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Estimating the Age of the Common Ancestor of
Men from the ZFY Intron

Robert L. Dorit et al. (I) examined a
world-wide sample of 38 human males and
found no variation in a 729-base pair
intron of the ZFY gene. Any conventional
estimate of the age of the most recent
common ancestor (MRCA) that is propor-
tional to the mean number of nucleotide
differences between two sequences or the
number of segregating sites in the sample
will give a zero value for such data, which
is apparently unacceptable To deal with
this situation, Dorit et al. (I) used the
Bayesian approach in conjunction with
the coalescent theory of population genet-
ics. They obtained 270,000 years ago as an
estimate of the age of the most recent
common ancestor, with 95% confidence
limits of O to 800,000 years. Their ap-
proach is interesting, but the formula they
derived is rough. We provide here a more
rigorous method and show that the age
may be only half of the estimate made by
Dorit et al.

Let p,(0]T) be the probability that a
sample of n sequences contains no varia-
tion, given the age T of their most recent
common ancestor. Then the posterior
probability p,(T|0) of T, given that there

is no variation in the sample, is
L(OIT)p(T)
J5b,(Olop(e)de

where p(T) is the prior probability of T. To
estimate T, it is essential to obtain p, (O|T).
Watterson (2) showed that the probability
of no variation in a sample of size n is

12+ (n—1)
(1+6)(2+86) -+ (n—1+6) (2)

where 6 is equal to 2N for a locus on Y
chromosome, N is the effective size of the
male population, and p is the mutation
rate per sequence per generation. Dorit et
al. (1) apparently used this formula for

p,(0T) by substituting T for 2N, because
the expected value of T is approximately

p(TI0)=

q,(016)=
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equal to 2N. This substitution, however,
neglects the stochastic variation of T and
leads to inaccurate results.

One can avoid the above problem by
deriving the exact formula for p, (0|T) using
the coalescent theory (3). Let t, be the kth
coalescent time, that is, the period during
which the sample has exactly k ancestral
sequences (Fig. 1). The age of the MRCA of
the sample is T = ¢, + +++ + t,. According
to the coalescent theory, ¢, follows the ex-
ponential distribution with density k(k — 1)
exp [—k(k — 1)t], where one unit of time
corresponds to 2N generations. If the num-
ber of mutations in a given period is a Pois-
son variable, the probability that there is no
mutation in a sequence during the period of
t, is e W = =% There are k ancestral
sequences in the sample during the period of
t, (Fig. 1). Therefore, the joint probability
that there is no mutation during the period
of ¢, and that t, = ¢ is

e*kl)rk(k_ l)efk(kf 1)t

The joint probability that there is no vari-
ation in the entire genealogy and that the
age of the MRCA of the sample is T is
given by

pa(0,T) = | =--

o+ =T

n
Hefk(m\vk(k_l)e*k(k—l)u\ dtn. ) .dtz

k=2

=nln— 1! z

(=12
(—DkO+2k —1)

(k= 2)!(n =)' N0 +k+i)

—k(O+k—1)T

3)

Eq. 3 is obtained by integrating with respect
to coalescent times repeatedly. Because p(0,
T) = p(O|T)p(T), we can show that Eq. 1

becomes




LGEL

ST (]) Ul ] SUIuIdduOod 2dUdIdUl Y
(I) L JO s9N[eA $asD240UI J2IS UOIIE]
-ndod ay3 Zuisearour Jeyl aa1esqQ) (1 ‘1)
UMOYS 31 [\ JO UOHDUN] B Sk ‘SIBdA 07 = )
pue . 0] X 961 = ™ 10§ ‘(] udAId | jo uon
-NQLISIP [BUOIPUOD 3 JO sa1Iuadiad igh
pue ‘qig ‘uesaw ‘uelpaw ayJ () 3odar
Yy Ul pasn DN JO anjea ayy woyy (N

J0 sanfea s[qisneld 10 9,04 03 %07 Aq) L Jo
UBaUI 91 $30NPAI BIBP 33 UO SUIUOIIPUO))

ANZ + 1 — 01 s
(INZ+ L= o

= (alna
Z ¢

Tepnonaed Uup "Qe g7 =1
‘[(”dNZ + [ — 1)ifz sueaw Ja1302dsar qim
s9[qenieA wopuel [erusuodxs juspuadaput
L€ JO wns 9yl S1 § pue Wl UOHEBIIUII
YL ST D DIAYM ‘S X 1) X N ST ] 2w 3yl ‘(]

U0 [BUORIPUOD ‘[9pOUl JUIDSI[ROD I3 U]
"0008 Pue ‘00507 ‘0070%
dre N I10j SIWI[ 9D2USPHUOd 9466 I1addn
ay3 ‘Ajeandadsar ‘O] X ¢ pue [(]) 10da:
Syl Ul pasn anjea 3yl 03 Jurpuodsaiiod)
01 X 96T < 0l x 1 = v sonfea ayy
104 "] U0 Apoaspul Ajuo pue ‘ pue N 10}
$90URISJUT U0 A[IDS11p 189 SNyl BIep 9y

T'NZ-I—?]:!:(
1

ad
Le

(7) umouy
s1 e1ep 3yl Jo ((1)d Anpiqeqoid ayy ‘l pue
N JO sonjea 93 UA13 ‘I9AIMOL] ’(_L|G)d
10y uotssardxs sjdwis ou st 1Y () Ul
‘0 32 3130(T AQ JUSWIAIBIS Y 03 ISBIIUOD U]
"AJ1[IqBLIBA JO 9DUISqR PIAIISqO dyI—elep
ayl (] pue ‘uvordar pajdwies ay3 jo (uon
-e1ouad 1ad) 9je1 uopeInw Y3 M ‘az1s UoN
-endod 24119959 ay3 N ‘sedusnbas pajduwes
9Y31 JO I0ISAOUE UOWWOD JUIII ISOW )
30uls s1edh ur swn a3 Jussaidar | 397

