EvolutionaryBiology(in press)

THE LIM ITS TO KNOWLEDGE IN QUANTITATIVE GENETICS

Michael Lynch

Departm ent of Biology

Universityof Oregon

Eugene, Oregon 97403

Phone: 541 - 346 - 5579

FAX: 541 - 346 - 2364

Em ail: m lynch@oregon.uoregon.edu

T ABLE OF CO NT ENT S:

T he Nature of Quantitative Variation

T he Meaning of Quantitative Variation

Population Genetics and Population Dynam ics

Issues Concerning Outbreeding Depression and Species Incom patibilities

Sum m ary

Literature Cited

T he lim itations to our u nderstanding of evolutionarygenetic phenom ena lie prim arilyin the em pirical dom ain, as m athem aticians have repeatedlyshown that theyare up to the challenges of m odeling essentiallyanypopulation - genetic phenom enon that can be envisioned. Until recentl y, one of the m ajor constraints in our attem pts to understand the m echanism s bywhich populations evolve has been the inaccessibilityof the gene. Advances in m olecular technologynow enable us to routinelysurveypopulations for variation at the m olecular level, although alm ost all such surveys involving functional genes are focused on coding regions as opposed to the frequently m uch m ore com plex (and potentiallym ore significant) regulatoryregions. T he latter shortcom ing will certainlybe surm ounted in t he near future, and it is fair to saythat there are reallyno longer anyfundam ental lim itations (other than financial ones) to our abilityto m onitor the dynam ics of individual alleles in natural or artificial populations. Nevertheless, despite the m ajor advances in m athem atical theoryand in m olecular technology, one m ight argue that we are not m uch closer to a m echanistic understanding of the evolution of com plex phenotypes than we were in 1920. One of the m ajor challenges confronting evolutionarygenet icists is still the developm ent of a general and biologicallybased synthesis that will facilitate such understanding.

I have chosen to restrict m ydiscussion on the lim its to k nowledge in evolutionarybiologyto issues in quantitative genetics, the subdi scipline that deals with the inheritance and evolution of m ultilocus traits. It was interest in phenotypic diversitythat drove the developm ent of the so - called m odern synthesis in the first half of this century, and the prim aryresearch of m anyevolutiona ry geneticists is still focused on the m echanism s responsible for m orphological, physiological, and/or behavioral diversification within and am ong species. T he vast m ajorityof characters falling into these categories are quantitative, encoded bya large n um ber (dozens to perhaps hundreds) of loci. W hat follows is a brief exposition on som e of the m ajor unresolved issues in quantitative genetics, their significance, and an attem pt to address the degree to which theywill ever be resolvable. Historyhas show n that scientists have regularlysurpassed barriers that were previouslyperceived as insurm ountable, so one m ight argue that anyattem pt to identifythe lim its to scientific k nowledge is a futile exercise. On the other hand, uncritical acceptance of dom in ant paradigm s can im pede scientific inquiryand progress. A close look at our perceived lim its of k nowledge and their relative significance m ayprovide a useful perspective on the m ost useful directions of future research.

Phenotypes versus Genetic Valu es

A serious lim itation of the classical theoryof quantitative genetics is its phenom enological nature.

Due to the m ultilocus nature and environm ental dependence of the expression of m ost quantitative traits, it is usuallyim possible to use phenotypic in form ation to m ak e precise statem ents about the underlying genotypes of individuals. As a consequence, m ost studies in quantitative genetics concentrate on variation at the population level and the partitioning of such variation into causal com ponents (asso ciated, for exam ple, with additive effects, m aternal effects, developm ental noise, etc.) Sophisticated statistical m ethods (for exam ple, BLUP or best linear unbiased prediction) do provide a basis for estim ating the breeding values of individuals when phen otypic m easures are available from m ultiple relatives, and these m ethods are em ployed extensivelyin anim al breeding to identifyelite individuals for selective breeding. In addition, for crop plants that can be propagated clonallyor as inbred lines, gene ral com bining abilities can be estim ated for individual lines and specific com bining abilities for pairs of lines. However, all of these concepts are statistical, not biological, in nature. For exam ple, a breeding value is sim plyan estim ate of the expecte d phenotype of an offspring when the focal parent is random lym ated. As an estim ate, a breeding value is never k nown with absolute certainty, but m ore significantly, such a com posite m easure tells us nothing about the actual allelic states of the loci invo lved in the expression of the phenotype or about m odes of gene action.

