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This has been agreat Congress, with sae of the art science and intdlectud ferment. All
of you in the audience have had the opportunity to share my excitement.

| regret not being hereto give my tak at the scheduled time on August 10.
Unfortunatdy my flight was cancded so | arived aday lae. This Congress has therefore hed
one feature that no other congress has hed, having itsintroductory talk given at theend. | am
happy that Dr. Brenner was abletofill infor me onthefird day. Thisisthe second timethat
Sydney and | have been on the same program, and on the earlier program hefailed to gppear.
So thereisacatan symmetry in my aosence.

| spent amonth in Chinaiin 1983. How things have changed in those 15 years, in every
way, induding genetics. At thetime | espedidly treasured the opportunity to vidt Chind's
pioneer Drosophilagenetiad, J. C. Li. Li did important work in the Morgan laboratory in the
United States and wrote severd paperswith C. B. Bridges. Hewas largdly responsblefor
introducing Drosophilaresearch to China At thetime of my vist hewas 89 yearsold, hde
and hearty and full of enthusasm. Hisphysquereflected his earlier carear asafootbdl player
a Purdue Univeraty. Until afew years before, he had bicyded to work and taught genetics
coursss. | dsome C. Y. Zhou, then 81 and aretired professor of agronomy. Hewasa
leeding worker in plant genetics, having sudied a& Corndl with R. A. Emerson. Among
American universties, Columbiaand Corndll were the two largest influences on early Chinese
genetics, which got off to astrong dart.

| am particularly ddighted to find Li’ s sudent and my long timefriend, C. C. Tan, on
thisprogram. C. C. and | firsd met & the University of Texas 52 years ago. The story that |
heard isthat in the early 1930s J. C. Li sent one of Tan'spapersto T. H. Morgan, who
it on to Theodos us Dobzhansky. Tan and Dobzhansky shared an interest in ladybird bedtles,
and he and Morgan arranged for Tan to cometo the United States. C. C. did widdy
recognized work with Surtevant and Dobzhansky on andydsof inversonsin divary gland
chromaosomes and showed the correspondence of homol ogous gene postionsin related
poecies. He dso pioneered in trangplanting eye-primordia, foreshadowing the later work of
Beadle and Ephruss. At the Univeraty of Texas he gave aseminar on mosaic dominancein
ladybird beetles, which reminded us drasophilists of the phenotypes at the scutelocus. C. C.
and | had dinner together in a Chinese restaurant, and he suggested that if he ordered the food
wewould get more authentic Chinese dishes. Alas, no onein the restaurant could spesk
Chines?d  Between then and now, my life has been easy; his, das, hasnot. But | am ddighted
that arichly deserved honor, the Congress Presidency, hascome hisway @ last. He celeorated
his 90th birthday anniversary thisweek. He hasinspired awhole generation of Chinese
geneticigs.



Geneticsisathriving subject in Ching, asthis Congress hasreveded. | trust the
Congresswill beadimulusfor further work and further internationa cooperation. When |
was here in 1983, Chinese genetics had been through 25 disastrous years. After asirong dart
in Menddian genetics from 1920 to 1949, came aperiod of Lysenko' sinfluence from 1950 to
1957. Thiswasfollowed by aperiod from 1958 to 1966 of co-exisence of the two genetics,
which must have been tarribly confusing for sudents.  Then came the culturd revolution
from 1967 to 1976.. Since 1976 the origind genetic program has been gradudly restored. It
was ingoiring in 1983 to seethe great zed and enthusiasm, and especidly the ability to do
good work without the sophisticated equipment that | was used to seeing a home.

It was atime of optimism, but people and laboratories were poor. For example,
researchers hed to make their own enzymes and they did not have up-to-date equipment. |
was asked by saverd studentsto suggest problems that could be done inexpenavey. One of
my suggestions has bornefruit. | had been interested in “the poor man’'s genetics’, following
the' Y chromaosome by using surnames. | thought that Chinawith its ancient records would be
agrea placeto use thistechnique to sudy population structure and migration. So | put Du
Roufu in touch with Luca Cavdli-Sforza and they have carried out an extengve collaborative

sty

I ntroduction

Genetics atwentieth century science, yet it was built on solid footings from erlier years
The ningteenth century brought us Darwin’ stheory of evolution; the shocked intdllectud
world has never been the same. The century brought Gaton'sintroduction of quantitative
methods for sudying inheritance and his goproach to the separation of nature and nurture by
usng twins. It brought Weismann's digtinction between germind and somdic tissue. And, it
brought an understanding of chromasome behavior and meiogs. But, abovedl, it brought
Gregor Mendd and his experiments with garden peas, o0 smple and so beautiful, and so
unappreciated a thetime.

Mendd was the hard-luck guy of nineteenth century biology, destined to have hiswork
misunderstood or ignored. Thiswastrue, not only in genetics, but in other fidds, for example
meteorology and bee breeding. In meteorology his pioneering work, such asusng the
recently developed telegrgph to forecast weether for local farmers, aswell as more basic work
on cydones, was unrecognized in the larger world until after hisdeath. 1n bee-breeding he
was frudtrated by the queen bee s stubborn refusal to mate except inthedouds. Mendd'’s
|ater years were spent fighting adminigtrative battles, and his research suffered —a

not entirly unknown in our time. Alas, only after his deeth was he suddenly
trandformed from an obscure Abbott to ascientific celebrity.