(1) s183A 000‘00K JO drewnss 1addn
93 UBY) san[ea 193IB[ (oW YITm JUISISUOD
0s[e a1 ASUyI—own SIY1 INOJe SANIBUWIOJ
-ur Ajzenonred jou are eiep 9yl ‘I10WId)
-Ing () Ul uaAld sredk 0QQ‘0LZ JO dBwWn
-s3 Jurod a9y ueyl I9[[RWS A[[RIIUELISANS dIB
sawosowo1yd pajdwes sy Jo I0Isd0UE UOW
-WOD 93 IJUIS W Y 10} sanjea A[I]
“A1038 [|NJ 9Y3 ][93 “I9AIMOY JOU Op $O13813818
Arewrwns yong (1) 310da1 a1 ur Isoys 03
$91BWINSS [BAIRIUL pue Jutod Tejiwis A[peoiq
01 pes] Y] ‘saa1rdadsiad ueiseheq pue
[BO1SSB[D Y30q woly sashjeue pijea Judsaid
9M ‘SI01S90UE UOWIWIOD 01 dW1 Y3 INOge
SIOUDIDJUI MBIP O Usim Aeul $I01e311$9AUL
Y310 sy "A10913 1U99s9[80D jo uonedrdde
33 Ul () 310da1 SIY3 U SIONID I8 1Y ]
"s1eak 0001008
PUE O JO SIWI| SDUIPHUOD 9466 YIM ‘STBIA
00007 JO 98eaul] s[eW [B1ISIDUR UOWWOD
JU9D31 3S0W B 03 dWN pa3dadxa ue s3o1paid
[opOuT 1USISI[ROD B ‘BIBP IS JO SIseq Y3
uo 3Byl ang1e A9y 'UOXd I98UL-OUIZ X 7
a3 jo weansdn AjjeIpowwit pajedo| uon

9661 AVIN 1€ o 7LT "IOA « HONHIOS

-ur 1red-oseq-g7/ B I8 S9BW UBUINY Q¢ JO
S]dures apImplIoM B UT UOLIRLIBA 3DUINDbas Jo
dduasqe ue punoy Asy ] -Ar03sty uonendod
ugwny Jo $193dse 19JUl 01 SWOSOWOIYD &
Y3 uo wsrydiowAjod pasn (1) ' 12 mo(y

9661 Aenuer 61 pe1deode ‘Ge6 | 1snbny 6

(S661) £2/9 ‘26

V'S 10S "PEOY BN "00.d ‘Uewpled ‘M "IN ‘BZI0)S

-llered 7 7 'saleur] ziny "y ‘uisisplon ‘g 'd {2861
L 'L joig joA7 ‘Anypnoyokoy "M 'y pue BN N "L

(/861) £0G | ‘€52 92UBIOS ‘UOS|IM "D 'Y ‘SeMMeH "M

‘Buipusdien "H ‘BupeUOIS N WBIBIA 1 (/861) LE
‘GZE 8IMBN ‘UOSIIM "D "V ‘BUBUOIS ‘N ‘UUBD Y 9

(Ge61)

2ES '26 V'S 10S PEOY IeN 00id ‘ereyexel
‘N ‘GUEGHSJ_ M ‘OpLIO){ H ‘GMESBAEH M ‘!EJOH ‘S ¢
(€661) ¢ ‘0L forF oiF JoN ‘eyeyexel ‘N ‘v

(€861) L&V ‘SO Sopeuen) “eull

-8l 4 ‘(€861) €81 ‘eg foig ndod 108y ‘UOSpPNH
dH(2861) /g ‘W6 L ‘qoid jddy 1 uewbuiy 'O 4 g
"(G/61) 9G¢ ‘L oig Indod 108y ‘UOSIBREM D ‘T

(G661)
€811 ‘892 82UBIOS ‘WBqIID M ‘IYSBMY 'H ‘Woa 1Y L

S3.LON ANV S3ON3H343H

npa-ow ym yds osymu) 10 nf pww-g
VSN ‘STTLL X1 ‘uorsnoy
‘F£€07 Xog 24O 1504
‘spxa ] Jo Knswanrun)
‘HdS ‘4erual) sonauar) upwngy
1T Sunmisy-uapp
ng ury-ung

“UOINJOAd UBWINY 03Ul 1YJIsul
yonw opraoid ued uopenea ou yam dd
-wes yN(] & U249 Jeys dunsaiajul s1 31 ‘dut
-puLISYIIMIOU JBIARD SIY] ‘SWIl U1 Ul
PR1INOO0 SeY SWOosowond X 9yl uo doams
SAIIDJ[9S OU JBYI SIWINSSE 11 I$Ned3q UON
-NED Y314 USRI 3 PINOYS 1BWSS N0