Sim ilar criticism s can be levied against the concept of variance - com ponent partitioning. For exam ple, the additive genetic variance, which is the goal in attem pts to estim ate heritabi lities of quantitative traits, is form allyrelated to the variance of breeding values. Here, the word additive can be quite m isinform ative, as it refers to the behavior of phenotype distributions in a statistical sense and need not conveyanyinform ation o n the physiological m ode of gene action (Cheverud and Routm an, 1995). Situations exist in which there can be substantial nonadditive interactions am ong segregating genes and yet verylittle nonadditive genetic variance; the outcom e depends on the average e ffects of alleles in all genetic back grounds. As a consequence of the hierarchical wayin which genetic com ponents of variance are defined in a statistical sense, higher - order com ponents involving nonadditive interactions are virtuallyalways sm aller in m a gnitude than the first - order (additive) com ponent, and this appears to have led to widespread m isconception that dom inance and epistasis are of m inor im portance in the expression of quantitative traits.

Despite these lim itations, quantitative - genetics t heoryhas been a fundam ental source of m anyof the m ethods of applied statistics, and has played an instrum ental role in applications of selective breeding and in the developm ent of m anagem ent strategies in conservation biology. One of the great contributi ons of quantitative genetics is its abilityto reveal the extent to which standing variation for com plex traits is due to genes versus environm ent, but one of its greatest weak nesses is its failure to yield m uch insight into the biological nature of quanti tative variation.

T here is now great hope that QT L analysis (the localization and characterization of quantitative - trait loci byuse of m olecular m ark ers) will rem ove this shortcom ing, an issue that I will address below.

T he Nature of Quantitative Variat ion

QT L analysis involves the search for associations between m olecular m ark ers and the expression of quantitative traits. T he degree of such associations depends on the m agnitude of link age disequilibrium between the m ark er locus and the QT L, on the rate of recom bination between the two, and on the m agnitude of the QT L effect. T he verynature of the enterprise is biased in that loci with verysm all effects are generallyundetectable and in that the estim ated effects associated with detectable loci tend to be inflated (i.e., there is a statistical bias towards false positives).

Moreover, there is generallya verylarge gap between the crude localization of a QT L with a m ark er and its subsequent identification and characterization.

An alternative entree in to the genetic basis of quantitative variation is the candidate - locus approach. Here the idea is to exploit the rich arrayof studies in m olecular/developm ental biology that have revealed the functions of various protein - coding loci through the phenotypic effects of null m utations. Loci that are functionallyconnected to the trait of interest can then be surveyed for segregating variation involving m ore m inor m utations in natural populations. T his approach was successfullyused to show that som e of the vari ation for bristle num bers in natural populations of

Drosophila melanogaster is associated with the achaete - scute region (Mack ayand Langley, 1990) and the scabrous locus (Lai et al., 1994). In addition, life - historyvariation in D. melanogaster has been fo und to be associated with variation in copynum ber of the 28S ribosom al RNA gene

(T em pleton et al., 1989; Hollocher et al., 1992). T hese k inds of results raise the possibilitythat the loci whose m ajor effects have been identified byk nock - out m utations in laboratoryspecies m ay be the sam e loci that are responsible for sm aller - scale variation in natural populations. If this is found to be the case, the field of inquiryin quantitative genetics will be dram aticallyexpanded and facilitated.

W e are still a verylong wayfrom a com plete elucidation of the m olecular basis of anyquantitative trait, although the efforts now being expended in agricultural com panies and in m edical genetics suggest that m ajor advances will be m ade soon. For exam ple, substantial pr ogress has been m ade recentlyin identifying the loci that are responsible for the m ajor m orphological differences between dom esticated m aize and its wild progenitor teosinte (Doebleyand Stec, 1993). T hus, in principle, with enough effort, QT L analysis ca n reveal the full arrayof loci, alleles, and the interactions that determ ine the range of variation for specific quantitative traits in specific m odel system s. W hat then?

Although this line of endeavor has byno m eans reached the point at which we can c learly delineate the lim its to what we can accom plish, the issues can certainlybe addressed. It should be clear that QT L analysis at best reveals the loci that are currentlyexpressing variation in a population. W hile such inform ation m ayprovide insight into future potential directions of evolution in a focal population, it does not necessarilytell us anything about the pathwaybywhich the current population m ean phenotype was acquired. T he loci that were m ost involved in past evolution could verywell be the ones lack ing in observable standing variation. Moreover, it is by no m eans clear that the loci observed as significant in anyone species have the sam e significance in other species.

