Biology 215, Biocbemical Evolution, Fall 1991
Ward Watt
TTh 08:35-09:50, Bio G(ilbert) 117
. . “406A
My office hours are W 1:30-3:00, my office is Bio R 488 THIS WEEK but will be G &,
my phone is 723-4297.

The graded work of the course is a ~ 20 pp. literature review and synthesis paper. It is
due 3 December 1991, which is the next-to-last class meeting and is the Tuesday of "Dead
Week". I'd like a brief written statement of choice of paper topic from each class member by 22
October — by all means see me outside class to talk about paper topics before then.

I have to miss scheduled class on 17 October, as | am flying east for the memorial serv-
ice for for G. E. Hutchinson, who died late last spring at age 88 -- still working, we should all
do so well! But you should be thinking about when it is convenient for you to make up that
class meeting ~ in the early evening (7:30-9 PM), or some Saturday morning.

The course is not a stereotypic, integrated "package” ~ the subject matter of the course
has not yet been integrated by anyone into a fully cohesive whole. Indeed, the aim of the
course is to bring together, for our joint consideration, what is an incredibly scattered litera-
ture. As a result, there is no textbook, since there is none suitable, and the course works from a
reserve shelf, and beyond that from the primary literature. Much of the class meeting time will
necessarily be presentation by me, but I earnestly hope that we can get substantive discussion
of many different specific topics. That will depend on course members being conscientious
about using the reserve shelf! I will try to give some advance warning of key references, but
there’s nothing like a certain amount of "creative browsing" as well.

While the course is not a "package”, it does have an organizing rationale. I will spend
parts of two class meetings in review of contemporary evolutionary concepts and contemporary
physical/chemical concepts that we'll come back to again and again in one way or another.
We'll then look at three very major areas, not necessarily giving equal time to each, with a
diversity of subtopics within each:

1. Origins of life, or the rise of Darwinian systems out of their pre-Darwinian physical and
chemical underpinnings.

a) Origins of the planet and the solar system; Hadean/Archaean conditions, abstractly and
concretely; predispositions and constraints to living chemical systems in the phenome-
na of physics and in the periodic table

b) Palaeontological constraints on explanations: the microbial fossil record

¢) Bio-monomer formation under simulated Hadean/Archaean conditions

d) The problem of polymer formation

e) The origins of catalysis

f) The origins of the genetic code and the general problem of cellular self-assembly; the transi-
tion from pre-biotic to proto-biotic systems.

I1. Mechanistic/ biochemical perspectives on Darwin's global problem # 1: The origins and
improvement of adaptation to environmental pressures
a) Fitness-related measures for metabolic performance
b) Evolution of metabolic pathway choice
¢) Evolution of metabolic kinetic organization
d) Evolution of enzyme/protein structure, and population genetics of contemporary
enzyme/protein variation



I11. Mechanistic/ biochemical perspectives on Darwin's global problem # 2: The origins, in-
(W\ ~ crease, and maintenance of phyletic diversity
a) Evolution of gene families over time
b) Interaction of adaptive and phyletic evolution ~ how are they related, if atall?
c) Local phyletic history by sequence comparisons
d) "Deep” phyletic history by sequence comparisons, including endosymbiotic explanations
for the eukaryotic cell structure strategy

General references

Darwin, C.R. 1859. The origin of species.

Dobzhansky, Th. 1970. The genetics of the evolutionary process.
Endler, J.A. 1986. Natural selection in the wild.

Hillis, D.M., and C. Moritz. 1990. Molecular systematics.

Hochachka, P., and G. Somero. 1973. Strategies of biocbemical adaptation.
Hochachka, P., and G. Somero. 1984. Biochemical adaptation.

Li, W.-H., and D. Graur. 1990. Fundamenials of molecular evolution.
Loomis, W. F. Four billion years.

Margulis, L., and K.V. Schwartz. Five kingdoms, ed. 1.

Morowitz, HJ. 1968. Energy flow in biology.

Morowitz, HJ. 1978. Foundations of bioenergetics.

Nei, M. 1987. Molecular evolutionary genetics.

Schopf, J.W., ed. 1984. Earth's earliest blospbere.

Simpson, G.G. 1953. The major features of evolution.



SPECIFIC BIBLIOGRAPHY FOR FIRST 2 CLASS MEETINGS, BIO 215

Bock, W.J. 1959. Preadaptation and multiple evolutionary pathways. Evolution 13: 194-211.

