
et a/. , J. Mol. Biol 21 5 ,  403 (1 990)] and GCG soft- 
ware [J. Devereux, P. Haeber, 0 .  Sm~tti~es, Nucleic 
Acids Res. 12, 387 (1984)l. The DNA sequences of 
theARE1 andARE2 genes aredepos~ted at GenBank 
iP25628 and U51790. res~ectvelvi. 

18. KO-5' and KO-3' primers (GAGGGGACGWTT- 
AGCCGCTATTAATTCTGGTATTGCCACCTAGA- 
C A A G A A G T A A A C A G A C A C A G A T G c a a -  
gagttcgaatctcttagc and CTATAAAGATTTAAT- 
AGCTCCACAGAACAGTTGCAGGATGCCTTA- 
GGGTCGActacgtcgtaaggccgtttctgac, respect~vely; 
ttie lowercase etterlng corresponds to ttie LEU2 
gene) were used n a polymerase char  reacton (PCR) 
witli the LEU2 gene as a template to produce ttie 
selectable yeast gene flanked by ARE2 gene se- 
quences [A. Baudn, 0 .  Ozier-Kalogeropoulos, A. De- 
nouel, C. Cullin, Nucleic Acids Res 21, 3329 (1 993)l. 
Tti~s was used to transform a derivatve of yeast straln 
5051. heterozygous for the are1 ANA allele To dent~ty 
ntegrants at the ARE2 locus, we periormed PCR on 
genomlc DNA froln these strains usng are2-5' (CAT- 
TGCAGTTACACGTGAATGC), are2-3' (TAGCTC- 
CACAGAACAGTTGCAGG), and a 3'  prllner corre- 
spondng to ttie LEU2 gene (12-3'. CTCTGACAA- 
CAACGAAGTCAG). 

19. P. Greenspan, E. P. Mayer, S. D. Fowler, J. Cell Biol 
100, 965 (1 985). 

20. One to two units (at an absorbance at 600 nm) of 
cells were Incubated In YPD or defned med~a con- 
talnng 1 FC~ lm l  of ["Hloleate In tyloxapol-ethanol 
(1 : I )  for 16 hours. Total Ihpds were prepared by 
hexane extraction [L. W. Parks. C.  D Bottema, R. 
J. Rodriguez, T. A. Lewis, ivlethods Enzymol 11 1 ,  
333 ( I  985)] and analyzed by thin-layer chromatog- 
raphy on DC-plastikfol~en kieselgel 60 plates (E- 
Merck, Germany). Ttie plate was developed n hex- 
ane, dettiyl ettier, and acet~c a c d  (70:30:1) and 
sta~ned w~ t t i  Iodine vapor, ncorporat~on of label 
into tr~glycer~de and ergosterol ester was ascer- 
taned after sclntilat~on count~ng and normalization 
to a ['4C]cholesterol Internal standard and the dry 
we~gtit of the cells. 

21. S. L. Sturley, H. Yang, J T. B~lheimer, ~n preparaton. 
22. To overexpress the AREl  gene by copy number 

under the control of ~ t s  own promoter ~n YEp3-16, 
a 2354-bp Cla I fragment froln pH3(34), encom- 
passing the entlre AREl gene, was blunt-ended 
witti Klenow DNA polylnerase I and introduced n t o  
the Slna I s t e  of YEp352. To const~tutively overex- 
press AREl from ttie ADH promoter In pADH5- 
36, a 2290-bp Nar I fragment of pH3(34), staring 
70 bp  5'  to the ORF, was blunt-ended w ~ t h  Klenow 
and l~gated to Klenow-treated, Eco Rl-digested 
pDC-ADH [a dervative of pS5; S. L. Sturley eta/.  
J. Biol. Chem 269, 21 670 (1 994)l. Increased ex- 
presslon of the AREl transcripts, relative to that n 
a wd - t ype  cell, was conf~rmed by Northern blot 
analys~s 