(/) surwuny Jo WONN Y3

JO 988 93 10} pare[NO[EBd Uadq sey ey ode
SIB3A 000‘9GT PUB 00091 JO SIBWINSY A
03 IR[IWIS OS[E SI pUB (9) SIAYI0 AQ pajenofed
Jeys Jo Jey AJuo ysnoys ‘(¢) ‘12 1eI0H 4q
pade[nofed eLpuoydoNw uewny jo YUYW
33 Jo 33e a1 10 03k SIBIA OOO‘CH ] JO W
~1389 9U3 03 TBIUUIS ST 9IRWINS SIY ] “I9[[BWs
uaAd 1 MM 1 91ewmss mQ * 1 jo arwi] 1addn
0,G6 Fo[[ewS A[qRIapIsSU0D € sey pue () v 12
10 Aq 2By3 ueYl s3] s1BdA 0OO‘00T Alresu
st MM a1ewmss anQ s1eak 0OO‘0GE Uy
wyrews st 1 ‘Anpiqeqoid o,¢6 YIim ‘uonippe
uf “(s1ead 000'80F ©3 000°09) St I JO et
Ul 92UdPLJUOD 9G4 YD pue ‘siedk 000'CLT
= "M ‘s1edA 0QQ'GIT 99 O3 parBWISd
st L sy T 961°0 = @ 'Yl 05 ‘000'G
moqe aq pnom uonemndod sfewr ay3 Jo 9218
9A1IO9JJ0 93 ‘Onel xds [enba 19pun) 00001
moqe s1 ised 9y3 U (S9[BWIDY puUB SI[BW YIOq
Zurpnpour) uonendod uewny syl jo azs
SATIO9HD Y3 JBY3 PISAFANs sey () eieyede |
‘N U0 Juspuadop d1e [BAISIUT 9OUIPHUOD $11
puE ] JO 91BUINSS 33 JBYI SMOYS | I[qR]
(1 °198L) N
JO sanjea 9[qIssod [BIIAIS SUIWEXD 9109193
M puB ‘N JO 9IBWIISI J[qRI[A1 B 10} UoLRW
-1ojut y3nous apraoid Jou op w12 3110(J 4q
uda13 eyep 9y ‘uonendod urwny sjew a3

0'20S'+010¥8Z OFIiEl 0€0L 0L 00€

0'l/6 ©Cl0¢9l 00¥8 0¢er 0¢coe 0Gl
O'teL ©10vlLL 00c9 0¢€le Oviec 00}
0v/.9 01088 0¢6y 0/LpPc 099F G'Z
0'80F ©1009 00se O0Oelk 06k 09
0'6lc C10'Lle 0/8L 0¢6 009 g¢c
|€/\J61U! G6 ueaw apoul
2ouUspiu0) 1 1 L N

'sJieaA puesnoy} 1salesu
O} pepunoJ ate seyewsy (L) /e 1 wog Aq pa
-Juesaid elep 8yl Jo} [BAIBIUI 8OUBPIUOD 9%GE dYL
pue (/) suewny aew J0o} J0ISBoUE UOWWIOD 1UdD
-81 Jsow 8y} Jo obe Jo (000 +) erewnss *| a|qeL

JO N 9IS 9ATI9JJd Y MOUY 01 SPIIU U0 ‘§
‘b7 w01y ] 918UIISS 01 ‘T9AIMOY] "SIBIA ()7 SI
UONEIDULDS UBWINY 3UO J1 ¢ O] X 86°0 X 07
SE POIBWIIS 9 UBd Uolie1duag 1ad sousnbas
1ad () s3e1 vOIRINW Y3 (T) v 12 310 Aq
o-01 X 86°0 39 01 PAIBWINS U] SBY I8k
1od souenbas 1ad ajer uonenw Ay sy
"1 jo nwi) 1oddn
9%G6 Y3 ST 1 3snedIq 189193l JO OS[e §1 °C
91Uy 3q Isnwr . ‘Aajear ur (odre] AjLaruy
-ut 9q ued J 1Byl sswnsse uonendwods st
pue uonoipaid e jo dI0W ST 19118] YD AIYM
‘1 JO an[eA A[NI] ISOW Y3 SI IOULIO} A
asnesaq "M 1 1an0 parrejard st P 1 uonen
-11s 1uasald ay Uj ;_Jp(op)“d Ef = ¥ ey
[ons anfea | 9y3 st ] d1aym (SL67 Ty se
(O|_L)“d WOl PauTRIqo dq UBd | JO [BAIIUI
OUIPIJUOD 9 ¢4 Y3 ‘Uonippe uj '1p(o|3)"d
23 of = "M st gy ‘orduwres oy ut uon
-BLIBA OU SI 919U} U3AI3 ] JO anjea pa3oad
-x3 oy 1 "M o1ewmse uedw AYd IIym
‘(O|_L)“d Aypqeqoid  1oumasod oy saziwn
-Xew Jeyd J Jo anfea ays st M1 orewnss
spowr ayJ ‘' jo "My pue T sajew
-11$9 OM] UTRIqo Ued duo ‘4 by woiy

N7 = ¢ uo spuadap (0|L)"d ‘snyL,
(¥)

J~(17>l+m>lfa

4+ +0), ST —wi(z—)
(I —>IZ+9)>,(I _)

7=1 1=1

e+ ] |iv=(olr)d

u ] —u

"o} JUS0S8[R0O YU
ay1 s ') pue ‘seousnbss sy} JO J0}SeoUR UOUILLIOD
ayrjoebeayrsi® + ... + %1 = | "seouenbes xis JO
a|dwes e Jo ABojesusb sy} Jo ajdwexa uy °} “Bi4




12
10
8 95th percentile
&
[
z 6 Mea‘nﬂ_v,,...-""
@
L 4t Median
2t .
’ 5th percentile
00 0.5 1 15 2 25

Population size N (10%)

Fig. 1. Summary statistics for the conditional dis-
tribution, under the coalescent model, of the time
T (in years) since the common ancestor, given a
sample of 38 sequences which exhibit no variabil-
ity, as a function of N, the effective population size.
The generation time is assumed to be 20 years,
and the mutation rate of the sequenced region per
generation is taken to be 1.96 x 10~5. Condition-
al distribution of T follows from equation 5.2 in (7).

Table 1. Summary statistics of the posterior dis-
tributions illustrated in Fig. 2. SE of the means due
to the finite number of simulations (10,000) are
about 1% of the values. Relative simulation errors
for the other statistics are broadly similar.