Bock, W.J. 1980. The definition and recognition of biological adaptation. Amer. Zool. 20: 217-
227.

Caplan, S.R., & Essig, A. 1983 Bioenergetics and linear nonequilibrium thermodynamics.
Harvard University Press, Cambridge, Massachusetts.

Dobzhansky, Th. 1968. On some fundamental concepts of Darwinian biology. Evol. Biol. 2: 1-
34.

Endler, J.A. 1986. Natural selection in the wild. Princeton Univ. Press, NJ.

Gould, S.J. 1989. A developmental constraint in Cerion, with comments on the definition and
interpretation of constraint in evolution. Evolution 43: 516-539.

Gould, S.J., and E. S. Vrba. 1982. Exaptation -- a missing term in the science of form. Paleobiol-
ogy 8: 4-15.

Gould, S.J., and R.C. Lewontin. 1979. The spandrels of San Marco and the Panglossian para-
digm: a critique of the adaptationist programme. Proc. Roy. Soc. Lond. B205: 581-596.

Kingsolver, J.G., and W.B. Watt 1984. Optimal strategies for thermoregulation in Colias butter-
flies. Ecology 65: 1835-1839.

Lewontin, R.C. 1978. Adaptation. Sci. Amer. (OR Lewontin’s contribution in Conceptual issues
in evolutionary biology, ed. E. Sober, 1984, MIT Press.)

Mayr, E. 1988. Toward a new philosophy of biology. Harvard Univ. Press.

Morowitz, H.J. 1968. Energy flow in biology.

Morowitz, H.J. 1978. Foundations of bioenergetics. Academic Press, NY.

Westerhoff, H. V., & van Dam, K. 1987. Thermodynamics and control of biological free-energy
transduction. Elsevier, Amsterdam.
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SPECIFIC BIBLIOGRAPHY FOR CLASS MEETINGS 3-4

Barghoorn, E.S. & SA. Tyler. 1965. Microorganisms from the Gunflint chert. Science 147: 563-
577.

Bronowski, J. 1970. New concepts in the evolution of complexity. Synthese 21: 228-246.

Calvin, M., 1969. Cbemical evolution. Oxford Press.

Chang, S., et al. 1983. Ch. 4 in Earth’s Earliest Biospbere, ed. ].W. Schopf

Cloud, P. 1983. Ch. 1 in Earth’s Earliest Biospbere, ed. ].W. Schopf

Chyba, C.F. 1990. Impact delivery and erosion of planetary oceans in the early inner solar
system. Nature 343: 129-133.

Hayes, J, ch. 12 of Earth’s earliest biospbere, op. cit.

% Henderson, L. 1913. The fitness of the environment.

Kenyon, D., & G. Steinman. 1969. Biochemical Predestination.

Morowitz, HJ. 1978. Foundations of bioenergetics.

Schidlowski, M. 1988. Nature 333: 313-318.

Schidlowski, Hayes, Kaplan ch. 7 of Eartb’s earliest biospbere, op. cit.

Schopf & Walter, Ch. 9 of Earth’s earliest biospbere, op. cit.

Schopf, J.W., & B. Packer. 1987. Early Archaean (3.3-billion to 3.5-billion-year-old) microfossils
from Warrawoona Group, Australia. Science 237: 70-73.

Siegel, S.M., & C. Giumarro. 1966. On the culture of a microorganism similar to the PreCambri-
an microfossil Kakabekia umbellata Barghoorn in ammonia-rich atmospheres. PNAS
55: 349-353.

Sleep, N.H., KJ. Zahnle, J.F. Kasting, & H.J. Morowitz 1989. Annihilation of ecosystems by large
asteroid impacts on the early Earth. Nature 342: 139-142.

Stevenson, D.J. 1983. Ch. 2 in Eartb’s Earliest Biosphere, ed. J.W. Schopf

Wald, G. 1964. The origins of life. PNAS 52: 595-611.

Westheimer, F.H. 1987. Why nature chose phosphates. Science 235: 1173-1178.



SPECIFIC BIBLIOGRAPHY FOR CLASS MEETINGS 5-6, BIO 215

Abelson 1956, Science 124: 935

Abelson 1966, PNAS 55: 1365-1372

Baltscheffsky ez al. 1986, pp. 259-262 in Molecular Evolution of Life, ed. Baltscheffsky, Jorn-
vall & Rigler (Chemica Scripta 26B)

Calvin, M. 1969. Chemical evolution. Oxford, NY.