23. C.  C. Ctiang et a/., J Biol. Chem. 270, 29532 (1995) 
24. G. J. Warner et a/ , ibid., p 5772 
25 Ttie incorporation of [1'4C]acetate Into saponfied 

l ~ p ~ d s  was assessed as a measurelnent of sterol syn- 
ttiesls. Approxilnately 2 unts at an absorbance of 
600 nm of cells were incubated w~ th  20 ~ C I  of 
[1'4C]acetate In 2 ml of defined med~a at 30°C for 3 
tiours and subjected to p i d  saponf~cat~on, tiexane 
extraction, and thin-layer chromatography [R. Y 
Hampton and J. Rlne, J Cell 5101. 125, 299 (1 994)j. 
Ttie incorporat~on of counts n to  total sterols was 
assessed after sc~ntilation countng. To norma~ze 
the estmate of sterol biosyntties~s to ncorporaton of 
acetate into the fatty a c ~ d  pool, we acdified the 
aqueous ysate remaining after tiexane extraction 
with concentrated HCI and re-extracted it w~ th  hex- 
ane [D. D~mster-Denk, M .  K. Thorsness, J Rine, Mol. 
5101 Cell 5 ,  655 (1 994)] 

26. 1. Tabas, D. A. Weand, A. R. Tall, J. 5101. Chem. 261, 
31 47 (1986). 

27. M. Kr~eger and J. Herz, Annii Re'/. Biochem 63,601 
11 994) 
\ - -  , 

28. M. E. Basson, M Ttiorsness, J. Rine, Proc Natl 
Acad. SCI. U.S A. 83, 5563 (1 986): S L. Thompson, 
R. Burrows, R. J. Laub, S. K Kr~sans, J. 5101. Chem 
262, 17420 (1 987). 

29 We gratef~~lly acknowledge the asslstance of I 
Becker, 'A/. H. Mewes, and A. Goffeau In screenng 

the conf~dental data set obtalned in ttie European 
sequencng project We thank L. A. GriveI and P. 
P h ~ p p s e n  for the provson of cliromosome I DNA 
clones and the stiotgun b ra ry  of costn~d 14-21 
from chromosome XIV, respectively We thank A. 
Keesler and I. Tabas for helpful d~scussions, R. 
Goick for h ~ s  asslstance w ~ t h  confocal and fluores- 
cence microscopy, N. Erdenlz for help w ~ t h  mcro-  
manipulatons, and J. J. Rlcti. S. Gangloff, and A 
T~nkelenberg for a critical reading of the manu- 
scrpt.  Ths  work was supported In part by a Grant- 

n-Aid/lnvestigatorsh~p from the American Heart 
Assoc~aton (New York C~ ty  affiliate) and by the Ara 
Parseghlan M e d ~ c a  Research Foundation to 
S.L.S., NIH grants GM50237 and HG00861 to 
R.R., R01 A138598 to M.B.,  and HL40404 to 
R.J.D., and by the European Colnmunty wthin the 
framework of ttie BIOTECH program M B, ac- 
knowledges support from the Johnson and John- 
son Focused G ~ v n g  program. 

20 December 1995; accepted 1 1 A p r  1996 

m1 'PEf:kxI N i CAB,,; 

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

R o b e r t  L. Dorlt et nl. i I )  exalni~ned a ~, 

world-wide sample of 38 human males and 
fo~und n o  variation 111 a 729-base nalr 
i~ntron of the  2FY gene. Any  convent io~lal  
estimate of the  aee of the  most recent 
colnlnon ancestor ( M R C A )  that  1s propor- 
t ~ o n a l  to  the  mean n ~ u n h e r  of nucleotiiie 
d~fferenceb between two sequences or  the  
number of segregatmg sltes 111 t he  saruple 
~ ~ 1 1 1  give a zero value for such data,  which 
is apparently unacceptable. T o  deal with 
thls s i tua t~on .  Dorlt e t  al. (1)  used the  ~ ' 

Bayesian approach 111 conlunction w ~ t h  
the  c o a l e s c e ~ ~ t  theory of population genet- 
ics. They obtained 270,000 years ago as a n  
estimate of the  age of t h e  most recent 

u 

common ancestor, with 95% conf~dence  
limits of 0 to 800,000 vears. Their  av- 
proach is interestlng, but the  formula they 
iieriveii is rough. W e  provide here a more 
r i g o r o ~ ~ s  method and show tha t  the  age 
may he only half of the  estimate made by 
Dorit et al. 

Let p,,(OlT) he the  probahllity tha t  a 
salnnle of n seuuences contains no varla- 
t ion, given the  age T of t h e ~ r  most recent 
common ancestor. T h e n  the  posterlor 
probability p,,(TIO) of T ,  given tha t  there 
1s n o  variation in  the  sample, is 

e q ~ l a l  to  2N. This  substitution, however, 
neglects the  stochastic variation of T and 
leads to  inaccurate results. 