One of the m ore rem ark able generalities that has em erged from m o lecular studies of developm ent is the degree to which hom ologous genes have been recruited for different functions in different species and the extent to which sim ilar m orphological structures in different species can be products of verydifferent genetic pathways. Most of this work has involved com parisons of m odel species from different phyla (Gerhart and Kirchner, 1997), but recent work with nem atodes has revealed how rem ark ablydifferent developm ental m echanism s can yield nearlyidentical m orphological structures in species from different fam ilies (Eizinger and Som m er, 1997), and work with m em bers of different orders of echinoderm s has revealed sim ilar com plexities (Lowe and W ray, 1997). If these types of results turn out to be general, then the specific genes that are involved in m orphological developm ent in anyone species m aybe fairlyrestricted in their phylogenetic relevance.

At issue here is the fundam ental question of the extent to which inform ation on m icroevolutionary processes yields anyinsi ght into m acroevolutionarypatterns. Argum ents have been m ade that m icroevolutionarytheorycan adequatelyexplain virtuallyall m acroevolutionaryphenom ena

(Charlesworth et al., 1992), but it is not im m ediatelyapparent how the recent revelations in devel opm ental biologycan be accom odated bythe existing theory. Certainly, it is fair to saythat there is a verylarge gap between our understanding of how bristle num bers evolve in natural populations of flies and of how the extraordinarydegree of m orpholog ical differentiation arose am ong the anim al phyla.

T he M eaning of Quantitative Variation

I now turn to the m ore fundam ental issue of genetic variation itself and its relevance to studies in evolutionarygenetics. One of the central param eters of quanti tative genetics is the so - called narrow - sense heritability, which is the fraction of phenotypic variation that is additive genetic in basis. Practical interest in this param eter arises from the fact that the response to directional selection is expected to equal the product of the selection differential (the difference between m ean phenotypes before and after selection, but prior to reproduction) and the heritability. T his

"breeders’ equation" is the closest thing that we have to a predictive theoryof evol ution --- if we k now the heritabilityof a character, then we should be able to predict the response to a specific am ount of selection. (T hings get m ore com plicated when m ultiple characters are sim ultaneously exposed to selection, but these com plications c an be accom odated bya m ultivariate form of the theory; Hazel, 1943; Lande, 1988). One difficultywith the heritabilityconcept is that m ethods for estim ating it often onlygive crude approxim ations, as these are generallycontam inated by nonadditive or no ngenetic sources of variance. A m ore fundam ental problem concerns the nature of standing genetic variation for quantitative traits.

A recent surveyfor a diversityof traits in a varietyof plant and anim al species suggests that the average persistence t im e of a new m utation for a quantitative trait is on the order of a hundred generations (Houle et al., 1996). Since the reciprocal of the persistence tim e is approxim ately equal to the average selection coefficient against a m utant allele (Crow, 1992), thi s suggests that the average m utant allele for a quantitative trait has a deleterious fitness effect of about 1%. T his level of selection intensityis qualitativelyin accord with results that have been obtained in laboratorym utation - accum ulation experim en ts, raising the hypothesis that m ost of the standing genetic variation for quantitative traits is a sim ple consequence of a balance between the input of m ildlydeleterious alleles bym utation and their elim ination byweak selection. If this is the case, th en a substantial fraction of the standing genetic variation that we quantifyas heritabilitym aybe of little relevance to long - term adaptive evolution. If the subset of alleles that are of relevance to adaptive evolution are essentially^rubies in the rub bish,~ then our usual surrogate m easure of evolvability(the total standing am ount of additive genetic variance) is m isguided. Discrim inating between genes that are rubies and those that are rubbish will not be a sim ple m atter, particularly since the fitne ss effects of m ost alleles are verylik elycontextuallydependent, i.e., neither unconditionallybeneficial nor unconditionallydeleterious.

