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™ Mucsimels Mol ad Dun Grint

Under the **null™ hypalhesis of neulral mutations v can be estimaled lom
1he rate of pene substitution . since o is equal 10 ¥ for neulral mulations

Provis Priymonpisis
GENE DIVERSITY AND POPLULATION SIZE

(Rmiura snd Otia, 3 of N. s generally iMicuh than
that of v. Parficulily when wic wanls 1o Conywie 1he expected pene
diversity, onc fias 10 know the kong-erm effecti ze far the las| thou-
sand or milkon years {Nei er of., 1975). Thas difficully has kepl investi-
gulars feem using this direct fesi despite ils obvivus advarkage that the
consistency of the bevel of protein polymosrphism and The sate of gene
substitition in long-term cvolution can be tesied by this method.

In the past 13 years, hawever, the avcrage gene diversiey for pralein
loci hus been siudied for mave than 400 species |fer rovi sco Pawell
(1975), Fucrst ef al. (1977). Nevo 11978), and Hamsic
in severat of Ihese species i i currenl
able. il we mak i il is possibic 1o abtain
vough estimates of pepulation size for many other species. OF course, the
qurrent popalaiion size can be drustically different from the long-(zrm
effective si will be caplamed later, 1he leag-term cffeclive size

mull hypathesis of neutral mulations by examining whether
abserved gene diversity is lawer than the expected volue o hol. We
nole that if averdominant seleclion or other simitar types of diversity.
enhancing selection are imporiant, the obiserved level of gene diversity
¢nn be mich kigher 1han the neulral expeciatina (Kimura and Craw, 1564,
Nei, 1980a; Maruysma and Nei, 1981}, Funhermore, If the level of gene
diversily is determined primurily by ecologicul conditions rather thun by
(he mutalion rate and populition size, there may be no corrchition be-
tweem gene diversily and population size. With this in mind we have
studicd The relationship hetween gene diversity for peatzin loci and pop-
ulation size for various groupa of orgahisma.

The purpasc of this chapier is (wefold.
of The mbove siudy mnd cxantiné Lheir compatil
ory, Second, we discins the applicabifily of various altemative hy-
e of dixcisian
s subiect have
recepdly been published. In his discussion we shall take into account the
resudts obinined by previous wuihars as woll as et dhoth thearetical and
experimetal) and present our view on he meintenance of protein po-
tymorphism. In this chapicr cmphasis will be given to the consistent ex-
n L f dma on proicin poly phism umld those on amine acid sub-
slitulion in long-erm cvolution. I a theory cannot caplain those 1wo
aspects of mokecular evolution, il iy not ¥ viable theory.

€ repart the resulls

yp To Be Tested

Foflowing Nei (1975), we dcline the gene diversity for a locus by
k=1 - % &, where x; is the Irequency of the ith allele and Y stands
for the summation pver all afteles al the lucus. Average gene diversily ff i3
simply Lthe average of h over all i i
above is a measure of panetic
in a randumly mating diplaid popufation. In inbreeding populal
haploid organisms, however, it does nut messure (he frequency of hel-
erozygales, in this chaptex we use M, since this has many favarable prop-
crties from (he Ihearetical point of view (Nei, 19751

Kinvura and Crow (1964) siudie; so-calked infnite-allele model
of nentral mutstions and derived a farmula for ihe expected value of 4.
1t is given by

H = 4N + dN,) n

Ohta and Kimara (19731 argued That the infinile-allele mode) is not ap-
Frupriale for cleciophoretic data. since there is a possibitily of back mu-
Tations for electrophoretically delecluble ulleles, and prescnicd an alter-
pative model, the stepwise mulativn model. In this model the expected
gene divessily is given by

Ho=l=(k+ 8Ny " [b3]

Recent experimental dala (Ramshivw ef ol 1979; B and Ferrell, (980;
McCammas, 1%83), hawever, sugeest Lhat for
then (2) even fer ¢lecirophoret
study. OF course, when # is
much difference between the val 3

In the neulral tieary the mutation raic is assumed Lo be consiant per
yeas rather that per gencration (Kimura and $hla, 197(; Nei, 1975). (The
rile of veleteHons mutalivns is ksown 1o be ppprorimatcly constant per
generation. For the possible reassn for 1he diffcrence between
mutalions and delcierinus mutiuons, scc Nei . pp. 313401
we are lesting (he *'nul ks, we assume Lhal
Ihis is the case, The mulation rate per generation is them give by

¥ o= gv. (kL)




" Mitatsnth Hal smd Den Crear
i ration Lime measured in years and v, is the mutalkon
ﬂ.__m.un“ _hnu_.."n MM.KE&.":.! the raic of amina acil .=_u.u_w§.5=. the ma-
tecular size of profeio that arc used for n_nﬂ..BuJEn.m_o_ and he detect-
ability of protein variation by clectrophoeesis, Kimura aml ,O__F 97
and Nei (1975) have estimaied thal 1hc rale of neutral wlations han are
bie by is is approximaiely 1077 per locus per ycar.
“This extwate is, of course, very crude. bul since no ofber estimalc exists,
we shall use this 32  {irst approximation. In iy connectwan, Ea..:sn
(hat eslimales of m! sate for protein koci obtained by Mukai snd
Cockerham {1977}, N
{1979, amd Yoelker &1
cluding ious ones. Since
neuirad 1heoty, (hese estimales cannot be En.n .u:...: purpose.
In the prescnl chapier we are inloresied in lesting The [ollawing two
“nul"™ hypotheaes:
1. Mcan gene: diversity increases aa Meg increpses.
2. The cheerved values of mean gene diversity ant cqual to-or smaller
han the expecicd values given by formula (i),

“The raionale for the first hypothesis i obvious from By (1). En mast
speckes se far studied the phserved sean gene n_?n_m.s. -in_n.n:iia__.
it equal 1o-or smaller than 0.3 when 20 or more Ioci are ns!..ax.a (Fuerst
977) (see atso Fig. 4), and in the range of H = U-0.3, F is eoughly
arty reluted 10 Nov = Nogvy. Since v, is constanl, I is expecied to
increass us N.g increascs, This lest does not require knewledge of v, In

cifective populsion size is genevally equal to or lower than Lhe curnenl
uuwn._._-._u.. size. The reasons are threefold. First, when papulation size
uciustes over evolutionary time, the long-term clleclive population size

Pravain Polpraphiem ”

is chwe 10 1he smaliest size (Wright, 1938}, and the current $ize may st
e the smallest. Sccond, in the kst | million years there have besn scvcral
glaciations in truny different parts of ihe warlis, and Lhe lasl one (Wiirm—

sin period) ended only aboul 18,000 years ago. In these glaciali
population sizes of many dilferent species appareml

cuime extinct (Martin and W
sppeaed during the lusl | mi
the effect of bolticnecks on
thait | million yeacs (Mei er af., 1973, many exlant species of animals
und plants would have a lower gene diversily than the value eapeited
fram current populalian size. In oher words, the fung-1erm effective sice
for these specits is eapecied 1a be generalty smaller thun (heir current
population size. Third, the effective population size is generally smaller

y 15 cxpected to be much higher than the
neuiral level (Kimury and Crow, 1964 Nei, 1980a; Maruyuma asd Nei,
1581} Therefore, iF we can rcjccl o “null™ hypolheses, the neutral
(heory will have a scriaus problem.