O n e  can avoid the  above problem by 
deriving the  exact formula for p , , ( o ~ )  using 
the coalescent theory (3). Let t, be the kth 
coalescent time, that IS, the  ~ e r i o d  d ~ l r ~ n e  
which the  sample has exactly k ancestral 
sequences (Fig. 1).  T h e  age of the  M R C A  of 
the sample is T = t, + . . . + t,,. Accordllng 
to the  coalesce~nt theory, ti\ follows the ex- 
nonential distribution with densitv kik - 1 ) , ~ 

exp [-/<(I< - l)t],  where one L I ~ I ~  of time 
corresno~nds to 2N eenerations. If the  num- 
ber of mutations in a given period is a Pois- 
son variable, the  urohahilitv that there is n o  
mutation in a sequence d~lrilng the  pe r~od  of 
t, is e-lr2N2'ir = - e "". There are k ancestral 
sequences in the sample during the period of 
t,, (Fig. 1). Therefore, the  joilnt probability 
that there is no  mutation during the  period 
of ti and that ti = t 1s 

e-l'"l/c(k- ~)e-l'(l'- l ' t  

T h e  joint probabil~ty that there is n o  vari- 
ation in the  entire genealogy and that the  
age of the  M R C A  of the sample is T is 

where p(T) is the  pr~or probability of T. T o  
estunate T, ~t 1s essential to obtain p,,(OIT). 
Watterson (2)  showed that the  probability 
of n o  var ia t~on 111 a sample of slie n 1s 

1.2 . . .  (11-1) 
qTl(OIH)=(l +8)(2+8) . . (n-1+8) (2)  

where 8 1s equal to  2Np for a l o c ~ ~ s  o n  Y 
chromosome, h7 is the  effective size of the  
Inale population, and y is the  ~ n ~ ~ t a t i o ~ n  
rate per sequence per generation. Dorit e t  
al. ( I )  apparently ~ ~ s e d  this formula for 
p,,(OlT) by substituting T for 2N, because 
the  expected v a l ~ ~ e  of T is approximately 

L n e - " ~ '  /<(k- ' I "  1 dt,,. . dt: 
I =1 

Eq. 3 is obtained by integrating w ~ t h  respect 
to coalescent t i~nes  repeatedly. Because p(0, 
T )  = p(OlT)p(T), we can show that Eq. 1 
becomes 
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Fig. 1. Summary stat~st~cs for the conditional dis- 
trbution, under the coalescent model, of the time 
T (In years) since the common ancestor, given a 
sample of 38 sequences which exhb~t no varabl- 
ty, as afuncton of N, the effect~ve popuat~on sze. 
The generat~on tme IS assumed to be 20 years, 
and the mutaton rate of the sequenced region per 
generation is taken to be 1.96 x 10-? Condition- 
al dstrlbution of Tfollows from equation 5.2 in (7). 

Table 1. Summary statistcs of the posterlor ds-  
tr~butons ~Iustrated In Fig 2. SE of the means due 
to the finite number of s~mulations (10,000) are 
about 1 % of the values Reat~ve smulation errors 
for the other statstics are broadly sim~lar 

Pr~or Pror Posterlor summary statist~cs 
for SD 
N for p. Statistc* T N 

Un~form I x 1 0-6 5th 10,600 370 
medan 142,000 4,800 
mean 217,000 7,300 
95th 673.000 22,600 

Un~form I x 5th 13,500 460 
med~an 199,000 6,600 
mean 347,000 11,800 
95th 1.1 80,000 39.000 

Un~form 2 x 5th 21,200 720 
medan 391.000 13,100 
mean 890,000 30,400 
95th 3,430,000 1 13,000 

Log- 1 x 5th 49.700 1,900 
normal med~an 201,000 6,900 

mean 254.000 8,400 
95th 642,000 20.000 

Log- 1 x 10-"th 53,000 2,100 
normal med~an 234,000 7,900 

meari 324,000 10,300 
95th 891,000 26,400 

Log 2 x 5th 63,400 2,400 
normal med~an 305,000 10,000 

mean 460,000 13,900 
95th 1.380.000 38,500 

-5th and 95th percenties are glven 

Bavesian, with a unifornl orior 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 
sonie information from other sources. T h e  
probability densities for T, conditional o n  
the  data, for various different assulnptions 
about the  pre-data uncertainty In N and p. 

