausible in that stable equilibria
can result, but the equilibrium points are different fram those given by them.

We intend a more general investigation of this problem during the coming year.
This will include algebraic work as well as numerical computation to try to derive
some general properties of two locus inbred systems.

H.  Estimation of Fitnesses

One of the most serious difficulties in checking the results of theoretical
investigations against experimental data and field observation is that estimation
of parameters from the data is difficult.  While many people have attempted to
estimate selection intensities in nature or in the laboratory, the results are
usually incorrect.  It has been shown by Prout (Evolution 19:546-551) that the use

of genotypic frequencies in successive generations to estimate fitnesses by devia-
tion from Hardy-Weinberg expectations gives false results, except under very special
circumstances.  We have found, however, that if the usual method of estimation is
abandoned, it is possible to get a maximum likelihood estimate of fitnesses from

v< genotypic frequencies in successive generations.  The method gives separate
estimates of selection between zygote formation and scoring of the genotypes, and
between scoring and zygote formation in the next generation.  This latter component
includes differential fertilitf Using our shared-time computer console  we have
applied the estimator to data on selection in Drosophila.  The results show that
"late" selection including fertility is much more important than larval viability.
Second, the variance covariance matrix shows that much larger amounts of data than
are usually taken in selection experiments are required to get reasonable standard

errors.  We plan an analysis of other sets of data and same numerical investigations
of model data.
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I.  Rates of Increase

One direction of our work has been to extend genetic theory to parameters of
ecological importance.  Bibliography item 6 describes the results of a study on
selection for various ccmponents of the life cycle in a simplified form of the life
table and fecundity schedule.

The investigation was carried out assuming an age specific fecundity and ·
mortality schedule that produced a triangular distribution of live offspring pro-

duction.  That is,,at age A the first offspring is born, the number per unit age
increases linearly until time I, whereupon it decreases linearly to 0 at time E.

The total number of offspring 9 is also a parameter.  The result was, briefly, that
selection is most effective in increasing the rate of increase I shifting all the

time constants toward smaller values by a rigid translation of the offspring pro-
duction curve.  Next most effective is lowering   alone, next 2 alone, and least

effective is reducing E.  Thus, we expect most selection to operate to produce off-
spring early, without having much effect on length of life.

In connection with this theoretical study of selection, we have estimated the
rate of increase I  and the standard error of this estimate for a variety of

populations of Drosophila.  The estimation process requires the handling of large
amounts of data specially gathered for the purpose and the combining of data on
separate components of the life cycle.  Results for three different experimental
cases are given in Bibliography items 1, 9, and 15.

II.  Plans for the Future

In the immediate future we intend to follow out several lines of work already
embarked on but not yet completed.  These include the study of selection and
inbreeding in deterministic models, the estimation of fitnesses from genotypic
frequencies in successive generations, the evaluation of the genetic load under
fluctuating selection, and the completion of our study of multiple heterotic sys-

tems.  Each of these problems arises out of our general goals of studying the
genetic changes due to selection in multi-locus systems.

Over the long run our objective will turn more in the direction of small

population studies.  Up to the present time the Monte Carlo approach we have used
has not had as its purpose the study of the stochastic element in the population
processes.  Rather it has been a technique for getting numerical results in the
most efficient way.  The largest possible population sizes have been used.  As
discussed in section V of this Progress Report, the next important step in popu-
lation genetic theory is to examine multi-locus systems in small populations.  The
results of the past years have shown us that the multi-locus systems have proper-
ties not predicted fr6m considering loci in isolation.  We must now see how these

properties behave when there is considerable sampling error in the passage of
genotypes from generation to generation.
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III. Graduate Students and Postdoctoral Fellows

The program has not been successful at all in attracting graduate students,
and most people associated with the project have been at the postdoctoral level.
The reason for this failure to acquire graduate students is not clear.  Very few
graduate students in the past few years have been working in theoretical population
genetics anywhere, and the few that have are mostly at agricultural institutions
whose chief emphasis is on plant and animal breeding.  It is through their centralinterest in breeding (or in a few cases in human genetics) that most recent stu-
dents have been attracted into theoretical work.  It is not possible for us to take
advantage of those interests.  Once the students have acquired their degrees, how-ever, they come to our program for postdoctoral tenures.  A number of examples can
be seen in the following list:

1.  Joseph Felsenstein.  The only student to take a Ph.D. in association withthis program.  Mr. Felsenstein has worked on statistical problems (Bibliography
item 5), the general theory of linkage and selection (Bibliography item 2), and has
written his thesis on problems of classification using objective numerical methods.
His dissertation described a maximum likelihood method and a Bayesian approach tothe reconstruction of phylogenetic sequences.  Mr. Felsenstein received his degree
in September 1967 and is now at the Institute of Animal Genetics, Edinburgh, with
Alan Robertson.  He will be Assistant  Professor of Genetics, University of Wash-
ington, Seattle, beginning September 1, 1968.