Ferris, J.P., RA. Sanchez and L.E. Orgel. 1968. Studies...IIl. Synthesis of pyrimidines from
cyanoacetylene and cyanate. JMB 33: 693-704.

Ferris et al 1978. J. Mol. Evol. 11: 293-311.

Ferris & Joshi. 1978. Science 201: 361-362.

Gabel, N.W., and C. Ponnamperuma 1967. Nature 216: 453-455.

Kenyon & Steinman, Biocbemical predestination.

Miller, S.L. 1953. A production of amino acids under possible primitive earth conditions.
Science 117: 528-529; also later, JACS 77: 2351 (1955), BBA 23: 480-489(1957) (Streck-
er synthesis mechanism), Science 130: 245-251; also cf. Calvin 1951, Science 114: 461.

Miller, S. 1986. Current status of the prebiotic synthesis of small molecules. pp. 5-12 in Molecu-
lar evolution of life, ed. H. Baltschefisky, H. Jornvall & R. Rigler. Chemica Scripta 26B,
Cambridge Univ. Press.

Oro, J., and A.P. Kimball. 1961. Synthesis of purines under possible primitive earth conditions.
ABB 94: 217-227.

Reid, C., and L. Orgel. 1967. Nature 216: 455.

Sanchez, R,, J. Perris, L.E. Orgel. 1966. Conditions for purine synthesis: did prebiotic synthesis
occur at low temperatures? Science 153: 72-73.

Sanchez, R.A,, J.P. Ferris, and L.E. Orgel. 1967. Studies in prebiotic synthesis. II. Synthesis of
purine precursors and amino acids from aqueous hydrogen cyanide. J. Mol. Biol. 30:
223-253.



SPECIFIC BIBLIOGRAPHY FOR CLASS MEETINGS 6-10, BIO 215

Been, M.D. and T.R. Cech. 1988. RNA as an RNA polymerase: net elongation of an RNA primer
catalyzed by the Tetrabymena ribozyme. Science 239: 1412-1416.

Bloch, D.P., B. McArthur, & S. Mirrop. 1985. tRNA-rRNA sequence homologies: evidence for an
ancient modular format shared by tRNAs and rRNAs. Biosystems 17: 209-; Nazarea, A.D.,
D.P. Bloch, & A.C. Semrau. 1985. Detection of a fundamental modular format common
to transfer and ribosomal RNAs: second-order spectral analysis. PNAS 82: 5337-.

Bondy, S.C. & M.E. Harrington. 1979. L-amino acids and D-glucose bind stereospecifically to a
colloidal clay. Science 203: 1243-1244; critiqued by: Jackson, T.A. 1979. Science 206:
483-484; Wellner, D. 1979. Science 206: 484.

Cech, T.R, 1987. The chemistry of self-splicing RNA and RNA enzymes. Science 236: 1532-
1539.

Crick, F.H.C. 1968. The origin of the genetic code. J. Mol. Biol. 38: 367-379.

Degons & Matheja, pp. 39-69 in Kimball & Oro, Prebiotic & Biockemical Evolution.

Degons, Matheja, & Jackson 1970 Nature 227: 492- . (stereospecific clay activation)

Eigen, M,, B.F. Lindeman, M. Tietze, R. Winkler-Oswatitsch, A. Dress, and A. von Haeseler. 1989.
How old is the genetic code? Statistical geometry of tRNA provides an answer. Science
244: 673-679.

Eigen, M., and P. Schuster. 1977. Naturw. 64: 541- ; 1978a. N. 65: 7-, 341- . Cf. possible prebi-
otic autocatalytic systems : e.g. White, D.H. 1980. J. Mol. Evol. 16: 121-147.

Fox (& colleagues) (e.g. pp- 8-30 in Kimball & Oro, Prebiotic & Biochemical Evolution,
1971; also earlier refs. cited therein); Pyruvate ==> acetate + CO,; Fed. Proc. 25:
342(1966), Naturw. 53: 81 (1966); Oxaloacetate ==> pyruvate + CO, (doesn’t con-
tinue w/pyruvate), ABB 118: 468 (1967); alpha-ketoglutarate + urea <==> glutamic
acid + ? formamide? Naturw. 54: 516(1967)

Goldberg,A.L., & R.E.Wittes. 1966. Genetic code: aspects of organization. Science 153: 420-424.

Horowitz, N.H. 1945. PNAS 31: 153-; Horowitz 1965, pp. 15-23 in Evolving Genes & Proteins
ed. V. Bryson & H. Vogel. Acad. Press, NY

Jungck, J.R. 1978. The genetic code as a periodic table. J. Mol. Evol. 11: 211-224.