A second issue of concern with respect to the practical m eaning of m easures of genetic variation for quantitative traits involves the degree to which gam etic - phase disequilibria exist am ong quantitative - trait loci. Consider the extrem e situation in which the effects of all genes can be characterized as + and - , and im agine the case in which all chrom osom es have four genes in either the series + - + - or - + - +. T his is a case of com plete repulsion disequilibrium , in that every - gene is paired with a + gene. In such a population, everydiploid individual would have exactlyfour

+ and four - genes, and there would be n o expressed genetic variation for the trait, despite the presence of substantial variation within each locus. T he expected existence of such repulsion disequilibrium was first suggested byMather (1952) in his polygenic balance m odel for characters under s tabilizing selection, and has been form allyverified in a num ber of theoretical studies (e.g.,

Bulm er, 1971; Gavrilets and Hastings, 1995). T he alternative extrem e is the situation in which all chrom osom es are of state + + + + or - - - - . In this case, dis equilibrium is of the coupling (or reinforcing) type, and the level of expressed genetic variance for the trait will be exaggerated with respect to the equilibrium situation in which + and - genes are distributed random ly. T he point of this exam ple is that m easurable (expressed) genetic variance for quantitative traits can deviate substantiallyfrom the potential level that would be observed in the absence of disequilibria. If significant repulsion disequilibrium exists for quantitative traits under stabili zing selection, then a pool of hidden genetic variance will exist that can subsequentlybe released through recom bination. Unless link age is extraordinarilystrong, such a reserve of genetic variation m aybe m ade available to a population exposed to direct ional selection m uch m ore rapidlythan new variation can be created bym utation.

Onlya few attem pts have been m ade to evaluate whether substantial disequilibria exist for quantitative traits. Studies with Daphnia have yielded evidence of both coupling a nd repulsion disequilibria for life - historytraits (Lynch, 1984; Lynch and Deng, 1994). A series of com parisons of intact chrom osom es extracted from wild populations of Drosophila with recom binants between them have also suggested the existence of coadapte d groups of link ed alleles (reviewed in Lynch and W alsh, 1998). Future studies that sim plyrem oved populations from the field and subjected them to several rounds of recom bination with a m inim um of selection could provide substantial insight into this issu e. If significant repulsion disequilibria exist, then the level of expressed genetic variance for a quantitative trait should increase following a few rounds of random m ating.

All of these exam ples serve to illustrate that although we are reasonablygood at quantifying standing levels of genetic variance for quantitative characters, we are still far from the point of being able to m ak e unequivocal statem ents about the relevance of such variation for evolution, other than the fact that (on average) charact ers with higher levels of additive genetic variance will probablyrespond m ore stronglyto short - term evolutionarypressures. W e are still unable to m ak e anygeneral statem ents as to how rapidlyorganism s can evolve in response to long - term selective press ures. T his question is of substantial im portance to breeders of econom icallyim portant species (Hill, 1982). It is also of central im portance in conservation biology, especiallywith respect to issues such as global warm ing. In principle, populations can c ope with environm ental change bysim plyevolving in situ , but there is a cost to natural selection in the form of reduced survival and/or fecundity. T hus, there m ust be a critical rate of environm ental change beyond which the cost of natural selection is s o great that populations cannot m aintain them selves dem ographically.

Bydefinition, this point is equivalent to the m axim um sustainable rate of evolution, and anylong - term ecological changes that exceed this rate m ust spell ecological catastrophe for the species in question. Understanding the lim its to the rate of evolution is a substantial challenge for applied evolutionarybiology. Recent theoryhas provided som e qualitative insight into the issue (Lynch and Lande, 1993; Burger and Lynch, 1994), but conv incing quantitative answers will require em pirical work .

Population Genetics and Population Dynamics

One of the m ost glaring gaps in the broad field of population biologyis the lack of integration between its two subdisciplines, population genetics and population ecology. Historically, population geneticists have assum ed populations of either infinite size or of constant finite size, while population ecologists have usuallyignored genetics entirely. As a consequence, we k now verylittle, from either th e theoretical or the em pirical perspective, of the relationship between population genetics and population dynam ics/population size. In principle, one m ight expect that populations that evolve adaptivelywould also expand num erically, and that populations that find them selves in situations where deleterious genes have accum ulated would decline num erically.

However, the exact nature of such relationships presum ablyalso depends on the extent to which interacting species (com petitors, predators, parasites, an d prey) are undergoing evolutionary adaptation versus deterioration. Moreover, im portant synergism s between population size and evolutionarydynam ics m aybe m ediated byrandom genetic drift, in that sm all populations are m ore vulnerable to accum ulation of deleterious m utations and less lik elyto fix beneficial m utations than are large populations.