The stience of genetics began with the triple rediscovery of Mendd’ srules, by three
scentigsin three different countries. It wasimmediately gpparent that Mendd'’ sfactors
followed the rules that cytologists had recently worked out for chromaosome behavior. Many



3

people must have seen the connection, but the ones who wrote about it most convinangly
were Boveri in Garmany and Sutton in the United States. The chromosomd basis of heredity
wasimmediatdy accepted by dmog dl genetiads, dthough the definitive proof waited until
1916 for Bridges nondigunction experiments.

It is convenient to divide twentieth century geneticsinto two periods, each about 50
years. A more precise dividing time between the old and the new geneticswould be 1953, the
date of Watson and Crick’ sgreet discovery. But I'll speak in round numbers. In thefirst 50
years genetics was dominated by breeding experiments and the micrascope — transmission
genetics and cytogenetics
The second period darted out by being dominated by microbes and molecules, tiny organiams
and enormous molecules. During the hadf-century, the techniques— beautiful, powerful
terI:hniques—becamincreesingly chemica and the computer has played an indispensable
role.

| would liketo refer to the driving techniques of the two periods asthetwo M’ sand the
two C's. Inthefird period the two M’ swere mating and micrascopy. In the second period,
the two C swere chemicds and computers.

On seaing the program of this Congress, | imagined mysdf asaRip Van Winklewho
had gone to degp in 1950 and had just awakened. (For those not acquainted with Western
lore, Rip Van Winkle was a character who dept for 20 years and avoke to agreatly changed
world.) | took acasud look a the program. Hereisashort lis of words-- mogtly taken from
the program titles or suggested by them -- wordsthat did not exist in 1950, or whose meaning
has greetly changed. | have put them in dphabeticd order.

Anticipation (formerly an ascertainment conoept, now cytologicd); gpoptoss (now
studied geneticaly); BAC dones Caenorhabditis elegans, Zebrafish, Puffer fish,
Arabidopsis (of course these gpecies existed, but no western geneticist had heard of them,
athough fugu was well known to Jgpanese); centrd dogma; clone (al sorts of new meanings);
codescent; concerted evolution; cosmid (could anyone from pre-1950 guess the meaning?);
DNA amplification; double strand bresks, down regulation; endoplasmic reticulum; enhancer;
epigendtic (old word with anew meaning; maybe the new meaning isamistake and another
word should have been employed); fingerprints (again anew meaning); fluorescent in Stu
hybridization (better know as FISH); fragile chromaosomes; genomics HLA; Holliday
junction; homeobox; hybridization (another old word with anew meaning); junk DNA;
knockout; LINEs and SINES, messenger RNA; molecular dock; mutators (ectudly mutator
geneswere known but not understood); nudeosome; origin of replication; PCR; VNTR,;
physica map; prion; promoter; pseudoautosomd; QTL ; rDNA; redtriction enzyme refrovirus,
retrotrangposon; Sgnd transduction; syngptinema complex; tdomere (Muller hed invented
the word, but the sructure has been quite different from what he envisoned); transcription;
trandation; transgene; trangtion; transverson; transposon; Xid.
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| could go on, but | want to savetimefor saying other things. So let mereturn to thefirgt
0 years

TheFirst 50 Years

Soon after the discovery of the chromosomd basis of heredity, the role of sex
determination became an important issue. Did sex follow Mendd’slaws? 1t wasimmediatdy
goparent that it could be thought of as a repeated Menddian backcross, but was there agene?
A pair of heteromorphic chromosomes, cdled X and Y, dearly played arolein sex
determination, but the earliest workers had them confused. It wasleft to abright young
woman, Nettie Stevens, to sraighten it out. She showed dearly in an insect thet the femae has
two X chromosomesand themadean X and Y. But the generdity was not dear. Donceder,
studying moths, found genetic evidence for sex linkage, and the evidence pointed the other
way. Itisnot hard to image the confusion that ensued. The correspondence between
cytologica behavior of X and Y chromosomes and the rules of sex-linked inheritance were
thrown into doubt. 1t was straightened out afew yearslaer by the Morgan school, studying
sex-linkage in Drosophila, and by the redization thet in lepidopterathe femde sex is
heterogametic..

Another early example of different condusions reached by studying different organisms
arox2with slkworm genetics, developed to ahigh point in Japan. As| mentioned, female sex
Is heterogametic in moths. There was another difference, however. In Drosophila, sex is
determined by the number of X chromaosomes and tharr relationship to the number of
autosomes; the'Y isnot involved. Inthedlkworm, the Y isthe determining demernt.
American gendlicigs automdicaly assumed that humans would behave like big Drosophilas.
| recdl apaper, which explained a curious human inheritance pettern by invoking the
Drosophilamodd of attached-X chromosomes. For dl | know, Japanese geneticists reeched
the opposite conduson and preferred the Y chromosome determination. Inany case, as
evaryonein the room knows, the slkworm mode was the one dected by mammas, and the
resultsin mice and men came asamgor surprise to most western geneticiss,

Many things that were thought to be understood have turned out to be different, or &
least more complicated. An exampleisHadane srule, formulated in 1922. It saysthat, in
Intergpecies crosses whenever one sex isinvigble or Serile, it isusudly the heterogametic sex.
When | wasin graduate schoal, | thought | understood the reasons. Now, as has been brought
out abundantly in this Congress, the better methods of andyss now available have shown the
gory to be consgderably moreinvolved.