Prior Prior  Posterior summary statistics
for SD
N for w  Statistic* T N

Uniform 1 X 1076 5th 10,600 370
median 142,000 4,800

mean 217,000 7,300

95th 673,000 22,600

Uniform 1 X 107% 5th 13,500 460
median 199,000 6,600

mean 347,000 11,800

95th 1,180,000 39,000

Uniform 2 X 1075 5th 21,200 720
median 391,000 13,100

mean 890,000 30,400

95th 3,430,000 113,000

Log- 1 X 1079 5th 49,700 1,900
normal median 201,000 6,900
mean 254,000 8,400

95th 642,000 20,000

Log- 1 X 1075 5th 53,000 2,100
normal median 234,000 7,900
mean 324,000 10,300

95th 891,000 26,400

Log- 2 X 1075 5th 63,400 2,400
normal median 305,000 10,000
mean 460,000 13,900

95th 1,380,000 38,500

*5th and 95th percentiles are given.

Bayesian, with a uniform prior distribution
for T. Given N, the coalescent model spec-
ifies the distribution of T, so that the uni-
form prior is not appropriate. Nonetheless,
Bayesian inference is particularly valuable
in the presence of relatively little data, and
some information from other sources. The
probability densities for T, conditional on
the data, for various different assumptions
about the pre-data uncertainty in N and p
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Fig. 2. The posterior probability A

density function of T for various as-
sumptions about the mutation rate
w and the effective population size
N. A lognormal distribution is used
to model the prior uncertainty about
. (so that log(w) has a normal dis-
tribution). The lognormal probability

Probability density (10°6)
N

—— SD(u) =1.0x 108
............. SD(u) = 1.0 x 105
_____ SD(u) = 2.0 x 105

density is 0

o0 = 1 oxp (—(Iog x—m)2> 0
xs 2w 257

The parameters m and s were cho- B

Time to common ancester: N prior uniform (108 years)

200 400 600 800

sen to give various standard devia-
tions, with the prior mean of . fixed
at 1.96 X 1075, Two different dis-
tributions were used to describe the
prior information about N: (A) a uni-
form distribution and (B) a lognor-
mal distribution with parameters m
=10ands = 1. Inthe latter case, N

Probability density (10°6)
N

(N, T SD(w) =2.0x 1075

— SD(=10x10%
............. SD() =1.0x 105

has prior mode about 8,100, medi- 0
an 22,000 and mean 36,000. The

200 400 600 800

Time to common ancester: N prior lognormal (102 years)

density is at least half the modal value when N is in the interval 2,500 to 26,000. Each curve in the figure
is obtained using density estimation based on 10,000 simulated values.

are shown (Fig. 2). (Summary statistics of
each curve in Fig. 2 are given in Table 1).
If, initially, all possible values of N are
regarded as equally likely (up to some large
value), then a wide range of values for T is
plausible. The most likely values of T after
observing the data are small, around 15,000
years, a value which seems implausible in
the light of our knowledge of human histo-
ry. On the basis of a lognormal prior, which
gives a more realistic assessment of the in-
formation available about N, the most like-
ly, or modal, values of T are around 120,000
years. Again, a very wide range of values is
plausible. The effect on inferences about T
of uncertainty about the value of W is shown
(Fig. 2): The greater this uncertainty, the
more plausible are large values of T. Intu-
itively, this is because the observed absence
of variation can be explained by a smaller
mutation rate, in which case the data con-
vey less information about N and T.

In the above analyses, T is the time until
the common ancestor of the sample. This
need not be the same as “Adam,” the com-
mon ancestor of all existing Y chromo-
somes. Under the assumptions of the coa-
lescent model, and conditional on D, for
Nu = 7500 X 1.96 X 107> ~ 0.15 there is
a probability of 0.07 that Adam will occur
earlier than T (3). In this case, the addi-
tional time before T until Adam has mean
and SD approximately NG years, which is
likely to be substantial.

Under the coalescent model, N repre-
sents the ‘“variance” effective population
size, calculated as the actual number of
breeding males divided by the variance of
the number of male offspring of a typical
male. This variance could be large if there
were disparities, perhaps for reasons of social
organization, in the reproductive success of
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different males in early human societies. If
this obtained, the value of N could be sub-
stantially smaller than the actual number of
breeding males in the population.

The coalescent model may be extended
to allow for variation in population size and
non-random mating resulting from geo-
graphical population structure. We investi-
gated the effects of recent population expan-
sion (4) for a population that was of constant
size N, before 50,000 years ago, when it
began exponential growth. For the range of
parameters considered, the time to the most
recent common ancestor of the sample be-
haves like the corresponding time for the
(constant-sized) population of size Ny, plus
about 42,000 years. Therefore, the model
(Fig. 1) may be used to find the distribution
of T. Informally, the effect of geographical
structure is to increase coalescence times,
often very substantially. It is thus likely that,
conditional on D, non-random mating will
also increase T, and the time since Adam, in
contrast to the statement by Dorit et al. (1).

The analyses discussed here deal with
inference for coalescence times when the
data display no variability. For other data
sets, for example that presented by Hammer
(5), alternative computer-intensive meth-
ods are available (6).

Peter Donnelly

Departments of Statistics,

and Ecology and Evolution,
University of Chicago,

5734 University Avenue,
Chicago, IL 60637, USA

Simon Tavaré

Departments of Mathematics

and Biological Sciences,
University of Southern California,
Los Angeles, CA 90089-1113, USA

E-mail: stavare@gnome.usc.edu



David J. Balding

School of Mathematical Sciences,
Queen Mary and Westfield College,
Mile End Road,

London, E1 4NS, United Kingdom
Robert C. Griffiths

Department of Mathematics,
Monash University,

Clayton, 3168, Australia

REFERENCES AND NOTES

1. R. L. Dorit, H. Akashi, W. Gilbert, Science 268, 1183
(1995).

2. G. A. Watterson, Theor. Popul. Biol. 7, 256 (1975);
W. J. Ewens, ibid. 3, 87 (1972).

3. Write p(m, n) for the probability that a sample of size
m sequences from the population has the same
common ancestor as a subsample of n of the m
sequences, given that the n sequences exhibit no
variability. Standard arguments show that the p(m, n)
satisfy the recursion

(m(m — 1)+2Nun)p(m, n)
=n(n — 1+ 2Nw)pm-1,n — 1) +
[mm — 1) = n(n — 1)]p(m — 1, n),
with initial conditions p(m, 7) = 1if m = 1 and O
otherwise, and p(n, n) = 1. We evaluated
lim,,._...p(m, 38) numerically.