In this conncetian it shoald be noted that the effective populaiian
size that is important for the neutral lheory is nut the size foe o tocal
poputation bul that for the enlire species, unkess the specic is divided

(Kimura amd Maruysma, 1971)
migralim it sufficiem 10

s i hecause even a small ratec of gene
he g netic dilercatiatinn of subpopu-
y similar to ours, Sould {1976) appar-
on (o this distingtion. For example, he
assuimcd that the effective population sizes of Mus musculus, Drosephila
metapogarter, and Usa stansburiona are 1P-10%, 107, and 107, respee-
lively tM. Saulé, personal communicaiéon]. We helicve thal These con-
Jectures represem bocul elfective sia wl thus they are nol appropniaic.
Sualé also used a mutation mic vof 10 =10 ¥ per goneration ireespective
of the gencrution time of Lhe arganisnns used. These Iwo laclars caused
a downward bins of the expected gene diversity in some organisms and
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Jed him to conclude That 1he obszrved gene diversity is Mgher than 1he
eapected value in a substawial Tumber of organisms. Clearly, we need
more cancful wurk,

Data Usad for Stailsticas Stedy

Genme Diversity (Heterozygosity]

in his study we used enly ihase species in which gene frequencics.
abeained from 10 or more genomes were available for 20 o more prolein
loci. We uscd this critetion because of the large inlerlogis vari of
gene diversity (Nei and Roychowdhury, 194). The mein gene diversily
(heterozygosily) was cslimated by fhe Formuba described earlier unless
(e number of individuals examined ws bess (han 5. When the number
was Less than 13, we used N .w._-hq_.n:-i_-_.e_.u‘: mplc 3 fﬁw

i _won by such faciors as mating 41
inbreeding and is Thus not wery oselid for comparing the pe
bititics of difTerend species (Nei, 1975).

Population Size and Genesation Time

Estimates of populaion sizes were oblained for T7 specics for which
1he estimales of heterozygosity based on 20 or fore loci were avaitable
I s0me species stimates of populdtion size were alrcady avail-
bl jitorature and in this case we used fhem directhy. The wpecies
for which ihe poplation size wis available were Home sapiens, Pan
(roplodytex (chimpanzce; Reynolds, 1961), Gorifla gorile (Disan. 1981),
Mir i iz febephant scal: Eoanell 194, Cer-
virs candensiz (Canadian ch; Cameson amd Vyse, 1578; D. G. Cameron,
personal icati Alliyarer mis (Amcrican alligator;
Gartsive ol ol., 1977, McNease and Joanen, 1978), Pugophilus groenlan-
dicus (hatp seal; Barchard, 1976 Lavigne et 9%2; Ronald and Dew-
gan, 1983), Oryctolagus cuniculus (wild rabbit: 8. J. Richandsn, persunal
commnication), Oneovhpnchus meriu and Salme sulur (salmons;
MacDomld snd Smith, 1980; Jahansson, 19K1), two species of Macaca
(macaquc; Nazaws # al., 1975, and pcryanal icati Sphinc-

was estimaled by direci caunting, whereas in the others il was estimated
ing the average populalion densily by Ihe geographical dis-
kol he case of Marar 4 fscara Ihe population size was estimatcd
by multiplying (he average clfeclive population size of a troop by the lolal
number of (roaps. Elcphuni seads aré known 1o huve experienced 2 severe
bateneck (N = ) arcund (890, 5o thel we used this size rather than
Ihe cursenl size (N = 10.004).

Ln many species, however, direct estimates of popululion sizes were
ot available, 30 (hal we had 19 estimale the sizes by using various meth-
ods. In The case of game species we used hunting records. For example,
in the Scandinnvian moose [Alees aiver) we have reliable hunting records
last several decades (Ryman ef al., 1477, snd reference thercin)
known thal the proportion of hunted animals never € sce¢us aboul
ire pepulation. Canscquently, we can obluin a ough
\he population siz¢ for this species. The same

minimum cstimale
method was applicd 1o the red fon (Vidpes vulpes), the sloal (Musteln
eeminera), e pole cat (Mysteia purorias), he badger (Meles meles), and

92 a3 well s to Macaca

this woy were roughly in agrecment With hase al
reconds,

In Preamyscws (deer mice or while-footed mice) the population den-
sily has been estimated Lo be 60-800 per km? (Lawior. 1963: Sheppe,
; Douglas, §96%: 1. A, King. 1968 Avisc ef al.. 1974, Bccause we
did 1ol wanl to make it difficult 10 reject our second *‘null™” hypothesis,
we used (he minimum estémate of 68 individuals per km? encepl in &
mamicatatus and P. palicmaris, where the minimom density is aboul 600
individuats per km? {Davenport, 1964; Redficld 1 al., 1977), We waed the
same densily (60 per km?) for Sigmodor and Extamid, Mnce these or-
ganisms have a habital similar lo thal of Feromyreus. The aecas of the
geographic distributions of these Toden species were ablained from Hahl
1959) book amd other sources |for refercnces se2 Avisc #

ing 1his i iun, we ¢stinated the 1
2 of Cchotonn princeps (pikas) was oblaincd hy
j:n the der (502500 per km? {Broadbogis, 19651] by the

rerochitia akarculi (land swdl; B. Neva, personal communication}, four
specics of Spalar mole rats; Nevo ef al., 1982), Acinumys jubarus (Sauth
African cheetah; O Rrien ef al.. 1983), and Pimws oereyana (Torey pinc,
Ledig and Contle, 1983). Is somc of these species the popuhation size

arca (Hall and Kelson, 1959). This species inhabits “(erres-
tria! islanids,” and (he poputation size is directly relaicd to the size of
Ihese islanus (Glovar ef al.. [977). The populatian sizes of the apecies of
Gramys and Thpmemys were estimatcd by using information on The pog-

-




ulation densiics provided by Neva (1979, amd personal comma
and ihcir geographic distributions (Hall and Kelson. 1959: Rus
Selander ef of., [974). Simikarly, the popukation size of (deee
Hink hite-tailed deer) i iplying pop
i ity |8 per km? (Dap /., 1979)| by the rangx of geogrphic
disiribution (Hall and Kelson, 1959). The genersion limes for murmmahian
specics were aslimated From informalion on longevily aind 1eprotductive
binlogy (HMl and Kelson, 1959; Altman and Dittmer, 1962; Woud, 192),
The specics of Amalis Hzunds used in tihis siwudy inhalwl the Carritean
sslands, moslty the Lasser Andifles. The population demsilics of 4. car-
olinensis, A- sagrei, A. crisaretivs, A, disiicus, and A, evidatus have been
eslimated to be LY 0%, 7.7-% WP, 145 x 10, % % [0°, and 4.7 x
107 per km?. respectively {Andrews, 1979} There are wa direct exlimates
of population densities for the oiher Annlis specics used here, and we
used § x 10° per km? for them, This density bs for A. fimvifrows and is the
smatiest densily knows among 1he Anvlis species (Fleming, cited by An-
drows, 1979). The ic disuri and ion tmes of the
species used were abtained from Ruibul snd Philibosian (1970), Lazell
(1972), Soulé and Yang (1973), Yang ef of. (1974), Garman und Harwonl
(1977}, and Bennett and Gorman (1979). The population density far Tar-
icka rivularis (red-belbed newt) has been estimated 10 be 20,000 per km
sircam (Hedgecock., 1978, and persanal communication). The urcas of the
peographic distrihution for (hia spesies were obtained from Twitty (1955,
1965), Twitty et o, (196 i 3
“Ihe peographic distrbution fue 1he two species of darlers used in this
study (Erheastama spectabile and E. caruleun) were laken from $licger
(1975). We used density eslimales (10 per ke stream) provided by L.
i }.