Thefirg haf-century was characterized by afutile seerch for the gene. Many
experiments were an indirect atempt to get a the nature of this dusive object — for example
by studying mutation. But most geneticists Smply regarded the question asinsoluble—
something for the future— and Sudied other problems.
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| started graduate school in 1937. | well remember my feding a thetime, and | think it
was generd, that it would be many years before we would know whet the generedly is
Certanly it would not happenin our lifetime. It ssemed to be the most dusive of objects, and
many thought we would probably have to understiand the full detalls of gene action beforewe
undersood the geneitsdf. Hardly anyone thought of the gene as one-dimensiond, dthough |
am informed that Koltsov suggested a double-hdicd sructure.

Transmisson genetics was essartidly solved early inthe century. Themain principle, of
course, was Menddiam.  Linkage was a congpicuous exception, but thiswas solved by the
Morgan school and Sturtevant’ s condruction of alinkage mep. By thetime of World War |,
gendticdsts knew dl they needed to know to develop breeding methods. Transmission genetics
was ameature science; ready to be exploited. And it was exploited, in countless agriculturd
experiments throughout the world.

Chromaosome mapping became an important activity. In organismswith short life cydes
and large progeny numbers, such as Drosophila, progresswasrapid. Inthe Orient the
slkworm was the center of mapping activity. Among plants, maize was the most completdy
mapped. The Sixth Internationd Congress of Genetics, hdd a Corndl Univeraty in 1932,
featured a living chromaosome magp of maize in which plants with mutant genes were planted
in rows corregponding to their chromaosomd pogtion. | recal asmilar living mep for the

morning glory, which was afeature of thefirst Japanese poswar genetics symposum in
1956. But progressin human gene mapping was essantidly nil.

World Wer II brought a halt to genetics ressarch in many countries. One of many tragic
examples occurred in Japan. Drosophila ananassae was afavorite peciesthere. A
subgtantia linkage map was condructed and this species hed the interesting property of mde
crossing over. Alas, despite four replicate cultures kept in widdy different places, dl the
granswerelost during thewar. Dr. Moriwaki, who suffered the loss, was d o the discoverer
in 1936 of cytoplaamic transmisson of Leber’ s optic arophy, dthough of course he had no
way of knowing that the cytoplasmic dements were mitochondria

During the firgt half-century, cytogenetics cameinto its own. Chromaosome breskage and
the consequences thereof — inversons, trand ocations, deletions, and duplications— became
apart of the geneticds’ stoal-kit . Thefinest development wasin maize, culminatingin
BarbaraMcClintock’ s exploitation of the breskage-fuson-bridge cyde, with ramifications that
seemed incredible a the time but are now commonplace. Maize, because of its beautiful
pachytene chromosomes, was the species of choicein the United Sates. [n the Orient,
Trillium was exploited. Drosophilagot abig boogt with the discovery of giant ivary gland
chromosomes. Cytogenetics was particularly pleesing to sudy, for you could draw apicture
of what ought to hgppen and it usudly did.

Human cytogeneticswas pitiful. The X and'Y chromosomes had been identified, but
incredible as it now seams, the chromosome number itsdf wasin doubt. | have the dubious
diginction of having sudied with theman, T. S, Panter, who fird reported the wrong number,
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48, that dominated textbooks for athird of acentury. Painter dso made another misake. C.
B. Davenport, praised for his genetic zed and damned for his eugenic naiveté, had postulated,
as had severd others, that Down's syndromeis caused by trisomy. He obtained some cdlular
materid and asked Panter to look a the chromosomes. Painter looked and could find no
abnormdlities. | have often wondered if this error delayed the discovery that trisomy isin fact
thecause. Let mequickly add, however, that Panter wasredly an excdlent cytologigt; the
problem was the inadequate techniques of thetime. Hisluck changed in 1936 when he
showed that sdivary gland chromosomes redlly were chromosomes, thus opening up the
fertilefidd of Drosophilacytogendtics, so richly exploited by Bridges, Muller, Sturtevart,
Dobzhansky, Lewis and many others. How different itisnow. Wheressin the early daysyou
couldn’t even count human chromosomes, now dl you haveto do is recognize different
colors. A child, unless color-blind, can do better than the most skilled cytologist of only afew

years agpo.

| an pleased that T. C. Hauisatending thisCongress. T. C. wasastudent of C. C. Tan.
He isthe person who cadyzed the renewed study of human chromosomes by the discovery of
the chromasome-goreading effect of hypotonic solution. Thisled directly to the determination
of the correct number. In those early days we didn't know what human chromosomes looked
like and one person showed a picture of what were presumably his own chromosomes, but
these turned out to be a contaminant from some other Species. Contamination was common in
the early days of human cdl culture.