4. Variable population size was modeled as follows: the
population was of constant size N, = aN, until Z
years ago, when it began exponential growth to its
current size N,,. The population size t years ago is
Nga™Mn@21, We used values Z = 50,000, N, = 108
and 108, while N, = 100,000, 50,000, 5,000, and
1,000. We assumed p = 1.96 X 1075, The condi-
tional distribution of the time to the common ances-
tor is computed by a Monte Carlo method. In a sim-
ulationrun, letv,, . . ., V44 be the times while there are
2, ..., 38 ancestors of the sample. These times are
simulated from a coalescent model with varying pop-
ulation size as shown by R. C. Griffiths and S. Tavaré
[Philos. Trans. R. Soc. Lond. B 344, 403 (1994)]. Let
b=V, 4+ vy be the time to the common an-
cestor, w = 2v, + -+ + 38v,, be the total edge
length of the coalescent tree, and g = exp(—Nyuw)
be the probability of no mutation, given the coales-
cent tree. The empirical distribution of the time to the
most recent common ancestor from r simulation
runs takes values t,, t,,,. . .,t, with probabilities p,, p,,
cow poWhere p, = q/ 2 g, i =1, ... An
estimate of E(TID) is 57, t,6,/3/_ . q,

5. M. F. Hammer, Nature 378, 376 (1995).

6. R. C. Griffiths and S. Tavaré, Stat. Sci. 9, 307 (1994);
S. Tavaré, D. J. Balding, R. C. Griffiths, P. Donnelly,
in preparation (preprint available from authors).

7. S. Tavaré, Theor. Popul. Biol. 26, 119 (1984).

8. P.D. was supported in part by NSF grant DMS 95-
05129 and by the Block Fund of the University of
Chicago. S.T. was supported in part by NSF grants
DMS 90-05833, BIR 95-04393, and NIH grant
GM36232. D.J.B. was supported in part by the Sci-
ence Research Fellowship scheme of the Nuffield
Foundation. R.C.G. was supported in part by an
Australian Research Council grant.

14 July 1995; accepted 19 January 1996

Dorit et al. (1) studied the sequence vari-
ation of an intron located in the ZFY gene
from a sample comprising 38 sequences.
Unexpectedly, the sequences did not show
any variation, which means that routine
methods (2) for analyzing such data are not
applicable to this sequence.

Using coalescence theory (3), Dorit et al.
argue that the MRCA of the Y chromosome
existed some 270,000 years ago, with a
“95% maximum estimate” of 800,000 years

1,000,000
o
@ 750,000 ya
I} e
o 500,000
E
=
250,000

0+ . ;
0 5000 10,000 15,000 20,000
Effective population size (N,;)

Fig. 1. Estimated times back (lower curve) to the
MRCA of the Y chromosome and estimated upper
95% confidence bound (upper curve) (7). Abscis-
sa represents the effective population size.

[see note 15 in (1)]. However, the compu-
tation is flawed. The crucial mistake
(among others) is that Dorit et al. use an
incorrect formula [see the first formula in
note 15 in their report (1)] that does not
take the effective population size of males
(N,,) into account.

We have reanalyzed the data to obtain
correct values (4) of the estimated times
back to the MRCA for various values of
N, together with the upper 95% confi-
dence bound (Fig. 1). If the effective pop-
ulation size exceeds 20,000 males, then
the probability to observe no variation
drops below 5% and hence it is unlikely
that N, is larger than 20,000. However,
the most likely value for N is zero, which
is unrealistic. If we assume an N of 5000
(5) then the ancestor of the Y chromo-
some lived approximately 170,000 years
ago, with a 95% confidence interval of 0
to 350,000 years. A population size of
8500 would lead to the time estimate of
270,000 years given by Dorit et al. (1). Our
estimated upper time limit (540,000 years)
is considerably below their estimate of
800,000 years. Thus, we have no insights
on the long-term effective population size
of men. The possible range of expected
times back to the father of all Y chromo-
somes lies between 0 and 520,000 years, if
population size remains constant.

The assumption of a constant popula-
tion size is extremely unrealistic for human
populations. A more likely scenario is that
of an exponentially growing population.
Dorit et al. also address this question. As-
suming a star phylogeny, they conclude that
the MRCA existed 27,000 years ago. With
the use of coalescence theory under the
assumption of an exponentially growing
population (6), we computed the expected
time back to the MRCA for various growth
rates, given that all sequences in the sample
are identical (7). If the population growth
rate is smaller than 0.003 per generation,
then the probability of observing no varia-
tion is below 5% (Table 1).

Thus, we conclude that the growth rate
of males must exceed this value. Assuming
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Table 1. Estimates of expected times E, ,(T|X =
0), in years, back to the MRCA of the Y chromo-
some and the upper 95% confidence bound
(Tmax) for different growth rates. The analysis is
based on the mutation rate given by Dorit et al. (7)
and the method as outlined in note (4). The last
column gives the probability to observe no varia-
tion in a sample of n = 38 sequences.