Lazcano, A., J. Fastag, P. Gariglio, C. Ramirez, and J. Oro. 1988. On the early evolution of RNA
polymerase. J. Mol. Evol. 27: 365-; Lazcano, A., R. Guerrero, L. Margulis, and J. Oro.
1988. The evolutionary transition from RNA to DNA in early cells. J. Mol. Evol. 27: 283-.

McClain, W.H., C. Guerrier-Takada, S. Altman 1987. Science 238: 527-530, & references therein

Oparin, A.L. 1971. Coacervate drops as models of prebiological systems. pp. 1-7 in Prebiotic
and biochemical evolution, ed. A.P. Kimball and J. Oro. North-Holland, Amsterdam.

Orgel, L.E. 1968. Evolution of the genetic apparatus. JMB 38: 381-393.

Quastler, H. 1983. The emergence of biological organization. Yale Univ. Press, New Haven.

Reich, C.,, GJ. Olsen, B. Pace, & N.R. Pace. 1988. Role of the protein moiety of ribonuclease P, a
ribonucleoprotein enzyme. Science 239: 178-181.

Shepherd, J.C.W. 1984. Fossil remnants of a primeval genetic code in all forms of life? Trends in
Biochem. Sci. 9: 8-10.

Watt, W.B. 1986. Amer. Nat. 127: 629-653.

Weber, A.L., and J.C. Lacey, jr. 1978. Genetic code correlations: amino acids and their antico-
don nucleotides. J. Mol. Evol. 11: 199-210.

Wong, J.T. 1975. PNAS 72: 1909-; Wong 1980. PNAS 77: 1083-; Wong 1981. Coevolution of
genetic code and amino acid biosynthesis. TIBS 6: 33-36. Wong 1983. Membership
mutation of the genetic code: loss of fitness by tryptophan. PNAS 80: 6303-.

Yarus, M. 1988. A specific amino acid binding site composed of RNA. Science 240: 1751-1758.



SPECIFIC BIBLIOGRAPHY FOR CLASS MEETINGS 11-14, BIO 215

Caplan, S.R., and A.Essig. 1983. Bioenergetics and linear nonequilibrium thermodynamics: the
steady state. Harvard Press.

de Zwaan 1977. Anaerobic energy metabolism in bivalve molluscs. Ann. Rev. Oceanog. Mar.
Biol. 15: 103-187.

Easterby, J.S. 1973. Coupled enzyme assays: a general expression for the transient. B.B.A. 293:
552-558.

Heinrich, R., S.M. Rapoport, and T.A. Rapoport. 1977. Metabolic regulation and mathematical
models. Progr. Biophys. Molec. Biol. 32: 1-82.

Heinrich, R, and S.M. Rapoport. 1983. The utility of mathematical models for the understand-
ing of metabolic systems. Biochem. Soc Trans. 11: 31-35.

Hochachka, P.W., and T. Mustafa. 1972. Invertebrate facultative anaerobiosis. Science 178:
1056-1060; see also discussions in Hochachka and Somero 1973, Strategies of biochem-
ical adaptation, Saunders, Philadelphia.

Horowitz, N.H. 1945. Proc. Nat'l. Acad. Sci. US 31: 153- ; 1965. pp. 15-23 in Evolving genes &
Droteins, ed. Bryson & Vogel.

Kacser, H., and J.M. Burns 1979. Molecular democracy: who shares the controls? Biochem. Soc.

» Trans. 7: 1149-1160.

Morowitz, HJ., —, and Deamer, D. 198x. Orig. Life Evol. Biosphere 18:

Savageau, M.A., and A. Sorribas. 1989. Constraints among molecular and systemic properties -
implications for physiological genetics. J. Theor. Biol. 141: 93-115.

Stoeckenius, W., R.H. Lozier, and R.A. Bogomolni. 1979. Bacteriorhodopsin and the purple

'~ membrane of halobacteria. B.B.A. 505: 215-278. ALSO papers by Huber, Baltscheffsky et
al. in Molecular evolution of life.

Stucki 1980 Eur. J. Biochem. 109: 257-267, 269-283; 1982. pp. 41-69 in Metabolic Compart-
mentation, ed. H. Sies, Academic Press ~ but be cautious about assertions of "proof”

Vogel, HJ. 1965. lysine pathways story in Bryson & Vogel, Evolving Genes & Proteins.