Another agpect of cytogendtics, polyploidy, waswiddy exploited in thefirgt haf-century.
A large number of agricultural and ornamentd plants turned out to be polyploid.
Allopalyploidy provided an easy way to obtain fertile hybrids between drainsin which the
diploid hybrids were gerile. Calchicine and other polyploidy-inducing drugs mede the task
ease. Increasngly thishas become apart of the plant geneticis’ sbag of tricks.

Mutation wasfirs described by deVriesin the early days of the century. Hismutations
turned out not to be gene mutations, but rather to be sagregants from complex cytogenetic
heterozygotes, but he had theright idea. For aquarter century, mutation was something
outdde of experimentd control, dmogt like radioactivity. Thenin 1927, H. J. Muller and
smultaneoudy L. J. Stadler reported that ionizing radiation greatly enhanced the mutation
rate. Muller’ sgreet contribution was not o much theidea of radiation mutagenes's, but rather
his developing atechnique, the CIB method, which permitted unambiguous quantitative
determination of mutation rates. With this discovery, mutation became an experimentd
subject. Mog of the Sudies were kinetic— effects of dose, dose-rate, and fractionation. And
such studies did not yidd the hoped-for ingght into the nature of the gene.

More surprisng wasthe long interva before the discovery of chemicad mutagens.
L ooking back over the dld literature, one sees severd examples of what were probably
successful experiments, but the mind-sat of thetimewas againd it. The standard of proof was
st 90 high that few experiments met it. One of the early discoveries was Rapoport’ sfinding
that formadehyde is mutagenic. | am happy to note that SvetlanaVadlieva, who is atending
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this Congress, was once an assstant to Rgpoport. The discovery of the mutagenesis of
mudard gasisaremarkable gory. J. M. Robson in Edinburgh had noticed that mustard burns
resemble those caused by radiaion. This suggested that mustard might be mutagenic, and this
possbility was discussed by H. J. Muller and Charlotte Auerbach while Muller wasin
Edinburgh. Auerbach’s experiments were dramdtically successtul, and by thistime Muller
had moved to the United States. He had learned of her results, but sncethey involved awar
chemicd, they were regarded as amilitary secret. | remember vigting Muller during this
period. Heasked meif | had learned of Auerbach’ swork, obvioudy hoping to discussit. |
had not heard of it and waited for him to tel me. He said no more and changed the subject,
leaving me puzzled. | redized that Something was afoot, and discovered what it was only
ater the end of the war when the resullts could be publicly discussed.

After thewar, camewha Muller, in hisRilgrim Trust lecture ddivered in 1945, cdled
“the coming chemicd atack onthegene’. And what amagnificent prophesy it was

Shortly before the end of the half-century a new dement was introduced, the study of
microorganisms. Joshua L ederberg's demonstration of recombination in E. coli garted a
rush for the gold found in microorganiams. At the same time the phage group, with Delbriick
asitsintdlectud leader, became equdly prominent. Benzer had mapped phage genesand
driven the subject into the ground, to aresolution comparable to the Sze of large molecules.
Fine-scde genetics and the chemidiry of large molecules had met.

During thefirgt 50 yearsthe grestest beneficiary of geneticswas agriculture. Plant and
animd breeders had long produced oectacular results by sdection. Onedoes't haveto
underdand Menddism to redize that “like begetslike’. Cattle breeders sdlected for milk or
beef production, horse breeders produced draft horses, riding horses, and ponies;, and dog
fanders got carried away, producing dl manner of bizarre objects. But with Menddism came
the bagsfor dedling with sngle-genetraits, usudly complicated by dominance, which
blending inheritance couldn’'t handle. Also, quantitative genetics theory, based on Menddiam
and devd oped by Fisher and Wright made sdection more quantitative, and more effective.

The mogt driking success gory in the new world was hybrid maize. With Menddism
came the understanding of inbreeding depression. There was debate, and il is, about the
possble role of overdominance, but the abbsence of this knowledge did not deter the rapid
practical progress. Breaders deve oped inbred lines, sdecting them for ability to combine
with other inbreds to produce good hybrids. Since hybrid maize was introduced in the 1930s
theyidd per hectare hasincreased by about 5-fold. Of course, part of thisis due to better
management and agronomic practices, but more than hdf, estimated a about two thirds, is
due to genetic improvement.

| want to add that R. A. Fisher, in addition to setting forth the basis of quantitative
geneticsin 1918, dso introduced efficient datistical design for fidd experiments. | have no
Idea how much the improvement of agriculturd performance owesto this one man, but it
surdy isagreet dedl.



Ancther mgor advance in thefirg 50 years was bringing geneticsinto our understanding
of evolution. Darwin came doseto saying it dl, but the big ggp was the nature of inheritance.
Mendd of coursefilledit.

The combination of Darwin and Mendd led by the 1930sto the new synthess. The
theoreticd badswaslad manly by Hddane, Fisher, and Wright. Fisher had dreedy supplied
the answer to what had bothered Darwin and his critics, and perhgpsled to the Lamarckian
viewsin thelater editions of hisbook. In this sense the successive editions of “The Origin”
got worse and worse. At the center was the question of decaying varigbility. Under the
prevaling view of blending inheritance, varidbility islost very rapidly, aswith intense
Inbresding in Menddian populations. With Menddian inheritance, variability is conserved
and avery andl input of mutation is sufficient. Although the amount of varighility in natura
populaionsis an object of continuing study, it no longer ssems mysterious.