2.  David Bruck was a postdoctoral fellow on the project fram July 1, 1965, to
June 30, 1966.  He came from North Carolina State College where he worked on the
theory of sexual isolation experiments.  That work was continued with us, and an
attempt was made to simulate the experiments on the computer.  No great progress
was made, and Dr. Bruck's fellowship year was not a success for him or for us.

3.  Peter Hull  was chief'ly associated with the contract before the period ofthis progress report but continued in 1965 to serve as a consultant.  The results
of his work on the theory of autoincampatability (Bibliography item 6) and on the
interaction of selection and linkage (Bibliography item 14) have been published
recently.  Dr. Hull came from the Central Experiment Station of the Canada Depart-ment of Agriculture and is now Lecturer in Genetics at the University of
Strathclyde.

4.  Madho Singh was a research associate on the project from March 1965 to
July 1966.  During that time he developed our present large-scale simulator program
for the 7094, together with graphing routines.  His work on stability of the
quadratic optimum model is described in Bibliography item 10.  Dr. Singh is now
Professor of Genetics in the University of Udaipur, India. Of all the research
associates and other postdoctoral appointments in the seven years of this project,
Dr. Singh made the greatest quantitative contribution to the direct objects of theprogram.  The large-scale simulator he wrote for the 7094 computer will be of use
for many years.
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5.  S. S. Y. Youngi  left the project shortly before the present report period.
However, two of his projects on the interaction of selection and linkage have
recently been published (Bibliography items 11 and 16).  Dr. Young was +ormerly
with the Animal Genetics Section of C.S.I.R.0., Sydney, Australia, and has recently
been appointed Professor of Genetics at Ohio State Uhiversity.

6.  Ian Franklin has just come to the project from the Department of Genetics,

Berkeley, California, where he did his thesis work with Everett Dempster.  He is
currently involved in all phases of our program including estimation of fitnesses,
multiple heterotic model, fluctuating selection, and inbreeding with selection.
He will leave the project in July 1968 to return to Australia.

7.  Jerome Wilson  is a U.S.P.H. S. postdoctoral trainee from September 1,
1967, to June 30, 1968.  He came fram the University of California at Riverside,
where he worked on problems of estimating fitness from incomplete information of
various stages in the life cycle.  He will continue that work here.
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V. Present State End Future Prospects

The theory of population genetics was well established by 1940
and for 15 years after that no very great progress wes made.
There was a fairly complete understanding of single locus
systems in very large populations and the equilibrium theory
for small populations wes worked out in outline where an
ergodic state could be assumed. Starting in about 1955
there was a flourishing of interest in non-equilibrium
stochastic models, due chiefly to Kimura, and as a result
we now have a much better understading of the rate of loss of
genetic variation in small populations and of the effect that
loss has on the average fitness of the population.  Beginning
in about 1960 theoretical population genetics began to develop
another new direction, the investigation of multi-locus systems.
Up to that time the assumption had been that the properties of

multi-locus systems were not different from single-locus ones
and that the changes in the genome as a whole would be under-
stood in most cases by understanding the theory of the single-

locus.  Since 1960 it has become clear, in large part, I be-
lieve, through the work of our project, that linkage and
interaction among loci significantly affect the genetic changes
and the composition of equilibrium populations.  We now have
some knowledge of the magnitude of these effects, whet conditions
of selection and linkage lead to interaction effects and what
the results for the population may be.  Rates of change of
the frequencies of genes and of the mean phenotype in the

population may be very strongly affected by linkage.  Thus
-predictions and the rate of evolution of characters in human

populations or the outcome of artificial selection procedures

in domestic animals and agricultural plants depends upon our
understanding of interactions in the genome, and predictions

made from single locus theory may be badly in error.  On the
other hand, development of multi-locus theory has also shown
the condition under which the simple theory is applicable

allowing quite accurate predictions to be made from single-
locus dynamics.

The future investigations in this field will be in the union
between the stochastic theory of single locus systems and the

deterministic theory of multi-locus systems.  This union will
provide the most realistic theoretical apparatus for under-
standing and predicting genetic changes in populations.  For
simple cases, general literal solutions or numerical solutions
to general formulas will be possible. In more complex cases,
however, it will be necessary to resort to simulation and

other strictly numerical devices.  Because of the very large
number of variables it is a mistake to plunge into a numerical
investigation of the most complicated cases.  No sense can be
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made out of the results.  General approximate solutions should
be tried first and numerical methods used to check for good the
approximation may be.  An excellent example of this approach is
the recent work of Alan Robertson giving quite general, although

) approximate relations between the effective population size,selection intensity, linkage distance and rate of changes of poD-
ulation genotypes.

VI. Total Federal Support

The total work of our group is divided between theoretical and
experimental studies of populations.  The theoretical studies
funded entirely by the #EC under the present contract.  For
the three years of this report a total of $67,724 has been ap-
propriated by the AEC of which approximately $10,000 will
remain unexpended at the end of 1967.  The experimental  program
has been supported over the last three years by the National
Science Foundation for a total of $89,300 of which none will+ remain unexpended  at  the  end  of  1967.
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