thar in either mammalian of re|

wien of Kipuka Ki, bt it is densely popul
al least anc more densely populaicd arca in Kipuka Ki
mersonal igal, and lhe lotal B

of spacics could we obtain 2 rough estimate. Acgcorling 10 Stcincr
(19T9a,b), D. engyochracea wml 1. mimice are largety conlined t Iwo
A3 km?), i€, Kipuka Ki (575,000

size in this Rocation

rngyrrhrdced, the

former being a1 keast five times higher than (hal of 1he latier (W,
W. M. Sicincr and R. H. Richurdson, personal communicatings). There-
fore, the o size of thi beabout 3 million. Carson
(1976) has stled thal Hawaiian * piciure-winged'* drosophilids are large,
its, and fhcre may b 1o more than (e generations
ver, Steiner informs us Lhal D. engyochracea and . mimica

arc relalively smadl and there may be ol ive pencrutions B year.
1nonc species ol we., D. migraspiracula, the
popubution size has been estimated 1o be H'!. This speciea Feeds on ne-
B i in 1he southwestern: United States desen. The pop-
led Fram inFarmation o the number of cactiin the

diversily dala for this species. 1. 5. Johnson and Heed (1976) speculale
hat the pomiation size of P, prewdvahycura is 100- 1000 tites larger

Aderica from northtim Atgentinn tw Mesico, the Uprribbean Islands, and
Florida, the Lotal area of which is about 2 % 10° km’. If our estimate of
N is comert, the populative deasity would be 5000 per m2, This density

e leryi
‘e therefore used N = 16" for
sizes i 1h

Thus, we extimate that the Lolal number of mammatian individuals is of
the onler of 10", The averuge number of E. ol bacteria per mammalian
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since oun eslimates of papulation size are very enule, the correkalion i
nal cxpecied Lo be high anyway. As will be dincussed Jater in this section,
Ihe rutio of effective size M. lo act ize M is expected to be soller
when N is large (han when N ix smal herefare in o sce

e presenl cust il becomes
ion, hough the dilference hetsreen

The positive cornelas
Iheorics in which the cifect of gewetic drifl is discounted, bul it &5 con-
sistent with & number of genetic theorics in which ihe drifi clfect is can-
sidered. Thus, we must examkne our secomd **null™” hypol

The salii line in Fa. 1 shows the ¢xpecied gene dive
alleles with (he assumption of v, = HI°7. 11 is clear thu all vhierved
mean gene diversitics are approximaicly equal Lo or lower than the £x-

pecicd vahues except in pne Species, Drosophila eagyechraces. The ab- .

served value for D, engvachracea i 0,177, whereas the expected valuc
is 1,038, ‘The expecied standard ¢rror af the obxerved vate is 0.040 (for-
ula (6. 9) in Nek (19751), 50 that the difference is sutistically significant
A cloe examination of Tabke | shows (hat the ohserved helerozygasity
af Drasophila mimice is uls slighily higher than Itve expecied value, This
diff is not stalistically sipnifi but we must sale that in the
computulion of if,, we wsed N ruther than N, I the N, of thix specics is
subsiantially smalber than N, then ihe differcace between Hy snd He
wouhl become significant. We alxo nele Lha in Mucaca cyclopis, M. fas-
cictarts, Pevomyscus guwedia, Spalex chrenbergt (diploid number of
523, and Sphi hilia aharoni the expected heiero-
Zyposity s Iess Lhan 1wo times 1he vhnerved heterozygosl
onc-Ahird or one-fausth of N [n thesc specics, then Ho
ihan Hy. Howevee, in these specics we used a mimmum calimate of pop-
whation denzidy to comgene N, so Thel vur estimale of N may nut be much
latger than N,. lw all oiher species (he observed helerozygosily is sub-
stanially bower than the cxpecied heterozypiaiy.
“I'here are iwo posaible explunations for the discreponcy between the

obscrveil and capected genc diversities in D. engyockracen and D, mim-
ira. Tive fiest 75 the poswitilicy that there in ovexcomi seloetion or a
similar balancing selcction operating in these specics. | i
I distribanians of sllele frequencics and single-locus gene diversilics are

R

" RASERVID W NEUTRAL = OVERPOMINANT
I 2 Obeerved 1 Spacksd st by ol aliels Prequenchl. {4) Otviarveg g ribusion o
D angrochreces tH = D.1T7). (b1 Enpacted dreibulion for ekl Mt wih 1 = 3127, {e)
Expasciact dindeibution hor v OMIIT! Miskey weih H = 0177,

alteles. The ik istril were oblained under
ion 1hai the expecied genc diversity ia equal to The cbserved
+ 0.127 {Chakraborty #f gl., 1980), In the case of newira] alleles
sponds lg 4Ny = 0§45, wherras in the case of overdominan
al Ny = 30and 4Ny = 2.3 x 1077 werc used, where 115 the sicclive
advantage for hetcrozygotes (Li, 1978), We oote thal cven a small degree
ar. selection i lin i jic variabélity
{hat an extremely Jow Fale of mutation is sullicient te atsin the lovel of
# = 10.127 (L. 1978; Nei, 19%0a). Figure 2 jndicales that ihe observed
distribution of allcic frequencies is very clase 10 1he neutral eapeciation
bul considerably different from 1he overdominent patiem. This suggesis
That the maor facior for the discrepancy belween the observed amd ex-
geoe diversity in D, ragyachravea is not averdominance or similar

balancing sclcction. Essentrally the same conclusion was oblained for B.
mimica.

The stcomd possible eaplanation is thal ouy cslimales of & are nol
correct aml 1he actuul vahue is severl x higher than our exlimalcs.
Inour view quite possible, siace no onc s direclly cstimated the

expected diffevent from (hose for Li, 1974; Y

ard Nei n the prescnt case Lhe diseributiva of single-lucus gene
diversities is not yery helpiul, because only 20 loci have becn studied.
The: obscrved distribution of sllel: ey for D. hy is
given in Fig. 2 1ogetier with the heoretical distributians for neutral and

telat 7es of these specics and sur indirect ¢stimates are very
crude. We note thal if the populalion size is scveyal limes highcr than our
eslimates, the discrepancy between the expecied and obsceved gene di-
versities disuppears. Qus papulation estimalcs are heavily depeadent on
Fontdevila and Carson’s (197K) population survey in £, eagyochracea by
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wsing the caplure—vccapture method in one spot of Kipuka Ki. The cs-
timate oblained by the capture-recapiure meihod is known o be subject
10 & large sampling ereor (Comack, 1%73), 50 1hat vur cstimates may be
unduly low, Purihermore, the possibiby thal these two species live i
clher locations # addition 10 Lhe two kipukas cannot he exchoded,
Hichardsen snd Carson colfecicd & few specimens of Ihese species
removed locations of the island of Hawaii as meationed carlier, A1 any
rate, sl the present time no definite conclusion can be mude aboul the
cause of the diserepancy between the expecied and obscrved gene di-
vepyilies im this specics. It weuskd be rewanding (o study the papulation
size amd structuse of this species in furher detail.