Fig. 2. The posterior probability - A 
density function of Tfor various as- ? 

sumptons about the mutaton rate SD(k) = 1.0 x 
. . . . . . . . . 

p. and the effective population sze SD(k) = 1.0 x 
.--.. SD(P) = 2.0 10.5 

N. A lognormal distrbuton is used 
to model the prior uncertainty about n 2 '--. 
p. (so that og(p.) has a normal d~s-  
tr~but~on). The lognormal probab~l~ty % 

P density IS 5! n. 

h V '  , 

1 -(log ~ - m ) ~  0 200 400 600 800 

XS ,2Ti Time to common ancester: N prior uniform (lo3 years) 

The parameters m and s were cho- q 
sen to give various standard devia g 4 -  SD(p) = I .O x 
t~ons, w~th the prior mean of p. fixed > I . . . . . . . . . . . . SD(k) = 1.0 x 
at 1.96 x I O-" TWO d~fferent d~s-  . .... ---.- SD(p) = 2.0 x 
tributions were used to describe the 

: / prlor nformation about N (A) a un- ,g , . . . .. 
<.. 

form distr~but~on and (8) a ognor- 5 1 
..:. . . .. . 

ma1 d~stribut~on w~th parameters m , 
= 10 and s = 1 In the latter case, N ; 01 , , , , , 

has pror mode about 8,100, medl- 0 200 400 600 800 
an 22,000 and mean 36,000 The Time to common ancester: N prior lognormal (lo3 years) 

dens~ty IS at least half the modal value when N is n the ~nter~al  2,500 to 26,000 Each curve in the fgure 
IS obtaned uslng dens~ty estmat~on based on 10,000 simulated values. 

are shown (Fig. 2) .  (Summary stat~stics of 
each curve in Fig. 2 are glven in Table 1 ) .  
If, ~nitially, all possible values of N are 
regarded as equally likely (up to sonie large 
value), then a wide range of values for T 1s 
plausible. T h e  [nost likely values of T after 
observing the data are small, around 15,000 
years, a value which seenia ilnplaus~ble in 
the light of our knowledge of human histo- 
ry. On the basis of a lognorlnal prior, which 
gives a nlore realistic assessment of the in- 
for~liation available about N, the  most like- 
ly. or modal. values of T are around 120.000 , , 
years. Again, a very wide range of values 1s 
olausihle. T h e  effect o n  inferences about T 
of uncertainty about the  value of p is shown 
(Fig. 2):  T h e  greater this uncertainty, the  
Inore plausible are large values of T. Intu- 
itivelv, this is because the observed absence 
of variation can be expla~ned by a smaller 
mutation rate, in which case the data con- 
vey less ~nformation about N and T. 

In  the above analyses, T is the  time until 
the colnlnon ancestor of the  sample. This 
need not be the  salue as "Adam," the  corn- 
lnon ancestor of all ex~st ine  Y chromo- " 
somes. Under the  assr~lnptions of the  coa- 
lescent model, and conditional o n  D ,  for 
Np. = 7500 x 1.96 x 1OPi = 0.15 there is 
a prohabil~ty of 0.07 that Adam will occur 
earlier than T (3). 111 this case, the  addi- 
tional time before T until Adam has lllean 
and SD approximately N G  years, which is 
likely to  be s~~bstant ia l .  

Under the coalescent model. N renre- 
sents the "variance" effective population 
size, calculated as the  actual liulnber of 
breeding males divided by the variance of 
the number of male offspring of a typical 
male. This variance could be large ~f there - 
were disparities, perhaps for reasons of social 
organization, in the reproductive success of 

different males In early human societ~es. If 
t h ~ s  obtained, the value of N could he sub- 
stantially sllialler than the actual number of 
breeding rnales in the populat~on. 

T h e  coalescent model may be extended 
to allow for variation in population slze and 
non-random lnating res~~l t ing from geo- 
graphical population structure. W e  investi- 
gated the effects of recent populat~on expan- 
sion (4) for a population that was of constant 
size N, before 50,000 years ago, when it 
began exponential g r o n ~ h .  For the range of 
paranleters considered, the time to the most 
recent colnnion ancestor of the sample be- 
haves like the corresnondin~ time for the - 
(constant-sized) population of sue N , ,  plus 
about 42,000 years. Therefore, the niodel 
(Fig. 1 )  may he used to flnd the distribution 
of T. Informally, the effect of geographical 
structure is to increase coalescence times, 
often very substantially. It 1s thus likely that,  
conditional o n  D ,  non-random lnating will 
also increase T, and the time since Adam, In 
contrast to the statement by Dorit et al. (1).  