The three pioneers provided a mechanidtic theory of evolution, based on the solid
foundation of Menddian inheritance, that permitted deductive conclusons and offered the
opportunity for tests. But there were rather few opportunitiesfor red quantitetive testing.
Haldane used data on the evolution of indudrid meaniam in mothsto estimate the sdection
intengty, but such good exampleswerefew. The beautiful quantitative theory, deveoped by
the three pionears and extended by Kimura, found its degpest usein the second 50 years after
the advances created the new stience of molecular evolution.

What Might have been Discovered, but Wasn't

Before moving to the second hdf-century, it might be of interest to note some things thet
were not discovered until later that could very well have been found earlier. By this | mean
that they did not require any techniques not avallable a an earlier time,

The admonition of Bateson and Bridges to “treasure your exceptions’ was often stated,
but I now think, not followed often enough. Bridges, however, followed hisown advice. His
use of non-digunction to prove the chromosomd bads of inheritance isadassc, dthough by
1916 it was no longer needed. But it was amegnificent paper and wasthe very fird atideto
appear inthe new journd, Genetics,

Here are some things that were discovered later and might well have been found earlier.
Were they amply overlooked or ignored as uninteresting?

*  Imprinting. One gene after anather in humans has been found to show imprinting. Itisnot
surprisng that thiswas not noticed in smdl human pedigrees. But it IS surprising thet it
was nat noticed in the mouse and other rodents, where careful breeding Sudies were
done? Differencesin reciproca crosses should have been eadly noticed. Furthermore,
there was s0lid work on such phenomenain mealy bugs and Sciara. These were regarded
ascuriogtiesrather than as possble leads to adegper ingght. Were gendicists Smply too
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wedded to Mendd’ srules, o that they regarded exceptions as uninteresting exceptions or
experimenta erors?

Trangposabledements. Early inthe century, Emerson hed observed variegated maize
kernds Demerec had puzzling examples of indtability in Drosophila virilis, But none
of these dudies atracted much atention. Demerec went on to other thingsand hisearlier
work was dmogt totaly ignored.

Meiatic drive: The aonormd segregation of the t-locusin mice waswel worked out. But
the generd view wasthat thiswas arather uninteresting exception. Rhoades beautiful
andydsof meatic drive in maize, produced by the formation of neo-centromeres was
largely ignored. Meiatic drive became a popular subject only later after it wasfoundina
number of other organisms, especidly Drosophila

Anticipation. Thiswas explained asaddidicd atifact, dueto ascertanment bias. This
dill may apart of the explanation. But now we know that the phenomenonisred in
Huntington' s and severd other diseases, caused by ingahility of trinudlectide repests.
Although the cytologica mechanism could not have been discovered then, the redlity of
the phenomenon surdly could have been. 1t wastoo eadly explained avay asan
ascertainment artifact.

Gene convearson. Carl Lindegren’ swork in yeast was laughed out of court and other
explanaionswere sought. For example, one could explain many of hisresults by
assuming polyploidy. So converson was rgected by most gendticists of thetime.

Subdivison of thegene: C. P. Oliver found evidence for crossng over withinthegenein
Drosophila. But ruling out mutation was very difficult until ways of recovering reciproca
products were developed. The notion thet the gene was indivisble was widdy prevdent
and evidence for subdivison was ressed.

Chemicd mutagens. | have dready mentioned the rd uctance to acoept datathat hindsight
shows uswere providing pretty good evidence

Kin sdlection and parentd expenditure These were dearly understood by Fisher, and
Haldane dluded to kin sdection, but neither choseto exploit it. Theseidess, centrd to
modern theories of behaviord evolution, were dearly explained in Fisher’ sbook in 1930.
Y et it took many yearsfor Hamilton to awvaken interest in the subject.

Antibiotic and pesticide resstlance. Penicillinand DDT both were discovered and
exploited during World Wer 1l. Students of evolution could eesly predict what would
happen, and some writers did, but there was no serious generd discussion until later. And
there was no atempt a concerted action, nor isthere much today.
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» Recombinationin becteria. Early experimentsto search for recombination in bacteria
falled because they were not desgned to detect rare events. Theidess Lederberg
employed s0 successtully in 1946 could have been used earlier. But bacteriawere widdy
regarded as sexless,

Why this blindness to phenomenathat are such alarge part of our current thinking? |
believe there are two mgor explanations.

FHrg, there was awidespread search for and bdlief in generdity. Some of the thingsthat
led to this belief were the regular occurrence of Menddian inheritance, the generd amilarity
of melogsin the various species sudied, the congtruction of gene maps on Smple principles,
and the way in which the consequences of cytogenetic changes could be predicted. Asa
result, geneticsts were encouraged to believe in the complete generdity of what had been
discovered in afew favored species. Generdity wasthe Zatgeis. Deviationsfrom
conventiona expectations were often aitributed to viahility differences or technicd erors.