T heoretical work in this area has largelybeen confined to a single issue of interest to conservation biologists --- the critical effective size below which a p opulation is evolutionarilycom prom ised

(reviewed in Lande, 1995; Lynch, 1996; Burger and Lynch, 1997). It is generallybelieved that a population will progressivelyaccum ulate a deleterious m utation load byrandom genetic drift if its effective size rem ai ns m uch sm aller than the reciprocal of the average deleterious effect of a new m utation. Eventually, this load m aybecom e so great that the population cannot m aintain itself, at which point a m utational m eltdown rapidlyleads to population size reduction, an enhanced rate of accum ulation of deleterious m utations byrandom drift, and finallyto population extinction. On the other hand, there m ust be an approxim ate upper bound to the effective size of a population beyond which the population behaves adaptatio nallyas though it were effectivelyinfinite.

Quantitative values for these critical effective population sizes are highlydependent on the distribution of m utational effects for quantitative characters, an issue that is currentlythe subject of substantia l debate (Keightley, 1994; Crow, 1997; Garcia - Dorado, 1997). T he best we can sayat this point is that populations with long - term effective sizes sm aller than 100 individuals are lik elyto be doom ed evolutionarily, whereas populations with long - term effect ive sizes in excess of 1,000 or so individuals are unlik elyto be greatlycom prom ised evolutionarily.

Issues Concerning Outbreeding Depression and Species Incompatibilities

A fundam ental issue in evolutionarygenetics with broad im plications is the ex tent to which genom es from distantlyrelated populations are m utuallycom patible. For exam ple, in conservation biology, there is considerable concern about the consequences of hybridization between introduced and native populations (e.g., the stock ing of s alm onid hatcheries with m em bers of foreign drainage basins). In addition, attem pts to understand the m echanism s of speciation can hardlyproceed without giving attention to the issue of genom ic incom patibility.

W hat have we learned over the past few deca des about outbreeding depression? First, a num ber of well - established exam ples dem onstrate that crosses between closelyrelated populations can give rise to depressed fitness in the F

1

progeny(T em pleton et al., 1976; Burton, 1990; W aser and

Price, 1994). Second, the few cases that have attem pted to laboriouslydissect the genetic basis of species differentiation (all with Drosophila ) have shown that a verylarge num ber of factors are involved, even when verycloselyrelated taxa are considered (W u and Palo poli, 1994). In both types of studies, it is clear that negative epistatic interactions between foreign gene pools are involved.

W hat has not em erged is anygeneral understanding of the genes (or even gene fam ilies) that are involved in hybrid break down, and it is perhaps unreasonable to expect that anygeneral statem ents will ever be possible in this area. Isolated populations will diverge over tim e as they random lygo to fixation for m utations arising at different loci. Som e aspects of divergence are ce rtainlydue to adaptation to local environm ental differences, while others verylik elyarise as a consequence of intrinsic adaptation (as new m utant alleles are selected for or against on the basis of the genetic back ground in which theyarise). W ith polyg enic system s, there can be innum erable solutions to the sam e evolutionaryproblem . T hus, because of the stochastic nature of the m utation and fixation processes, it seem s verylik elythat the genes that underlie the reproductive barriers between anypartic ular pair of species will be largelyunique to that species pair and of little general relevance.

A m ore general concern is the relevance of genes that can be shown to be involved in reproductive incom patibilities to the process of speciation even in par ticular pairs of species. T he issue here is that a large fraction of the genetic differences between even the m ost closelyrelated species will generallyhave arisen subsequent to the tim e at which reproductive incom patibility was first established. Lik e t he issue of genetic variance, the problem here is that the genes of greatest relevance to the process of speciation m aybe "rubies in the rubbish."

In principle, this type of problem can be m inim ized byrestricting studies of speciation to extrem ely clos elyrelated taxa (or perhaps m ore suitably, to distantlyrelated populations of the sam e species), but even this does not elim inate the issue of the specificityof genetic differentiation. T his is not to saythat no general statem ents about the m echanism s of reproductive isolation will ever be possible. One such generalization has long been established for species with sex chrom osom es --- the observation, k nown as Haldane’s rule, that when onlyone sex resulting from a hybridization event exhibits reduced s urvivorship and/or fertility, it is invariablythe heterogam etic sex (Laurie, 1997; Orr, 1997).