‘While we could ol reject our second “null” hypathesis excepl in
Iwg possibie species, the di between
mean gene diversilics increascs as population size i
There are theee possible explanations for this rel
variation in the mulation rate amang different loci.
shown thit when the mutation raie varies from bocus
in average genc diversity widh increasing populal
whea |he mudalion rate & The 3ame. However, their Fig. 4 shows 1hal the
effect of thws Factor is relutively minor unkess the eatent of variation it
exuemely large.

The sccond nau_-:l.n._ ia that the ratio of effective population size

ocganisens with lurge N.

fraction of the actual size (Nei, 1976b; Maruyama awd Kimura, |
R. Levin, I4%1). This is because onder cerfain circumstances &,
sirpina. rapidly prow bul usder piher circumsthposs they easily bacome
eatincl, and in thiz case the effective population size is much smaller than
the actual 3iza. It is well known Ihat after the Secand World War dvug-
resisian Hmins of £. coli rapidly spread ip many countries. 11 should also
be noted (hat thc populaticn sizes of hast species {mammalian specics)
muat have been quite small a1 che _.En.inﬂi-n._. A Yarge fluciuation
af popultion 4e apparently occurs alxe in conlincalal Dresopkila.
Crunipecher and Willisms (1973) and Jones ¢r al. (19610 have shown hat
Ihe B. preadachacure popitations in Colorado and Califuenia rapédly col-
onize new lormilurics #i SOME SEIZONY OT JEdrs. but i..nr:. a_as___d! in

others, 30 Lhal the 1 or pearly of size szems
tobe In . mele wrl B simuteny ameven karger scale
of i il seems (o be occurring. -
suphila mik has a jon a1 he prosenl lime,

bul it seems that the specics was .M_===!_ primarily to Wesl Alvica unlil

and € 1977}, C of D,
rapid. "This specics was vinually nonexistent
in Japan uatil reccntly. Starting around (972, hawever. it spread thevugh

the cnlire Japancse islamis frum south to north, and in 19724 hese Nies
were already collecied in the norhern island of Hokkaido (Watanabe and
Kauwanishi, 1976). 1n general, Auctution of papuletion size occurs more
often in orgunisms with kigh reproductive rute than in organisms with ow

(hese flies. live, there were no placiaions during the Plislocene. bul in
the ice ages this arce was spperently cool and dry. so that the number of

many organisma, increasc e thversity
and in large populativnn 4 fonger period of lime is required for
the zquilibrium value to be anained than in small populations isee Fig.
3), Therefure, 1his [aclor also contributes 1o a larger discrepancy between
the observed and expected gene diversitics in lurge populalions.

MEUTRAL THEQRY AND ITS ALTERNATIVES

‘Wc have seen (hat our data un (he relationship beiween gene diversily
and population size can be accommadated with The neutral theory. but
This ilscH docs not preve the validily thenty, since some olher
hypolheses may explain the dats cqually well. We sh;
the eompaishility of our data with ciher hypoiheses in which selection is
invoked, In this chapler we cansider only those hypothests ur thearies
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mn:«_.n:...l gene diversity increases vinuatly l::n E.._a rate q...: u__ pop-
wlation Kzes, e Ihe dil in gene di of
differend sizey becomes apparent only when the nci—.:ea!@. lirnt is very
lang. Analher faclor thit wouk] have condribuded (o ihe same level of
gene divensity for Hawaiian and comtinental specie:
ot pnnual of ion wize in i species. Thercfoee,
the N/¥ ralio is expected 1o be higher in Huwaiian Dresophita than in
continental Drozophila.

The reduction of cficclive population siz¢ due to fectuation of pop-
ulation size se¢ms to be an importan fuclor in reducing genclic diversily
Tor & wide variely of organtwns. For cxample, Sigmudon hispidus wund
Feromyscus mamicularas are knows 10 havo -!.__nq Ea-uun vn.....ﬁ...:
sizes, bul the former
size than the lller (Sanith et ol.

wild rabbit Orycrofogus cunicuius i slse known to undergo periic bot-
tlenecks i population size duc 1o myxomatosis autbreaks snd d
(Richardsom #1 af., 1980). The relutively low tevel of gene diversin
and some ofher
coukd be w result of Muctuation in population size e Hecl
the population tize of the polar bear).

Every population genclicist iy aware of fhe =.__.EE=R of random

isan is =x_on.. lower in small popwlulions than in large papu-
in the ssne apecics. For example, Selander ¢4 al. (1971) showed
Shiita Rosa Island (off the Guif Coasl of the Florida panhandle)
population of Peromyscis ._.1.5_..__:.1 R!-.a._ the size is knawn 4o be

1200300 idividuals) of the charackl fish Astymsar mexicamus ab:
@ very bow geme diversity comparsd with the aearby surface populaiion
{Avise and Sclander, 1972). Similer obscrvations kave hees made in mam.
ials (Price and Kennedy, 1930), lizards (Webster et af., 1972; Gofinan

. Nevertheless,
P in
he clfect of genctic 4iril

these uuthars

well, Dhough the exten of the effect ia inversely propurtional L the pap-

ulalion size. The present swdy supports this view. Studying 12 pralein

vel s in iwo lunicale species “are clearly related Lo populalion size
s predicicd by the ncutral mutation hypathesis.'” Yarvio-Aho { 199 1) con-

. - . the camphex struciure of the
@spersa can he sccounied far by differ-
entiation of subpo a result of randam genetic drift"* (see also
Setander and Whill

Nelson and Hedgecack (1980} denied the importance of genctic drifl
for pratein polymorphism on the grounds thal different keci do not show

h the peutral ¢xpectation. There are
alion rate apparenily varies greatly
976a; Kochn aml Eanes, 1978; Zouros,
apecled (o vary with locus. Second,
is Known 1o prodoce 2 large
wens and Gillespic. 1974; Nei
Ihe same species are expected

generally (o have different gene dive

Balancing Seleclion

In the Inst 10 years many different selective mechanisms have bees
propeseil fo¢ explaining the observed level of protcin palymorphism (.3,

:_n:_.:_. -i_ in a targe _H_:__u_..e... gene drequency equitibriu
sumed to be reached. The classi i i
are ather Iypes of halancing selcc

mparcd with the cuse of neiralgenes. There arc other types
af relection that kend 1o reduce genclic variabilily. Dpe such example is
purilying sckection, in which mulam genolypes have s lowered fitness.
Mei (1988a} has caBled this iype af sclection diversity-reducing scketion,
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Many selectionists (¢.g., Ayala, 1972, Wills, 1973: Milkmun, 1976;
G. B. Johanon. 1976) bebeve that a large part of proicin polynsarphism
is mainained by diveesily-enhancing selection. This view was probahly
xencrated by & miscancopion about Harris' (1968) wnd Lewonlin and
Hubby's {1966) brilliant discovery Lhal natural paplations are highly pe-
lymohic at the protesn level, This discovery has somehow misled many
Inologists Lo believe 1hat the polymorphism is 80 ¢x1enaive that sume kind
ng sclection must be opening (e.g.. Sved er al., 1967: 1. L.
N ,_az__. The present sindy indicales fhit the kvel of
s acluaMy much luwer han the neutral expeciation
Ihe observed
Ievel, the Lype af seleclion to be considered is not diversily-enhancing
selection but diversily-reducing sclection.