Growth Eon T Pron
rate (T|X=0) max (X=0
0.001 286,000 302,000 0.0003
0.002 150,000 159,000 0.013
0.003 103,000 109,000 0.051
0.004 78,600 83,000 0.102
0.005 63,800 67,000 0.156
0.006 53,800 57,000 0.208
0.007 46,600 49,000 0.256
0.008 41,000 43,200 0.299
0.009 36,800 38,600 0.339
0.010 33,200 35,000 0.374
0.011 30,400 32,000 0.407
0.012 28,000 29,400 0.436
0.013 26,000 27,400 0.463
0.014 24,200 25,400 0.485
0.015 22,800 23,800 0.509
0.016 21,400 22,400 0.532
0.017 20,000 21,000 0.552
0.018 18,800 19,800 0.571
0.019 18,000 19,000 0.586
0.020 17,000 18,000 0.602

r = 0.003, we calculate the time back to the
MRCA to be 103,000 years, with a 95%
confidence interval of O to 109,000 years.

The time of 27,000 years, suggested by
Dorit et al. (1) for the star phylogeny, cor-
responds to a growth rate of approximately
r = 0.013. This value of r implies that
roughly 32,000 years were necessary to pro-
duce N, of today, which appears to be
unrealistic (8).

In conclusion, coalescence theory, correct-
ly applied, provides a plausible range of dates
for the MRCA of the Y chromosome, which
seems to be compatible with the current view
of modern human evolution derived primarily
from the analysis of mitochondrial DNA (9).
However, to ensure a more thorough analysis
of the evolution of the Y chromosome, more
sequence data that also exhibit variation, are
necessary. Furthermore, we have only applied
two simple models about evolution of human
populations. It remains to be seen how more
complex scenarios of population history will
affect our estimates.
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Dorit et al. (1) compare a 729-base pair
intronic sequence of the Y-linked ZFY gene
from one orangutan, one gorilla, one chim-
panzee (Pan paniscus, Genbank accession
no. U24117), and 38 humans. On the basis
of this comparison, they constructed a phy-
logenetic tree representing the evolution of
the ZFY locus. The maximum parsimony
tree obtained indicates that chimpanzee-
bonobo ZFY is more closely related to human
ZFY than to the same locus from gorillas. This
gene tree matches the topology of gene trees
developed for mitochondrial DNA and other
nuclear DNA sequences (2). However, the
species-level phylogeny of these taxa remains
controversial, as studies of other loci have
obtained discordant results (3).
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The phylogenetic conclusions present-
ed by Dorit et al. lead to an important
dilemma. If their evolutionary history for
the Y chromosome is correct, and if it
accurately reflects the evolutionary histo-
ry of the genera Homo, Pan, and Gorilla,
then significant aspects of the generally
accepted model of human evolution must
be incorrect. It is generally agreed that
humans, chimpanzees, and gorillas form a
closely related group of species, though
the details of the relationships within this
clade have been difficult to resolve (3, 4).
[t is even more broadly agreed that mod-
ern humans are more closely related to the
extinct genus Australopithecus and its more
derived relative Paranthropus than to ei-
ther chimpanzees or gorillas (5). The two
genera Australopithecus and Paranthropus
are represented by hundreds of fossils from
Pliocene and early Pleistocene geological
formations in eastern and southern Africa
(5). We consider the idea that humans
share a last common ancestor with Austra-
lopithecus more recently than with Pan or
Gorilla to be firmly established. The ZFY
gene tree suggests that humans, chimpan-
zees, and gorillas share a last common
ancestor about 5 million years ago (Ma),
and that the divergence of the human
lineage from the chimpanzee lineage oc-
curred approximately midway between
that date and the present. The gene tree
has three nucleotide substitutions occur-
ring along the internode that represents
the common ancestor of Homo and Pan,
and has an average of 2.5 nucleotide sub-
stitutions in the two lineages resulting
from the Homo-Pan split. With the use of
the rate of ZFY evolution that Dorit et al.
observed, we calculate that the ZFY data
suggest that the Homo-Pan divergence oc-
curred 2.54 Ma.

However, extensive and widely accept-
ed paleontological and geological research
has shown that the genus Australopithecus
was present in Africa and was using fully
bipedal locomotion more than 3 Ma (5,
6). Recent finds from Ethiopia have ex-
tended the range of Australopithecus or
other closely related taxa back to between
4.0 and 4.4 Ma (7). Thus, the model of
Dorit et al. dates the human-chimpanzee
divergence subsequent to the origin of
Australopithecus.

We see three ways out of this dilemma.
First, one could postulate that humans are
more closely related to Pan than to Aus-
tralopithecus. This hypothesis requires that
we accept one of the following conclu-
sions: (i) that chimpanzees evolved their
current knuckle-walking locomotion and
other primitive morphological features
from an ancestor exhibiting many derived
features of bipedalism as well as other
cranial and post-cranial characters found
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in more derived human ancestors, or (ii)
that a long list of derived cranial and
post-cranial characters believed to be ho-
mologous in human ancestors and in Aus-
tralopithecus actually arose independently
through convergent evolution.

Second, one could propose that the
topology of Dorit’s ZFY gene tree is cor-
rect, but that the absolute dates are wrong.
If the divergence of Gorilla ancestors from
the common Homo-Pan ancestor was
about 8 to 9 Ma rather than 5 Ma, the
Homo-Pan divergence would fall at about
4 to 5 million years, and possibly resolve
the problem. But this model has two im-
portant implications: (i) It suggests that
the divergence of orangutans from the
other three hominoids must have been
considerably earlier than the date used by
Dorit et al. (14 Ma). The date would prob-
ably be significantly earlier than 20 Ma,
and this is unlikely given other evidence
(8). (ii) This solution implies that the rate
of evolution of the ZFY sequence is lower
than Dorit et al. calculated, and therefore
pushes the date of their inferred human Y
chromosome coalescence substantially
earlier in time. The new conclusion, that
this coalescence occurred roughly 0.4 Ma,
with 95% confidence limits of O to over 1
million years, would dramatically reduce
the impact of the ZFY data in relation to
the question of modern human origins.