Summary

T his year m ark s the 80 th anniversaryof Fisher’s (1918) insightful paper, a com pelling m athem atical unification of various observations on quantitati ve characters, statistics, and basic

Mendelian m echanism s of inheritance. Despite the m ajor m athem atical advances that have been m ade since then, quantitative - genetic theoryis still fram ed largelyin statistical/phenom enological term s rather than in term s that describe the m ode of gene action. Part of the reason for this state of affairs is our extrem elyshallow understanding of the genetic basis of quantitative - trait variation and of the m echanism s bywhich com plex characters evolve. Although a vast num be r of em pirical studies of quantitative characters have been perform ed with laboratorypopulations, with species of agronom ic im portance, and with hum ans, m ost of these have been focused on population - level properties, such as m eans and variances. New m ole cular techniques prom ise to yield im portant insights into the genetic basis of variation for specific traits in a few m odel species in the verynear future, but the extent to which m olecular dissection will provide a com plete resolution to our understandin g of the evolutionaryprocess rem ains to be seen. T his will depend largelyon the degree to which quantitative - trait variation is defined bya large num ber of genes of verysm all effects, an issue for which there is a fair am ount of circum stantial evidence in a num ber of cases. Although recent work suggests that a few genes of m oderate effect can often explain a substantial fraction of the standing variation for quantitative traits, it rem ains to be seen whether this fraction is of m uch relevance to the pro cess of adaptive evolution. If a large fraction of the variation that contributes to adaptive divergence is attributable to genes of verysm all effects, then m olecular analysis of QT Ls m aybe of lim ited value to our understanding of the evolution of natura l populations (although it will certainlystill playa m ajor role in artificial selection program s).

T he abilityto evolve is just as m uch a defining attribute of life as the abilityto replicate. T hus, it is rem ark able that while ecologists have contribu ted greatlyto our understanding of the chem ical, physical, and biological lim its that constrain the spatial and tem poral distributions of organism s, evolutionarybiologists have given alm ost no attention to the evolutionarylim its of species, i.e., to the abilities of species to adapt evolutionarilyto selective challenges as opposed to going extinct.

If we agree that the global environm ent is changing at an unprecedented rate, then it should be clear whythe developm ent of a deep understanding of this iss ue should be one of the central challenges of evolutionarybiology. For the past three decades, ecologists have pursued a large num ber of large - scale and long - term program s of ecosystem research. Because of the stochastic and verylong - term nature of evolu tionaryprocesses, it is hard to see how a m echanistic understanding of evolution can be achieved without an em pirical agenda that em braces highly replicated, m ulti - generational studies.

LIT ERAT URE CIT ED

Bulm er, M. G., 1971, T he effects of selection on genetic variability. Amer. Natur . 105: 210 - 211.

Burger, R., and Lynch, M., 1994, Evolution and extinction in a changing environm ent: a quantitative - genetic analysis. Evolution 49: 151 - 163.

Burger, R., and Lynch, M., 1997, Adaptation and extinction i n changing environm ents, in

^Environm ental Stress, Adaptation, and Evolution~ (R. Bijlsm a and V. Loeschck e, eds.), pp. 209 -

240, Birk hauser Verlag, Basel.

Burton, R. S., 1990, Hybrid break down in developm ental tim e in the copepod Tigriopus californicus. Ev olution 44: 1814 - 1822.

Charlesworth, B., Lande, R., and Slatk in, M., 1982, A neo - Darwinian com m entaryon m acroevolution. Evolution 36: 474 - 498.

Cheverud, J. M., and Routm an, E. J., 1995, Epistasis and its contribution to genetic variance com ponents. Genetics 139: 1455 - 1461.

Crow, J. F., 1992, Mutation, m ean fitness, and genetic load. Oxford Surv. Evol. Biol. 9: 3 - 42.

Crow, J. F., 1997, T he high spontaneous m utation rate: is it a health risk ? Proc. Natl. Acad. Sci.

USA 94: 8380 - 8386.

Doebley, J., a nd Stec, A., 1993, Inheritance of the m orphological differences between m aize and teosinte: com parison of results for two F

2

populations. Genetics 134: 559 - 570.

Eizinger, A., and Som m er, R. J., 1997, T he hom eotic gene lin - 39 and the evolution of nem atode epiderm al cell fates. Science 278: 452 - 454.

Fisher, R. A., 1918, T he correlation between relatives on the supposition of Mendelian inheritance.

Trans. Royal Soc. Edinburgh 52: 399 - 433.

Garcia - Dorado, A., 1997, T he rate and effects distribution of viabi litym utation in Drosophila:

m inim um distance estim ation. Evolution 51: 1130 - 1139.