Figure 1 includes the expecied relationahip beiween gene diversity
and population size when ¥ is sasumed to be 10~ am all helerezypoles
have m sebectiv aniage of 5 = 0.00k compared wilh homosypotes.
This eapecied relationship was obtained by Lhe methods of Li {14743 und
Maruyama and Nei (198
overdominance i consida
crenags remendounly compared wi
is far above the observed pene div
the caxe of constani 5 for al
same ¢ven if & varien wilh allcle combiration as fong as the mean of 1
semains the swme (Maruysns and Nei, 1991).

The unimporiance of balancing selection is also indicaled by the pat-
lerns of distributions of single-docus gene diversilies and of atkeke fre-
quehches, Fuerst ot al. (19773 compared the obiservead disiributien of gone
diversities wilh the neutral expectelion in 68 animal specics, but in none
of ibese species was e Tormer significanily diflerent from the fatier,
Earlier we shawed (hat the observed distribulion of allek: fresuencies for
Drasophite emgyorhracen i close 1o The nesiral expectation rather Than

10 the overdominanl cxpecialion. A more exlensive sludy of ind
was conducied by Chakmborty #s al. (1980}, who examined fre-
quency data from | 3K populatives (specics or subypecies), In all of these

ions he distri U-shapwd, ncuiral slicles,

and there was no indication of overdominasd sekection. We can, thercfore,
canclude that overduminam selection is ge usempormant for ex-
pluining geotein polymorphism. We also ot carlé has 1be highest
diversily so fur obacrved despi thal ismis haploid
and Lhus Lhere is no wny far this organi b
sclection. A relatively highd d i
wizz Mo observed in Neurorporn inferiedia (Spicth,

haploid L
S), Mistaplasma

capsutatim (Gavr e¢ al... 191}, and two haploid muss species (Xrzakowa

and Szweykawski, . Yamazaki, 3
Recently, Powell and Tayh
morphism in 1erms of habilal scke
aupposed 1a cheose e hahityt mi ted 10 ils genotype. However,
{his is & stong furm of balancing sclection (Taylor, 19761, and if this type
of seteciion is prevalent, we wuuld eapect 2 much higher level of genc
diversily than we obscrve naw. 1§ shoukd alsa be noted 1hat natwral pop-
ulaticns are polymorphic af many loci {10-60% al 1he protesn level) and,

thus, the number of passible in# ion is
Ihis case it is not cleur how habital xclection occurs and how
is as n diversily-enhancing sclection. A lar criticism iz
raised against Kojima and Yorbrough's (1967) hypothcsis of frequency-
dependent selection [see Lewanlin {1974) and Neci 11975} for additional

commenisl.

I the present ditcussion we have nal considered the relalionship
phi: itulion for balancing setec! This

ried to eplain protein poly-
n this model coch individual s

selationship is somewhal com
selection is 30 poweriul for ing palymerphism thal
the level of gene diversily substantially compared with the case of ncutral
genes bot decreases the rate of pene s itution when Lhe mulation rale
s fixcd {Nei, 198la; Maruyama and Nei, 1981). Therefore, if we consider
r and gene substitution si Iy, the batancing selec-
tion hypothesis faces a seripos problem.

Adaptive Strategy and Heterogenacus Environmaents

Aler seeiog fia clearcut evidence for overdominant sekclion in the
i of prHein p ism, an ing number of authors
Iave turned 1o the hypothesis of adaplive stralegy 1o eaplain This poly-
wsrphism. Ths hypethesis is primarily duc t Levins (968}, who stated
hat heterogeneotis and changing (coarss-graincd) environments maintain
a larger amuuh of genetic pof thun constanl {fine-g dy
pmens. He used the so-called filness set theury 10 support his state-
However, this theoty depends npon a number of averly simplificd
plicns about the fimcss relalionship among differem environments.
Actually, his argumenls ase ne more than the usu uilive arpoments
Mt are oficn made by hiclopists [sce. however, Straheck (1975) for a
speciat case]. He has nol really considered the Mendelion segregation of
gencs, which is the basis of population genctics. A moee salid mathe-
malical study on genelic palymorphism in helerogeteous niches was con-

m
258
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ducied eartier by Levenc (1953), wia showed that in heterngeneots nichey
even genic or dominani seleclion may produce stable polymorphism. His
mathersaticdl moded has recently becn ealended lo various cases by a
===‘_..nq of -.-_?-_.v _!_ most of the San_a studied depend an the as-

Hedrick ef af. (1976) and Felsen:
_x__é!.o._ sire :taw.__. _oS

_ﬁ_ Ihen no stable polymonphism will be established S_..E_ averdom-
inance. In practice, we do not know wheiher or ol regulation of papu-
Lation a.«n occurs in svery gencrion, aid, if it does, how. Indeed, wo
do nol cven know wheiher or not mox electromorpin produce fitness
differences large enough 1o creale slabke polymurphism, -i_ hey ?
ia._aa _.._..ns varislion octtn itsucha way thal the 1

can be satisfied
in nalurs. We
same pattemn in different years, Finie population size also reduces the
slabelily of polymorphism subsiantially (Hedrick, 1974; Nei and Yokay-
ama, 1976; Takahata, 1981} Gillespric (1977) claimed Lhal Lhe condition
for poly in 8 bess sringent than
that for oventomisam selection i the presence of multipke allcles, but
his madel of helerogencous environmental selection is very specific and
there are oo experimenial dula to support it.

Theoreticaily, even in w single niche nomoverdoménant stable equi-
librium may be generated if sefeclion coeflicieals vary from gencration
La generation in & specific manner in large populations (Dempster. H
Haldanc and Jayakar. 1963; Jensen pnl Ppliak, 1964, Karkin s Levik-

opel
kayama, 1976], and again (here are ho experimental datw to sapport any
:.nn__..n model 30 Far ._oco_sx._

with hite Powell {19711 and

chn_:»_._ and >v.u_- :5.. have reported __!_ 1he gene diveraiy af the
igher

thart that of the in constant envi A num-

Y1 of authors have 1aken Lhis a5 cvidence for supporting the view 1hat
varying sclection inlensily resefis in buloncing selection. However, as

VERTERRATES
214 wpacing

INVERTERRATES
127 apociw

Dogony |

7304 Dislribubions of wvernge persk Jheviity MW TEIOONtS) v apacien of nverinbeaid et
Verisbemtsm. Ondy pacies In whick 20 Or e Kch Wkt semingd s Inchued.

noted by Nei (1990a), their data show thal in boh constant and verying
environments the gene diversily declined at & rale highet than nuvun.ua
undor pure random geaetic drifl. In other wonts, heterogeneaus environ.
menis did nol retard but actuwlly sccelerated he reduction of gene di-
versity.