The third solution to the dilemma is to
accept the second most parsimonious tree
for the ZFY gene sequence. Dorit et al.
report that the most parsimonious tree,
which links Homo and Pan to the exclu-
sion of Gorilla, requires 70 mutational
steps. They also state that a tree 72 muta-
tional steps in length is the next most
parsimonious, and that this tree recon-
structs the evolution of the ZFY locus (and
therefore the Y chromosome) as a trichot-
omous divergence. The date of this tri-
chotomy would be about 5 Ma, roughly
coincident with the earliest known fossils
attributable to Australopithecus or closely
related taxa. Given the alternatives, we
favor this third solution to the dilemma
and suggest that the ZFY locus provides an
interesting illustration of two general prin-
ciples: (i) that parsimony is a useful and
indeed indispensible heuristic tool for evo-
lutionary biologists, but that it should not
be assumed that all DNA sequence evolu-
tion necessarily occurred in the most par-
simonious manner, particularly when oth-
er reconstructions that require only a
small number of additional mutational
events are available, and (ii) that the most
complete understanding of evolutionary
history results from the careful integration
of all relevant information. The fields of
molecular systematics and paleontology
are each important to the study of human



phylogeny, and our models of human evo-

lution gain in depth and strength when we

consider all the evidence together. Sce-

narios that are most parsimonious for the

one dataset are not necessarily the most
parsimonious when viewed globally.
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Response: In our report (1), we derived a
possible age for the last ancestor of the
sampled Y chromosomes by using a variety
of statistical approaches. We found (i) no
variation in a 729-base-long intron on the
Y chromosome in a worldwide sample of
38 males and (ii) a mutation rate of
0.135% per Ma, estimated from sequenc-
ing this intron in chimpanzee, gorilla, and
orangutan. We then used theory-depen-
dent arguments to place our results in the
context of current debates about the his-
tory of the Y chromosome and the evolu-
tion of modern Homo sapiens.

In principle, the lack of variation we
observe reflects the common ancestry of
this region of the Y chromosome. The
mutation rate suggests that one should be
able to estimate how many changes would
be expected for any given time elapsed
since the MRCA, or, conversely, what the
expectation of the time to the MRCA
should be, given no observed changes.
However, the MRCA calculation is en-
tirely model driven, and we discuss two
simple, but extreme, models to put a range
on the expectations.

The simplest model is the “star” phy-

logeny, where each of the 38 individuals is
seen to represent a separate line of descent
from the MRCA. This model approxi-
mates a scenario where the species spreads
completely (and quickly) around the
world immediately after the MRCA. It is
also a good approximation for a picture of
rapid exponential growth of the human
population. Under this model, the expect-
ed time to common ancestry is 27,000
years, with a 95% confidence limit for a
deepest time of 80,000 years. Although
the “star” model makes certain extreme
assumptions, such as the simultaneous and
rapid colonization of the entire world, the
very short times predicted by the “star”
phylogeny show that if the lines of descent
are separated, the observed mutation-fix-
ation rate requires a very recent common
ancestor, compatible with the most recent
spread of H. sapiens around the world 40—
60,000 years ago. It is a model of this type
which should be compared to the multire-
gional hypothesis, which postulates that
the relevant spread around the world oc-
curred 1 to 2 million years ago, and hence
that the lines of descent have been sepa-
rated since then.

Our second model, the coalescent phy-
logeny, assumes a small, equilibrium effec-
tive population throughout all (or almost
all) of human history. On the basis of the
size of this equilibrium population, the
probability of common ancestry can be
estimated by coalescing the lineages one
by one to a deepest bifurcation. (The
many short final lineages in this model are
a consequence of the assumption of a fixed
N_). Under this model of lineage bifurca-
tion, the time to the last common ancestor
of the sampled Y chromosomes is likely to
be larger than under the assumptions of
the star phylogeny. We used a Bayesian
interpretation of this model to estimate an
expected time of 270,000 years, and com-
mented in note 15 of our report that we
estimated N, to be 7500 males by linking
the expected value of T and N..

This model, with its built-in assump-
tion of equilibrium effective populations
and the small N, that is required under
this scenario by the data, is also probably
an unrealistic description of the entire
course of human evolution, which in-
volves a gradual spread around the world
and an increasing population. The point
of presenting (1) these two models was to
provide a range of estimates for the real
time to a last common male ancestor
which is likely to bracket the correct val-
ue. In our view, there was not enough
experimental data presented in our report
to justify an extensive discussion of inter-
mediate models, although we note that
subsequent papers (2) based on variational
data have arrived at intermediate esti-
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mates of coalescence time.

Fu and Li present a clear discussion of
one of the issues surrounding our esti-
mates. They correctly point out that we
have used an approximation to the total
coalescent time, estimated as the sum of
the expectations of the individual coales-
cence times. In practice, that approxi-
mates their integral, 3, by an integral over
each of the t's independently. This gives
an estimate for P, (0,T) that is larger than
the correct one, and also ties together T
and N. Nevertheless, our data do permit
an estimate of the effective population size
(using the Watterson formula, listed in Fu
and Li as equation 2). Just as in our report,
a Bayesian argument will estimate P(N]0)
from P(O|N)/P(0) if all N's are equiprob-
able a priori. Knowing the mutation rate,
and assuming a generation time of 20
years, the N__ is 6750, with an upper
bound Nys,, of 20,000. When these val-
ues, estimated directly from our data, are
then used to estimate T—the time to the
MRCA—we derive a T, of approxi-
mately 90% of the value we originally
report. As Fu and Li point out, their exact
handling of the data still produces time
estimates for the most part smaller than
ours. Because we were using the coales-
cence argument as a crude approximation
to an oldest time, we are gratified by their
comments.