A second factor was noted by George Beadle. He mentioned what he regarded asa
curious preference for randomness. The symmetry and the random aspects of Menddian
segregation and recombination were very seductive. An exampleisthe acoegptance of no
chromdid interferenceinmeiogs. The evidence for this, mainly from studies of attached-X
chromosomesin Drasophila, was not very srong. 'Y et the concluson was universaly

accepted.

Wasthis preference for generdity, symmetry, and randomness good for thefidd or bed?
Probably both. Clearly it aded in working out generd principles. Population genetics
advanced rgpidly by making thisassumption. Yet, | aso suspect that anumber of phenomena
not discovered until after 1950 might well have been found earlier, if geneticsts had been
morewilling to trust their data.and treasure their exceptions.

In 1950 the gene was dill dusve. Long before, Muller had told us what the gene hasto
do. It hasto cary information; it hasto replicatie itsdf with superb accuracy; but when there
arearars, it hasto copy them with the same accuracy, that ismutate; and it hasto exercise
control over development and physology.

The Transition: A Remar kable Decade, 1945-1955

Biochemica genetics and the relationship between genes and enzymes was not new. It
had been sarted by Sir Archibald Garrod in his discovery of inborn errors of metabolism near
the turn of the century. But the work of Beadle and Tatum in Neurospora sent the subject of f
onanew course. Sewdl Wright once told me that he had thought of writing abook on
devd opmenta genetics, based heavily on his guinea pig sudies, but the Neurogporawork
clearly told him thet there was anew direction. Thefidd of biochemica geneticswas forever
changed, and he didn’t write the book.
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In 1946 Joshua L ederberg, working with E. L. Tatum, discovered recombination in
becteria The greet resolving power that comes from having enormous numbers and the
capacity to select very rare events wereimmediately gppedling. It was only afew years urtil
E. coli became the best understood of al organisms, completdly edipsing maize and
Drosophila. At the same time phage genetics dso had an explosve growth.

While thiswas going on there was increasing evidence for DNA as the genetic materid.
The evidence had dready been srong from the Pneumococcus trandformation studiesin 1944,
but for some reason the experiments of Hershey and Chasein 1952 hed a greater influence.
At the same time the chemigiry of DNA was becoming much more solid. In particular, the
repeeting tetranucl eotide sructure was found to be wrong, thus making DNA dtractive asan
information-bearing molecule.

The dagewas s, and in 1953 two dever modd builders, Watson and Crick, hit onthe
right sructure. The very sructure of DNA immediatidy shouted the ansversto Muller’s
quesions. The eraof molecular genetics was born, courtesy of Watson and Crick. Thegene
was no longer myderious. It was something to be exploited. The centra question of genetics
hed been solved.

The Second Fifty Years

Inrgpid successon therole of RNA was darified, thetrandation of linear DNA
information to linear amino acid sequences was worked out, and the genetic code was solved.
Thisismuch too familiar to dl of you for meto aborate.

As atention shifted from information trandfer to regulation of gene action, the
intdllectudly satisfying operon modd of Jacob and Monod took center sage. 1t was S0 nest
that the geneticsworld dected it by acdamation. Geneticigts began to think of applying the
results, and especidly the techniques, of microbid geneticsto the sudy of multicdluar
organisms. A familiar quip of thetimewasthat dl we know about differentiation isfrom
organismsthat do not differentiate.

At that time everything seemed beautifully smple— replication, auniversa code,
transcription, trandation, acentrd Dogma. And then the complications setin. So genetics
was no longer asubject in which afew smple principles could explain everything. The devil
isin the deals, and you had to know them.,

Whereasthe first 50 years was devoted to afalled effort to learn the nature of the
genotype by studying phenotypes, the second 50 years have been dominated by the usng the

genotype to understand the phenotype. The sudy of genetic control of development isnow in
full swing.
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Inthefirs 50 years gendticswas limited by the paucity of available techniques. Itis
adonishing, neverthdess, to note how much was learned about Drosophila by the use of the
many specid drainsthat were deveoped, particularly by Muller and Bridges. It isequdly
agonishing how much Barbara M cClintock could see by examinaion of chromaosome
breskage and color patternsin the maize endogperm.  But the techniques were few. With such
alimited bag of tricks, successful genetic experimentation depended on deverness— and dso
onagreat ded of time and patience. The past 50 years have been characterized by atruly
adtonishing cascade of new techniques.

The techniques are 0 good -- S0 efficient, so easy, and S0 accurate— that abeginning
student can seguence a gene, Something that was a daunting task to the best team of experts
not long ago. I'll not dwell on these techniques; they have been abundantly evident
throughout this Congress. The subject is technique-driven, but who can complain when the
techniques are S0 powerful?

We arejust beginning to use molecular methods for genetic dissection of common
multifactorid traits. It istoo early to guessjust how soon thiswill be practicaly useful, but
the ultimate importance can hardly bein doubt. Yidd factorsin cereds and vegetable crops
have been identified. Soon they will be exploited. Thereisgood progressin undersanding
human multifactoria diseases.

Molecular biology has brought atotaly new subject, molecular evolution. The genetic
study of species differences used to be confined to those species that could be crossed. The
arguments of skeptics of the time who thought that chromosomd differences gpplied only
within agpecies or between very smilar oneswere difficult to counter. Gendicistishad to rely
on afath that the same principles that govern smdl difference aso goply to large ones, but the
definitive, convincing proof was lacking.