Selarwder and Keufman {19735) observed that (he mean gene di
is generally higher im inverichrates than in veriebrates. They e

1971; Tracey et ai..
1924; Mcicall ef al., 1975;
4784, Lester and Sclander. 1979; Haltiday, (961:

Pamilo et al., 191
Varvio-Abst, 1981). On the other hand. there are examples of venshrates
that show high gene diversily (e... Avise ol Smith, 1974; Mitlan and
Kuchn, 1973, Malthews, 1973; Nei and Roychowdbwry, 1942). In collab-
oration with Pau) A, Fuerst, we compiled mean gene df
Variptis groups of organisms. Figure 4 shows Lhe distribution of mean
geoe diversily for vericbrales and invericbr: is clear thal although
inveriebrales have a higher mean gene di m veriebrates, there
ure many species <howiag a very jow vl verichraics, Therefore,
this sel of data does not support |evins hypo hesis, bul rather refules il
if there is any difference in enviranmental grain berween verichrates and
invericbratcs. We also note 1hal Selander and Kaufman's [19139) dala on
the land snail Ramina decolfata arc incampatible wilh Levins® 1heory. This
organism is scssile, so at its eavironmental grain must be cuarse ac-
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cording 10 Levins definition. Afier being introduced to North America
from Europc aboul |36 ycars ago, (hix self-fertiNping species han invaded
a large Lesiory of 1he southern United States, Mexico, and Lhe Canib-
‘bean Tslnds, Pespite iheir remarkable success in colonization of the
North American contineat and the polymorphic statws in 1he original Eu-
ropean populalioms (Sclander and Hudso. 1576), the: American popula-
tioos of This species are emirely monomarphic for the 25 pralein foci

hypoihesis. Ayala and Valentioe {1979, p. 28) sated:

Tanctinoally fenible aficles ark kssiesd 10 ba fuvorcd in spocice thal kbt
tempurally vasiahie snvirmments; . . where indiidsal organisen range
widily Throvah  vasiely of eaviroemcets: i The KiE 117204 CHNC The -
coes lamd Ip be monoukerpivc for the sl caibie allekes. | sisbic ewvirn-
memt n variety of abeics. with permower fonctonal rages. Wie fovnl in fhe
srwne puol of apesies whont individubls NAVE Tesirictee cvDAmCHS] ranges.
The mettile alities are mairdnined by belwcing walection.

.;..u hypathesia was presested as an ad koc cxplanation for their abser-
vations ad b just the opposite of Levins' theory. Actually, there is no
(heoresical basis for Valentine amd Ayaka's hypothesis; indced, U is very
dilficuh Lo conduct a malhemmtical uudy, Furihcrmore, there arc empir-
+cal dala that are incompatible with (heir hypothesis. For caample. £, qoli
inhubés the intestines of many diffcren mamdialian species with different
diel types, 50 thal the enviromnenl must be quite helerogencous. o
<ourse, his judgment is as subgective ns Ayala and Valenline's argument
Yet it has the highest gene diversily observed so fur. On the other hand,
cave animials ke Asryomax mexicanun kpparently kve in highly siahle en-
vironmem: they have low degrees of genctic polymorphism. Nevo's
(1978) speciatisl—gencraliv theory is equally subjeelive: na ane knows
how Lo quantily the degree of specializalion without using vugue defini-
tions thatl maise conceplual and methadotogical problems (Cody, 1974;
Maynard Smith, 1974; Fuluyma, 1976). Furthermore, spectalizution iy

¢ than a. i y. Fox and Mormow
(19871 have shown thar muny herbivorous insecls have peneralized diels
aver the spacies” entire geographic ranges bul they funcifon an specialisis

Promin Fulymomphiom L3

wilh restricled dits in local communilizs. ki shauld also be noted that
some “'gencralist’ species, such us the tandsnail Huming decollara (Se-
Iander amd Kautman, 19734) and the purthenagenelic casthworm {rta-
Tasion tyrtaeum (Tacnike ef ol., [980), have lille genclic wvariabilily, unlike
the peadiction from Navo's (heory.

A number of authars fe.g.. Bryant [9T4a,b; Nevo, 1978; Hamrick ¢
of., 1979; Nelsan and Hedgecock, 19601 have studicd the comelations

cen gone diversity (or y} and various
yariubles xuch as lemperature or hymidity to find the deerminarts of
genetic variabilicy. Crilical rewiew of hese works, however, suggesis that
muny of the correlations identified by these authods are spurious and do
ot indicate real causat relationships [se¢ Schocll and Scland
an eacellent review). Furthermore, in these studics |
been rid 10 the underiying genetic mechanism (or madel), such as ov-
crdominant sckection aml selectian in heleropencous SNViesaMENLs, 0
that 0 one knows whal is the expecled comrelalion far any given envi-
ronmental condition. In alher wairds, na parll nypolhcsis &
really Lesied in these studies. It shoulil ulso be he gene diversily
or helerozygosity of a population is a product af long term evolulicn
[sOMELImSY DYer n yearst whether there is selection vy nol, and
il 15 difficoll 10 that cach of the populations has had the same
environmrenlal comition For Euch a lang lime. Similar comments cam be
mude abool the studies on the eomelations between aikele Inequencics and
environmental yarables.
n &) adaplive siralegy hypolheses assume sofme kind
ion. As mentioncd earlicr, howcver. whal is really nec-

adaplive gy hypolheses have M realized 1his
have never Iried 1o explain polymorphiam and gene substitulion simul-
tancousty.

Advantagecus Mutstions
I ieo-Darwinism gene subatitution is assumed fo accor when a new

| or when an ) change
ion 10 become advantagepus.

Causcs & previous
I this process continues f
isn is gencrated in a cerla porticn of keci. The
irhution For (his Lype of mutalion (scyuentially advantagecus mulativas}
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in similar to that of Reutral mutaions (Chakraborty v al., 1977), However,

when the rae of geme substitulion i fixed, The kevel of pene diversicy is
extvemely low compared with the observed level in many natural popu-
Iations,

“This can be szen by using Kimura®s (19693 infisfle-site model of mu-
tation, 1 ihis model the expetted heterazygos For meynal mwationy
H. and advealageous mtations with genic sclection H, are given by

Hiy =1 = g=t¥r “
o=l — W [

npproximalcly. We note that ¢4) gives esseotially 1he same value an thal
oF {1} for 4N,v = 04 (or F, = 0.3). The rale of gene substitution o i
equal 1o v for mevital imutations, whereas it is 4N4v for advaniageous
mulations with genic selection, where s is he sclective pdvamiage for &
MuldM gene and 4N+ | (Kimurs and Ota, 1976). Therefore, ¥ = o
for ihe former and v = ai4N,s) for the Latter. Tha, for a given rate of
gene subsiitution a, the expecied heterozygosities are given by

Hy = ] = g=t¥= ()
Hym | — g hn i

Exprension (6) givey » value ._.._w.e. %0 thal of {}) as Fang as 4N =

0.4. Thus, wheaa = 1077,(1; {196 and 00196,

for M, m 5 x 10%, whereas for N, = 10°, they give 0.2% and 0.33, re-
speclively. On the other hand, M, is determined by a and 1 and js imlc-
pendepd of N, a3 king as AN« > |, Thus, when o = 1077, 4, is 0.0002
far x = 0.000 and $.00002 for 2 = 0.01. Therefore, unless the aclective
advantage of & wew mutuod allcle is cxiremely small, average gene di-

vertity in very small. 1t showk also be noled Lhad 3, ks independent of

N, unlike the actual relationship between 3 and N we have scen.