Watt, W.B. 1985. Bioenergetics and evolutionary genetics: opportunities for new synthesis.
Amer. Nat. 125: 118-143.

Watt, W.B. 1986. Power and efficiency as indexes of fitness in metabolic organization. Amer.

Nat. 127: 629-653.

Watt, W.B., and C.L. Boggs. 1987. Allelic isozymes as probes of the evolution of metabolic
organization. Isozymes: Curr. Top. Biol. Med. Resch. 15: 27-47.

Weeden, N. 1981, J. Mol. Evol. 17: 133-139

Zandee et al. 1980, Energy metabolism in bivalves and cephalopods, pp. 185-206 in R. Gilles,
ed., Animals and environmental fitness, Pergamon Press, Oxford.



SPECIFIC BIBLIOGRAPHY FOR CLASS MEETINGS 14-16, BIO 215

Dykhuisen, D.E., & D.L. Hartl. 1980. Selective neutrality of 6PGD allozymes in E. co/f and the
effects of genetic background. Genetics 96: 801-817; Hartl & Dykhuisen 1981. Ptential
for selection among nearly neutral allozymes of 6-phosphogluconate dehydrogenase in
Escherichia coli. PNAS 78: 6344-6348.

Easterby, J.S. 1973. Coupled enzyme assays: a general expression for the transient. B.B.A. 293:
552-558.

Fisher, S.E., J.B. Shaklee, S.D. Ferris, and G.S. Whitt. 1980. Evolution of 5 multilocus isozyme
systems in the chordates. Genetica 52/53: 73-85.

Hall, B. 1982. Evolution on a petri dish:... Evol. Biol. 15: 85-150.

Hall et al. 1983 Role of cryptic genes in microb. evol. MBE 1:109-124

Hartl, D.L., D.E. Dykhuisen, and A.M. Dean. 1985. Genetics 111: 655-674.

Heinrich, R., S.M. Rapoport, and T.A. Rapoport. 1977. Metabolic regulation and mathematical
models. Progr. Biophys. Molec. Biol. 32: 1-82.

Heinrich, R., and S.M. Rapoport. 1983. The utility of mathematical models for the understand-
ing of metabolic systems. Biochem. Soc Trans. 11: 31-35.

Kacser, H., and J.M. Burns 1979. Molecular democracy: who shares the controls? Biochem. Soc.
Trans. 7: 1149-1160.

LaPorte, D.C., K. Walsh, & D.E. Koshland, jr. 1984. The branch point effect: ultrasensitivity and
subsensitivity to metabolic control. J. Biol. Chem. 259: 14068-14075.

Markert, C.L., J.B. Shaklee & G.S. Whitt. 1975. Evolution of a gene. Science 189: 102-114.

Powers, D.A. 1987. A multidisciplinary aproach to the study of genetic variation within species.
pp. 102-130 in New directions in ecological physiology; see also original "announce-
ment” paper - Place, A.R., and D.A. Powers. 1979. Genetic variation and relative catalytic
efficiencies: lactate dehydrogenase B allozymes of Fundulus beteroclitus. PNAS 76:
2354-2358.

Riley, M., & Anilionis, A. 1978. Ann. Rev. Microbiol. 32: 519-560; Zipkas & Riley, 1975, PNAS 72:
1354-1358.

Savageau, M.A., and A. Sorribas. 1989. Constraints among molecular and systemic properties -
implications for physiological genetics. J. Theor. Biol. 141: 93-115.

Sidell, B.D., and Beland, K.F. 1980 Lactate dehydrogenases of Atlantic hagfish: physiological
and evolutionary implications of a primitive heart isozyme. Science 207: 769-770.

Watt, W. B. 1972. Amer. Nat. 106: 737-753; Hall & Zuzel 1980. PNAS 77: 3529-3533.

Watt, W.B. 1985. Bioenergetics and evolutionary genetics: opportunities for new synthesis.
Amer. Nat. 125: 118-143.

Watt, W.B. 1986. Amer. Nat. 127: 629-653.

Watt,W.B. 1977. Adaptation at specific loci. I. Natural selection on phosphoglucose isomerase
of Colias butterflies: biochemical and population aspects. Genetics 87: 177-194.

___ . 1983. Adaptation at specific loci II. Demographic and biochemical elements in the main-
tenance of the Colias PGI polymorphism. Genetics 103: 691-724; 1983.