Now, no such limitation goplies DNA comparison between widdy different organisms
Isnow so commonplacethat it ishard to redize thet in the not distant past thiswas
impossible. Geneticigs expected that homol ogous genes would be found between digtantly
related species, and that the geneswould have diverged in function. They expected thet gene
duplication would leed to new functions, and that some duplications would mutate themsdves
out of functiond existence. But suspecting thisand proving it are different things, and we had
to wait for gopropriate molecular techniques.

Moatoo Kimuradropped abomb when he suggested that the great bulk of molecular
changeis neutrd, driven by mutation and buffeted about by random drift. Thejury isdtill out
on the question of what fraction of genetic change fallowsthis paradigm, but there is no doulbt
that much does, espedidly in non-coding regions. From this has grown aworkable molecular
clock and the possihility of far better phylogenetic andyss

We have an abundance of genesthat have hardly changed over very long periods,
maintained by purifying selection. We have genestha have changed much too rapidly to be
mutation-driven, and hence are the result of postive or Sahilizing sdlection. And we have
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junk, presumably mainly neutrd. Traditiondly, the sudy of evolution has dedt with form and
function, and that is ill where much of theinterest lies. But with asolid underpinning of
molecular change, the subject proceedsin amuch morerigorousway. And molecular Sudies,
mitochondrid DNA in particular, are now dearing up atopic in whichwe are dl interested,
human ancedtry.

Now researchers are chipping away, carving asculpture out of avery hard marble block.
Thetwo big problems— the nature of development and the nature of the mind — are baing
subdued. | don't know whether there will be beautiful, generd theoriesto come out of this—
something redly nice like Watson and Crick found — or whether it will be an accumulation of
more and more detals. I'll confessto a secret hope for the former.

The accomplishments of modern genetics are indeed astonishing, especidly to onelike
mewho grew up inthe dasscd period and is having a hard time growing out of it. Condder
the following:

Temin and Bdtimore have reveded anew kind of virus, theretrovirus. It caneasa
surprise, but isnow awel understiood extension of the Centrd Dogma. Retroposons are
turning up everywhere, and not only are they turning up now, they have long been afector ina
long evolutionary history and have left ther footprints. And, | needn’t remind you thet the
HIV virusisaterible scourge and amgor chdlengeto our ingenuity..

We have d o seen an important role for RNA, not only asavehicle by which DNA
Imposssitsinformeation on development. Thereisnow good reason to think that there may
have been an RNA world, before thiswas replaced by our present, presumably more efficient
DNA-centered organisms

QTLs (quantitative trait loc) rely on an old idea—the use of linked markersto locate
genesof interest. Thedifferenceisagain amatter of technique. QTLS can now be discovered
eficently and these procedures have yidded results in severd plants— tomeatoes, maize, and
rice, to namethree. Thiswill dso be ussful inlivestock breeding. And they will hdp unrave
the mode of inheritance of complex human conditions. Only afew months ago came areport
of aQTL associated with high intdligence, the first opening in the door to adetailed genetic
underganding of important human behaviord atributes.

One organism after another ishaving its DNA sequenced. Just last month the sequence
of Treponema pallidumwasreported. Thisissignificant, not because of itssize, for thisis
ardatively smdl organiam, but becauseit causesamgor diseese. And, more important, it
has ressted sudy by the ordinary methods of bacteriology. Sequencing will surely open up
new avenues. Very early inthe next century the complete humean sequence will be known.
What seemed like an unattaingble end point of genticsin 1950, complete knowledge of the
individua genesand of the genome will soon be achieved. A mgor task in the century ahead
Isto take this great Sore of information and make sense of t.
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If I weretdking in North Americal would emphasize maize and wheet. But weare
medting in Ada, wherericeisthe mgor food crop. Riceisapaticularly inviting target for
sequencing. Inthefirg place, it isan important crop, grown throughout theworld. 1t feeds
countless people, and it is usudly esten by people rather than fed to livestock. Theworld
badly needsimproved rice. Its great advantage for ssquencing isitsamdl genomesze. Itis
the amdlest of the cultivated grasses. 1ts 12 chromaosomes indude 430 megabases of DNA,
only one axth the number in maize, and far fewer than polyploid wheat. The green revolution
brought alargeincreasein rice yidds, but recent progress has been dower. Thereisroom for
greet improvement by both standard bresding methods and by newer techniques. For
example, finding QTLsinwild rdaives may provide asource of new, vauable genes. It can
catanly help in identifying potentialy useful quditativetraits. Canwe deveop varidiestha
perform wel with lessfertilizer and pesticides, and epecidly with lesswater, surely the mogt
Important limiting factor? Jepan, Koreg, and Chinaare degply involved in the rice genome
project. Will the complete sequence provide aquantum jump in practica knowledge? | hope
0. Perhgpsrice will provide the first chance to seejust how practicaly useful the complete
seguenceis.