Gavrilets, S., and Hastings, A., 1995, Dynam ics of polygenic variabilityunder stabilizing selection, recom bination, and drift. Genet. Res . 65: 63 - 74.

Gerhart, J., and Ki rschner, M., 1997, ^Cells, Em bryos, and Evolution,~ Black well Science, Inc.,

Malden, MA.

Hazel, L. N., 1943, T he genetic basis for constructing selection indices. Genetics 28: 476 - 490.

Hill, W . G., 1982, Rates of change in quantitative traits from fixati on of new m utations . Proc. Natl.

Acad. Sci. USA 79: 142 - 145.

Hollocher, H., T em pleton, A. R., DeSalle, R., and Johnston, J. S., 1992, T he m olecular through ecological genetics of abnorm al abdom en in Drosophila mercatorum . III. Com ponents of genetic vari ation in a natural population of Drosophila mercatorum . Genetics 130: 355 - 366.

Houle, D., Morik awa, R., and Lynch, M., 1996, Com paring m utational variabilities. Genetics 143:

1467 - 1483.

Keightley, P. D., 1994, T he distribution of m utation effects on v iabilityin Drosophila melanogaster.

Genetics 138: 1315 - 1322.

Lai, C. , Lym an, R. F., Long, A. D., Langley, C. H., and Mack ay, T . F. C., 1994, Naturallyoccurring variation in bristle num ber associated with DNA sequence polym orphism s at the scabrous locu s of Drosophila melanogaster . Science 266: 1697 - 1702.

Lande, R., 1988, Quantitative genetics and evolutionarytheory, in ^Proceedings of the Second

International Conference on Quantitative Genetics~ (B. S. W eir, E. J. Eisen, M. M. Goodm an, and

G. Nam k o ong, eds.), pp. 71 - 84, Sinauer Assocs., Inc., Sunderland, MA.

Lande, R., 1995, Mutation and conservation. Cons. Biol . 9: 782 - 791.

Laurie, C. C., 1997, T he weak er sex is heterogam etic: 75 years of Haldane’s rule. Genetics 147:

937 - 951.

Lowe, C. J., and W ray, G. A., 1997, Radical alterations in the roles of hom eobox genes during echinoderm evolution. Nature 389: 881 - 883.

Lynch, M., 1984, T he lim its to life historyevolution in Daphnia . Evolution 38: 465 - 482.

Lynch, M., 1996, A quantitative - genetic persp ective on conservation issues, in ^Conservation

Genetics: Case Histories from Nature~ (J. Avise and J. Ham rick , eds.), pp. 471 - 501, Chapm an and Hall, New York .

Lynch, M., and Deng, H. - W ., 1994, Genetic slippage in response to sex. Amer. Natur . 144: 242 -

26 1.

Lynch, M., and Lande, R., 1993. Evolution and extinction in response to environm ental change, in

^Biotic Interactions and Global Change~ (P. Kareiva, J. Kingsolver, and R. Huey, eds.), pp. 234 -

250, Sinauer Assocs., Inc. Sunderland, MA.

Lynch, M., an d W alsh, B., 1998, ^Genetics and Analysis of Quantitative T raits,~ Sinauer Assocs.,

Inc., Sunderland, MA.

Mack ay, T . F. C., and Langley, C. H., 1990, Molecular and phenotypic variation in the achaete - scute region of Drosophila melanogaster. Nature 34 8: 64 - 66.

Mather, K., 1942, T he balance of polygenic characters. J. Genetics 43: 309 - 336.

Orr, H. A.,1997, Haldane’s rule. Ann. Rev. Ecol. Syst . 28: 195 - 218.

T em pleton, A. R., Hollocher, H., Lawler, S., and Johnston, J. S., 1989, Natural selection and r ibosom al DNA in Drosophila . Genetics 31: 296 - 303.

T em pleton, A. R., Sing, C. F., and Brok aw, B., 1976, T he unit of selection in Drosophila mercatorum . I. T he interaction of selection and m eiosis in parthenogenetic strains. Genetics 82:

349 - 376.

W aser, N. M., and Price, M. V., 1994, Crossing - distance effects in Delphinium nelsonii:

outbreeding and inbreeding depression in progenyfitness. Evolution 48: 842 - 852.

W u, C. - I., and Palopoli, M. F., 1994, Genetics of postm ating reproductive isolation in anim als .

Ann. Rev. Ecol. Syst . 27: 283 - 308.