The stasom for 1his is Lhat sdvanlageous mutations sre quickly fixed
iin or loy from the popiiation comparcd with newiral mutations, o that
they do 3 i i the average.
time required for an sdvamiageous ntation to be fixed in the po
K (25} IM2N, ) gerceation approximalely, whereas ihe fixari
a ncutral muation is 4N, generations. Thus, TN, = (0,
generations For 3 meuival mutalion to be fined. However, (he fixatio
for at advantageous gene with a selective advantage of & = .02
1430 pemerations. Therefore, the fixation tline for newirl mutations is
sboul 3000 times longer than that For advantsgeous muations (sec Fig,

AOVANTAGEIUS MUTATIONS

.Y

NEUTRAL MUTATIONS

o SN

Tl

il ' Sor reulenl ma 0.
e I
L e A S
el et W0 CORpatiriive QU WDATINHOTS 8- Lo, where o = 4P e
musiations snd o = 1/ for mymiral mulekord. K 1h mutsiion rale i GEAHIoN

i i sdvanla-
mparison of the populsiian dynamics of nealral and
“nﬁ._.m-..._.._-rn:ii:a_, Furthcrmore, there are many neutral alicies _hE e
ool Sized in the ien bul become and 1o
ism. 3
ve_qﬂ..v“.sn.“_._.ﬁ. if we dncrease o relalive to 790 (7), we can achieve ahigher
genc diversily similar o thal abserved in many arganists. In this .E.a.n
however, the rmie of gene subslilution beeomes (oo -..m.. compared will
(he uhserved rate. The populition dynamics of duminant of GRE.M
advantageaus mutatians is shghtly different {rom. that of ..1..«._!5 wil
o Jominance (zenic sclection), but the esscniial feature is similar. There-
fore. the hypothesis thal protein polymorphism is gencraled largely by
mulations is not sati )

AL this point, one might argoe that bath !.._E..e.._.-.:s and gene:
substitulion can be caplaincd il we consiler a minture of advantageous
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mulations and overdominant mutations. This explanati
L bur in ::-:EE:.Q.- Ihe sci of allcies nﬁsghﬁohh—.”_-ﬁivn
pecies 10 persist in e population for a very tong lime—longer than
.uenn_n. life {Maruyzma and Nci. 1988, In practice. however, most po-
ymorphisms iviadiad be transiet, and the obwerved proporiian of
_»__!.2_ ﬁc,.g.—.u!w in TelMed specics can be explained by the neutral
-.n!u., (Ls and Nci, _3.:..n=ne_lun. ooc can arguc thal because of cn-
vironmenial m._!ﬁ”n. balancing selection is relulively short-lived and gene
substitwiion is facilitated. This arpument is difficult to st since Gw«._o
of environmental chamge di: i i
and how ofien it occurs. F .n.qw-_-.”__n.ln_:.i .BT..n.:h un_nn-_au
and (urnover of genes occurs as ofien as in the case of neutral

there will be no il i o
_shnsﬂ. aﬂ. in the: ¥ beiween the
1t should l-u;—un.se.oﬂ ,-_i— when long-term cvalution encompassing

19 be constek under selection t._..n_nq.u_n.ﬂ_li .

. f iy
et on e e rts sl e, geerio lms.
populution size (Kimeura asd Ofta, 19713, Thia s nol comsisténl wilh (he
sctual obscrvation that Lhe rale of amine acikt substitution is approai-
"_._.Mman_w The ame For ull ghe:mqn (Wilson #7 ai., 1977). Van Yulen
.. 3, 1994} claimed that his Red Quocn hypolhesis can cxplain the cor-
__ui e of mokccular evotution. Actually, his clain is not justfied, since
the same comment a3 the abowe applies to his hypothesis. Furthcrmore,
us indicated by Maynard Smith (1976) and Casirodcza (1979), the Red
Queen hypothesis is expecicd o generate nonconstant riles o the e
ence u....r- specics ineraclion Yun Valeh has postudated even if papu-
{ation size and peweruléon fime remain constant.

Stighily Deleterious Salection

Mendelan gemeticiats have established that slmost all gemes are
Ject 10 delererions malstions. These mutathons are quickly nﬂ!a._n. wh”
the nﬂ!!_ﬂl and nlmost never become prlymosphic. Thorelare, (his
class of mulaliots his been dgmored i the neulral mutation hypatcsis
{Kimura and Ohia, 1973). However, slightly deletesious mulations with
very small selection cocdficients may beogne potymorphic with an a-
preciable prohability. Ohta (1974, 1976} has argucd Lhal in small popu-
Intiuns these slightly deketerious mvalations would betave jost like meulra)
wikches, but i kg papulations shere would be 2 mudation-sefection bal-
ance betwean the 1ype allcte and other deleterious alicles and this batance

upper timi For the gene diversily in 2 populatian. This hypothesis
cxplui c abscrved genc diversity lower than the neutral ex-

n. bul it creales & ncw problem. Namely, xince the mulation—
halance is supposed to he obtained between a 1Ype wiiele (e
“and ther stightty deleterious alieles in large puputations, gene

lop in thest pop-

sul is expected Lo peeur very showly or &v
alations. As mentioned ahove, however, gene subsl
occurred roughly at 4 conslanl Tale in all branches
wiatian sizc is farge or small. Furtherms

iwation of alkcle Fres n

heory of shighily delciérious mutalians fas re-
cenily been exten he cuse where the selection coeflicienls of newly
s are contimosly distributed (rom Z£eo o oné (Ohta,
H Kirmura, 1979). This exlension mitigates the deficicncy of
(Ohia’s original hypathesis, but even Inis modified form does ol seem Lo
fe able to explain observed dalu withoul recourse to Ihe bolileneck efecl.
Pigure 1 gives Lhe expacied relationship belween F and Ny for the slightiy
delcletious mutatien hypothesis IKimura, 1979). The curve for this ne-
Iationship is certainly lower than hat for neutral gencs, Tul 1he agreement
hetween (his curve and ohserved data is po betier than thal for peviral
genes, Forthermore, (here are many species in which the observed genc
Jiversity is higher than the expecied value, Kimura ST also atiempred
10 explain the conslant rate of substitution far 1his type of llele by as-

jing that peneration lime is inversely propartional 10 VN, and Ine
efle neulral mutstion rale is conslanl per gencrasion, However, the
clTective neutral mutation rate thuy defineit depemds on poputalion SIe.
amd we are noi surc whether U delicate relationship required among
mulalion rate, schstion i time. and population size
is Teally satishicd in nature W n fucl, conwidering out st of data
(Tablc 13, we find ne signilicanl cortelation of pencratien time with M
¢ = 0.1, VR (¢ = Q045 or log N ir = -0.1%6).