So far gene thergpy has not had much success. Itsbest chance iswith certain kinds of
rare diseases. Thenthereisthe practica problem that manufacturing chemists are not likely to
spend the necessary money for arare disease. Neverthdess, there are bound to be modest
successes. And if we can repair the genes caudng, for example, Tay-Sachsdisease or cydic
fibrogs, people will begin to think of getting rid of them? | suspect that parentswould
welcomethis. | for onewould be hgppy to livein aworld in which these genes and many
other misary-causing ones had become extinct. Of course, we are not likely to prevent
mutetion any time soon.

The papers have been full of Dally, the sheep that is sad to be adone derived from an
adult, differentiated cdl. The evidencethat thisisared result and not an error has been
srengthened by recent DNA andyss. But moreimpressveisthe result of Dr. Wakayama,
who has produced severd doned miceinduding donesof dones. They promise an answver to
ahog of interesting questions. Why doesthe successrate remain low? Isit technica
imperfections, or fundamenta? How will imprinting affect the process? Isimprinting
presarved or erased in differentiated cdls? Will these cdls show the cumulative wear and tear
of aging? What hgppensto theinective X in femaes? How soon will doning high-
performing dairy cows be practica? Will society ded rationdly with the ethicd and rdigious
Issues raised by possible human gpplications?

Genetics has pervaded dmost every branch of biology. Doesthis mean that it will lose
itsidentity, asit Soreadsits tentaclesin many directions? Will we no longer have genetics
departments? The next century will tel us.

Genetics and Society
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The great advancesin molecular geneticswill surdy have correspondingly greet
conseguences. Early inthe next century the sequencaing of the many genomeswill be
complete. We can easly see the potentid benefits -- more food, better diagnossand
trestment of disease, better waysto identify people killed in accidents, better understanding of
complex traits such as intelligence and emoations. We can dso anticipate problems. They are
being discussed ad infinitum, Wil the intrusion into privacy be amgjor threat to our
liberties? Will the possihilities be exploited to our detriment by industry or government? The
opportunity for good and bad are both great. Much can be foreseen and planned for, but much
cannot. Will sodieties accept thisknowledge and use it wisdy? AsHamlet said “That isthe
question”.

In the twentieth century genetics has been the victim of two ruthless dictatorships. Hitler
caried racis eugenicsto ridiculous and tragic extremes. Stdin endhrined Lysenkoist genetics,
agan perverting our science and again producing tragic conseguences. We can easlly imagine
such extreme viewsin the future. But what those two regimes hed in common was that both
wereruthlessdictatorships. That isthe problem. | recal hearing H. F. Kushner, spesking in
Japan in 1956, reporting inherited effects of blood transfusons. | am certain that he knew
better, for hewaswdl known treditiond geneticist in an earlier period. We can't expect
scientigs to behave honestly and rationdly when agun is pointed a their heads.

Chinese gendtics has been through difficult times, but it is now on the upswing and
progressisvery rgpid. That is gpparent throughout this Congress. At this Congresswe had a
free and open discusson of the Maternd and Infant Carelaws. | am aware of my limitations
in understlanding another culture, with itslong and magnificent traditions. | andso avare
that my own society is not above reproach, for examplein its continued confusion over
thergpeutic abortion. But | will venture three comments

(1) Theword “eugenics’ now has o many different meanings, many of them highly
pgoraive, that it haslogt isusefulness. As Ren-Zong Qiu has pointed out, the Chinese word
yousheng can aswel betrandated “hedthy child’. 1t would be good for something like child
hedlth to be used rather than eugenics.

(2) Thewording of the law and especidly the English trandation is open to various
interpretations. | hopeit can beinterpreted that there isinformed consent and that acceptance
of counsdling adviceis not mandatory. At the same time the counsdling should be as accurate
asposshlein predicting therisk of children with variousimparments.

(3) Andly the vdue of stientific contact and policy discussonsamong geneticigsin dl
countries can only be good, and | would encourage more. We have much to learn from eech
other. This Congressisan important sep. Let meadd my belief that we should welcome
comments from Chinese geneticists on genetic practicesin our society.

Of far greater urgency and much doser a hand then any consequences of changing gene
frequenciesisthetotd world population. Unlessthe world-wide birth rate is brought into




16

some sort of balance with food supply and economic redities, we may not have the luxury of
worrying about our genetic conditution.

Chinahas 22 percent of the world population but only 7 percent of the arableland, and this
land arealis being reduced by eroson and diverson to other uses. Thereiscartainto be
conflict between individud freedom to reproduce and the socid necessity that reproduction be
limited. Chinaisthefirg large naion to face this problem and act decisvely. Therest of the
world awaits the effects

Envoi

| have lived through 82 percent of the twentieth century. | have seen the tremendous
growth of our fundamenta knowledge. | have seen what once gppeared to be beautifully
ample-- Menddiam, linkage maps, the Watson Crick modd, the genetic code -- grow in
depth and complexity. We hare deve oping the techniques to manage this complexity. But do
we havetheindividud and socid will? Thetwenty firgt century will tell.

Y ou young peoplein the audience have an exditing time aheed. | would liketo sart over
and joinyou, but I'm &fraid that isnot aviable option. | can hope, however, to see you again,
early in the next millennium & the next congressin Mdbourne.

JamesF. Crow
jfarow@facsaff.wisc.edu