~.(with Richard C. Cassin and Mary S. Swan) Adaptation at specific loci I11. Field behavior and
survivorship differences among Colias PGI genotypes are predictable from in vitro
biochemistry. Genetics 103: 725-739.

___-1985. (With Patrick A. Carter and Sally M. Blower.) Adaptation at specific loci. IV. Differen-
tial mating success among glycolytic allozyme genotypes of Colias butterflies. Genetics
109: 157-175.

. 1986. (With P.A. Carter and K. Donohue). An insect mating system promotes the choice of
"good genotypes” as mates. Science 233: 1187-1190.

—-1987. (With C.L. Boggs) Allelic isozymes as probes of the evolution of metabolic organi-
zation. Isozymes: Curr. Topics Biol. Med. Research 15: 27-47.

- 1988. (With P. A. Carter.) Adaptation at specific loci. V. Metabolically adjacent enzyme loci
may have very distinct experiences of selective pressures. Genetics 119: 913-924.



SPECIFIC BIBLIOGRAPHY FOR CLASS MEETINGS 17-19, BIO 215

Atchley, W. R., and W.M. Fitch. 1991. Gene trees and the origins of inbred strains of mice.
Science 254: 554-558.

Caccone, A., and J.R. Powell. 1989. DNA divergence among hominoids. Evolution 43: 925-942.

Dickerson, R.E., & I. Geis. 1983. Hemoglobin. Benjamin/Cummings, Menlo Park.

Eigen, M., B.F. Lindeman, M. Tietze, R. Winkler-Oswatitsch, A. Dress, and A. von Haeseler. 1989.
How old is the genetic code? Statistical geometry of tRNA provides an answer. Science
244: 673-679.

Field, K.G. and 6 others. 1988. Molecular phylogeny of the animal kingdom. Science 239: 748-
753; various comments, and a response, 1989. Science 243(?): 548-551.

Fisher, S.E., J.B. Shaklee, S.D. Ferris, and G.S. Whitt. 1980. Evolution of 5 multilocus isozyme
systems in the chordates. Genetica 52/53: 73-85.

Goodman, M., and 8 others. 1988. An evolutionary tree for invertebrate globin sequences. J.
Mol. Evol. 27: 236-249.

Hall et al. 1983 Role of cryptic genes in microbial evolution. MBE 1: 109-124.

Hillis, D.M., and C. Moritz. 1990. An overview of applications of molecular systematics. pp. 502-
515 in Molecular systematics, ed. Hillis & Moritz. Sinauer, Sunderland, MA.

Ingram, V. 1963. The bemoglobins in genetics and evolution. Columbia Press, NY.

Jeffreys, A, et al 1983. Evolution of gene families: the globin genes. pp. 175-208 in Evolution
Jrom molecules to men, ed. D.S.Bendall, Cambridge Univ. Press.

Markert, C.L., J.B. Shaklee & G.S. Whitt. 1975. Evolution of a gene. Science 189: 102-114.

Miyamoto, M.M., J.L. Slightom, & M. Goodman. 1987. Phylogenetic relations of humans and
African apes from DNA sequences in the psi-nu-globin region. Science 238: 369-373.

Nei, M. 1987. Molecular evolutionary genetics. Columbia U. Press.

Perutz, M. 1983. MBE 1: 1-.

Sibley, C.G, and }.E. Ahlquist. 1984. The phylogeny of the hominoid primates as indicated by
DNA-DNA hybridization. J. Molec. Evol. 20: 2-15; 1987. DNA hybridization evidence of
hominoid phylogeny: results from an expanded data set. J. Molec. Evol. 26: 99-121.

Sidell, B.D., and Beland, K.F. 1980 Lactate dehydrogenases of Atlantic hagfish: physiological
and evolutionary implications of a primitive heart isozyme. Science 207: 769-770.

Snyder, L.R.G. 1978a,b. Genetics 89: 511-530, 531-550; 1979. Genetics 91: 121; 1980. Evolu-
tion 34: 1077-1098; 1981. BioScience 31: 299-304; Chappell, M.A., and L.R.G. Snyder.
1984. PNAS 81: 5484-5488; Chappell, MA., J.P. Hayes, & L.R.G. Snyder. 1988. Evolution
42: 681-688; Snyder, L.R.G., J.P. Hayes, & M.A. Chappell. 1988. Evolution 42: 689-697.

Swofford, D.L., and GJ. Olsen. 1990. Phylogeny reconstruction. pp. 411-501 in Molecular
systematics, ed. Hillis & Moritz. Sinauer, Sunderland, MA.
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