F i s & Diversity Factor

n the past 0 years many authars have conducied mathematical atud-
ies of Auctusling selcclon as a caoie of diversity-chascing ! ion
(e.2.. Jeren and Pollak, 1969: Gillespic, 1973, 1Y78: K.arlin and Levikson,
§974; Takehala «f al., 1975). However, 8% Nei (1976a) and Nei and Yo-
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nwrraiv ol B Dun Gy
koyama (1976} Indicaled, the concluse d
o N usions derivad
very sensilive to the minor details of the .h_ucho. ﬁ .ﬂnh.nh:“ .ﬂ_..a
ocews thraugh Amang no bal, cing et _,.nc-..
g schection generally temds o

i finite s M

mura, 1979, Recen
sily in fimite populations using.
undesy population size is very |
In pther words, even Gillespie'

N o " M
, ughl to be diversity-enhancing. is uctuslly
Nei's (1975) vicw that Mucluating i T s

cluating sebeclion could be vne facior that

madc the observed gone diversity awer tham the neutral expectution. *

”__“_..u__"..:. nha.oq,_ﬂ_. =..___.-:u._.. a H.nn?:ﬂ:.nan—q_”...ﬂn_.ﬁieﬂﬂﬂ
S#n_ﬁ “_M_.E. considered. Namely, s ts of the onder of 18- If Ihe
et S._-E..._w ll _”.-.. sanal ax this, it would be very difficubl 10 wain-
Botilobia .a.n:..-n = £ in wl genermtions, In this case, we believe, the
; hon na..n.._.n_oi. ent =....M.ﬂ.ad%!..==..-ﬂ:,il= I geteration 1a a can-
I Nl and Yakogama's Formaaian 156ty of aikics e eoreng

i ...uo_-uﬂn,n_o.w by populativs size. The

J i )on is 10 Increa:

af genctic drifl per generation and thus 10 reduce genelic ”.___hn :

Hﬁ-ﬁﬂaﬁ.ﬁg thix effect with the boitlensck effeet, most
3 ween the obse i :

s mponid g’ tved gene diversity and the neuiral ex-

CONCLUSION

In (Mis and previaus studies (Nci of af.. 19766,

! . . 1978; Fi

1977 Chmkesborty e al 177, 1950 v e, esed vmrionn oul -

_5523 COALTHING the neutral ihcory, bui none of them coul
- Rathey, as i i

e mondionly s v dosd s e,

rephuretically deteciable alleles 1¢.g., Koehn, 1969, Kochn cial , 1983}
Hawever, (hese allcks seem 10 be rare, anl our studicy indicate Lhal
stochastic factoes play @ much more jmportunl roke than deterministic
Tactors in prutein evelusion, AL the present time the: neutral Theory seema
‘be e simplcst model to eaplain protein polymaTphism snd gene sl

adcspiately. Gillespie (1979% claimed (hal his SAS-CFF madel
e, 1976} can caplain them, but we doubl

the past many authars have attempied 1o relale the kvel of geae
diversity lo various environmenta) faclars 45 well a3 to biochemical pa-
rameters. Many initiil claims were rol supported by subscquent studies
(Selpnder, 1976; Schneh and Sclander, 1981, However, Lhert ol
factors that are clearly relaicd G gel diversity. They arc {1 quariernary
siructure of proteing (Zouros, 1976 y77; Koehn and Eanes,
(2) subunit melecular weight of pre

gene diversily wilth
In the futuse many ether factors may be inve
tionship with gene diversily, Tn these sludi:
ound the cfTects of the abave three Eactors with those of the ther factors

Perkr &t
ion 45 highcr in 1he regions of genes 1h:
Ihan in those That have stronger functional constraint,
Indtes, the highest rate has becn observed in preudogenes, which ap-
0 mol have any Function (Miyata and Yasudaga, 1981 Listal,
91). Draia om DNA scquence and sestriction-sile polymosphism suggest
extene of polymarphism st the DNA level is much higher thin
Ih: he protein level (2.2, W. M. Brown, 1940, 1981; A. J. L. Brown
and Ish-Harowicz, 19B1; Nei. L3}, Anparcndly there is 2 large amounl
elioh of inscriion in the noncoding repon of
s are true Eov al) genes, the contribubion of
ust be

DNA. I these chycrvall
hesc pulymorphisms (8 fitness differences among irividuals m
wvery amall on the average.

M now seems cicur thal at the DNA leve] a large nuisber of new

"__“._ 3.2:-‘._”5 topeling hypothcses. O course, our stak lests ate
_n..:_.__.ﬂ!n <ngugh to deiee! a very small extent of natural selection,
meore, tere sve some duta a1 sticrigly suggest selection fef clc-

pecur in every generalin in (he genoare
of highet oeganisms, amd the magority of the mutalions arc eliminalcd

quickly from the populiiion becatise of Lheir deleteriousness. A large
peaputtiun of the polymorphic mulatiuns or the mulations that become
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fixed in the population appear to be newiral o iearly neutral and appae- |

cnlly do not alicet Lhe function of he gere or the pretein encoded up-

presiably. Of course, some proportion of nondelelerious mutiions must |

be advantageous; otherwise no sdaplive evalulion can occur. However,
if & few percenl of ious mulations are adv a5 poa-

1ulaied by the newirsl mutalion theory, The adaplive change of vrganisms :

in evotution oan easfly be cxplained (Nci, 1975),

SUMMARY

The empirica) relationship between mean gene diversity or helera-
ygosily M for protein foci and the product of populative size N and
gencration e x is examined by using data from 77 different species.
Althotsgh our estimates of population sizes are very crule, there i highly
significam corelation berween M and Mg, When the mulaiion rate is
estimaited from data on umino acid substitution in proteing, the observed

diversity is fower P alie under the neurral mration
thypothesiy in sl byl 1w species. The fendency thai the obscrved valus
is kower than ihe expected value kpparently reflects the fact Lhal the lang-
term cieclive pepulation size s much smaller than the present sice, 1l
may also be partly due Lo Nuctuating selection as conceived by Nej ant

Y ¢1976). The ibifily of various
wilh our present and previoss results is wlso caamined. Any hypothesis
assuming balancing scheclion docs noe seem 10 he abe to explain the

observed beved of protein polymorphism, since this makes the expecied

gene diversity much higher than the neuiral expectation, which in lura is
generally much higher than the sbserved value, The patierns of the dis-
ibulion of sintrc: i it are o close

sity andl allele

mther patiern in all species
cuamined. Mos! adaptive sirategy hypalheses so far proposed are nuively
constructed and do not appear Lo be valid, since: they are based on some
1ype of balancing selection and there are muny coniradictiry cuses, Si
ilarly, the of i ! maulitions or slightty
deleierious mulations are nal appeuling, because il is dilficull to explain
proacia phismt and gene ilulion i for u wide
variely of orgaisms. It is cancluded that the availabic dats on prolein
polymorphism arc most casily explained by a madified form of The neoirsd
mutation hypothesiz in which the elfects of Bollknecks aml Muclualing
selection are taken inlo aecounl.

| w
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