The comments by Donnelly et al. and
Weiss and von Haeseler explore the con-
sequences on the coalescence model of
varying assumptions about the mutation
rate, the effective population size, or the
dynamics of population growth. Not un-
expectedly, the model is sensitive to such
parameters. Thus, for example, the coales-
cent model presented by Weiss and von
Haeseler incorporates exponential popula-
tion growth and yields estimates of the
time to the MRCA intermediate between
the star phylogeny and equilibrium effec-
tive population size scenarios. Similarly,
the incorporation of an underlying sam-
pling variance in the mutation rate, or the
use of mutation rates other than the one
we empirically derive (as presented by
Donnelly et al.), will necessarily increase
the uncertainty in any estimate of the age
of the MRCA. These authors also com-
ment on the fact that, under a coalescence
model, an increase in the assumed effec-
tive population size results in an increase
in the time to coalescence, as would be
expected given the relationship between
N and T in the model. In real terms,
however, an increased actual population
size makes the probability of finding no
polymorphism in our sample less and less
likely, unless the time to the MRCA is
pushed closer and closer to the present.

Although developments in coalescent
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models will allow the incorporation of
more complex sampling and population
dynamic scenarios, the data presented in
our report did not justify such additional
considerations. Similarly, while more se-
quence data, from this and other loci, will
be required before the full evolutionary
history of Y chromosomes and of our spe-
cies can be deciphered, our report was
both an attempt to initiate this evolution-
ary reconstruction and an example of how
the absence of variation represents an evo-
lutionary signal in its own right.

Finally, we wish to clarify a point raised
by Rogers et al. Although the most parsi-
monious tree that can be derived from our
dara does in fact place the chimpanzee-
human split after the branching off of the
gorilla lineage (supported by two charac-
ters), we were careful to state, in note 10
of the report, that the next shortest tree
describes an  unresolved  trichotomy.
When we calculated an expected muta-
tion rate for this intron (note 11), we
assumed such a trichotomy, and used in-
dependent estimates of branching times of
5MY for the chimpanzee-human, gorilla-
human, and chimpanzee-gorilla splits
(14MY for the splitting off of orangutan).
We then averaged over all possible pair-
wise comparisons to obtain a mean muta-
tion rate.

Given the small number of changes tak-

ing place along the branches and nodes of

this gene tree, our data should not be used

in a molecular clock form to estimate the

age of the interspecific splits, as was done by

Rogers et al. If one considers only the num-

bers of changes, the observed numbers (5,

10, and 11) for the human-chimpanzee, hu-

man-gorilla, and chimpanzee-gorilla com-

parisons, respectively, are not significantly

different from the 8, 8, and 8 expected from
a trichotomy (x* = 2.75).
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Correlates of Protective Viruses
Damaging to HIV Infection

Barton F. Haynes et al. (1) state correctly
that concentrations of human immunodefi-
ciency virus (HIV) are low and of cytotoxic
T lymphocytes (CTLs) are high in people
who are “nonprogressors.” Therefore, they
argue, our proposals—that HIV is essential-
ly not a lytic virus and that immunosuppres-
sion may be caused by virus-specific CD8*
T cell-mediated immunopathology that de-
stroys infected antigen-presenting and T
cells—do not apply. This is an incorrect
conclusion drawn from our views, because
the example of the nonprogressor with a
low HIV load and high CTL response does
fit into our balance-scheme between the
two extremely rare cases that Haynes et al.
quote from our proposal (2). If efficient
CTL killing (plus neutralising antibody)
eliminates HIV completely before it can be
integrated into many cells, HIV negativity
and immunity will result. If high CTL ac-
tivity (plus antibody) controls infection
early and efficiently, long-term nonprogres-
sion will result (with potential incubation
times of more than 30 years). If the balance
is in the middle, the average of 8 to 10 years
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necessary for development of the disease
will result; if the growth of HIV is less, but
still somewhat controlled, immunopatholo-
gy will develop quicker to cause disease.
The other extremely unbalanced state oc-
curs when no T cell responses are available,
or T cells become exhausted by too wide an
infection, which probably is enhanced by
the developing immunopression. This latter
extreme situation would correspond to a
“healthy” hepatitis B virus carrier state.
The dynamic balance between virus and
immunopathology depends on the discussed
various host (human lymphocyte antigen,
interferon, and so forth) and virus (escape
mutants, susceptibility to interferon, and so
forth) parameters; their combination differs
from patient to patient, yielding the wide
spectrum of disease partterns and disease
kinetics. The view that disease is caused by
immunopathology—that is, by the damag-
ing effects of the protective immune re-
sponse—has important implications for
therapy and prevnetion. Accordingly, en-
hancement of an immune response that is
beneficial when the HIV load is low, may
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be damaging and enhance disease when

virus has already spread widely. Absence of

evidence that HIV is directly lytic in vivo

must encourage us to search for evidence, or

absence, of an important role of immuno-
pathology in AIDS pathogenesis.
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Response: The remark in our report (1) about
CTLs was not meant to imply that the ele-
gant and provocative hypothesis of Zinker-
nagel and Hengartner (2) was invalid. Rath-
er, it was intended to point out that it is
difficult to hypothesize that CTLs are either
immunopathogenic or protective only on
the basis of quantitative differences in the
CTL response. For example, if one examines
CTL responses in HIV-infected individuals
in early stages of the disease, it is not unusu-
al to observe high frequencies of HIV-spe-
cific cytotoxicity despite the fact that the
vast majority of these individuals will ul-
timately progress in their disease. Quanti-
tation of the CTL response early in the
course of HIV disease does not seem to
predict progression of disease. In contrast,
qualitative differences in the CTL re-
sponse as reflected by recognition of vari-
able versus conserved epitopes, and the
mobilization of a broader (as opposed to a
more restricted) CTL repertoire, may de-
termine whether a CTL response will be
pathogenic or protective.
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