T h e  analyses discussed here deal with 
inference for coalescence times when the  
data display n o  variability. For other data 
sets, for example that presented by Hallinier 
(5), alternative computer-intensive metli- 
ods are available (6 ) .  
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D o r l t  et aI. ( 1 )  studied the seouence vari- 
ation of a n  introll locateci in the ZFY gene 
fro111 a sample co~nprlsing 38 sequences. 
Unexpectedly, the sequences did not show 
any variation, which means that routine 
methods 12) for analvz~ne such data are not , , , c> 

appl~cable to this seque~nce. 
Using coalescence theory (3 ) ,  Dorit et al. 

argue that the M R C A  of the  Y chromosolne 
existed some 270,000 years ago, with a 
"95% maximum estimate" of 800,000 years 

Effective population size (N,) 

Fig. 1. Estimated tmes back (lower curve) to the 
MRCA of the Y chromosome and estmated upper 
95% confldence bound (upper curve) (7). Abscs- 
sa represents the effectve populatlon slze 

[see note 15 in ( 1  )]. However, the  compu- 
tation 1s flawed. T h e  crucial mistake 
(among others) is that Dorit et al. use a n  
incorrect formula [see the  first formula in 
note 15 in their report ( I ) ]  that does not 
take the effective populat~on size of lnales 
(N,,,) Into account. 

W e  have reanalyzed the  data to  ohta~ln 
correct values ( 4 )  of the  estimated times 
hack to  the  M R C A  for various values of 
N , ,  together with the  upper 95% confi- 
dence hound (Fig. 1 ) .  If the  effective pop- 
ulation size exceeds 20,000 males, t h e n  
the  probability to ohserve 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 a n  N,,, of 5000 
(5) t hen  the  ancestor of the  Y clnromo- 
some lived approxillnately 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 estunate of 
270,000 years given by Dorit et al. ( I ) .  Our  
estimated upper time limit (540,000 years) 
is considerably below their estimate of 
800,000 years. Thus,  we have n o  insights 
o n  the  long-term effective population size 
of men.  T h e  possible range of expected 
times back to  the  father of all Y chromo- 
somes lies between 0 and 520,000 years, if 

111s constant.  popu la t~on  size r e m ~ '  
T h e  assumption of a constant popula- 

, , tlon else is extremely unrealistic for hllman 
populations. A Inore likely scenario 1s that 
of a n  exponentially groxving population. 
D o r ~ t  et al. also address this question. As- 
suming a star phylogeny, they concll~de that 
the  M R C A  existed 27,000 years ago. Wi th  
the  use of coalescence theorv under the 
assll~lnption of a n  e x p o ~ ~ e n t i a l l ~  growing 
pop~llation (6), we colnputed the expected 
time hack to the M R C A  for various growth 
rates, given that all seque~nces in the sample 
are identical (7). If the  population growth 
rate is smaller than 0.003 per ge~neration, 
then the  probability of ohserving 110 varia- 
tioln is helow 5% (Table 1) .  

Thus, a e  conclude that the  gro~vth rate 
of males must exceed this value. Assu~ning 

Table 1. Estimates of expected tmes E, ( T X  = 
O), In years, back to the MRCA of the Y chromo- 
some and the upper 95% confldence bound 
(T,, ax) for different growth rates The analyss 1s 
based on the mutatlon rate gven by Dorlt et a/ ( I )  
and the method as outllned In note (4) The last 
column gves the probablty to observe no varla- 
tlon In a sample of n = 38 sequences 

Growth E,,,,; Pr, 
rate ( T X  = 0) TI,.,, (X  = 0) 

r = 0.003, we calculate the  time hack to the 
M R C A  to he 103,000 years, with a 95% 
confidence interval of 0 to 109,000 years. 

T h e  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 
~~nreal is t ic  (8). 

111 conclusio~~, coalescence theory, correct- 
ly applied, provides a plausible range of dates 
for the MRCA of the Y chromosome, \i-hicln 
s e e m  to he colnpatihle \\,it11 the current view 
of modern human evolution derived primarily 
fro111 the analysis of ~nitochondrial DNA (9).  
Hun-ever, to ensure a lllore thorough analysis 
of the e\~olution of the Y chromosome, more 
sequence data that also exhibit variation, are 
necessary. Furthermore, we have olnly applieci 
two simple ~nodels about evolution of human 
pc~pulations. It remains to be seen how Inore 
co~nplex sce~narios of population history will 
affect our estimates. 

Cjunter Weiss 
Arndt von Haeseler 

Institute of Zoology, 
Cniversity of Mtinich, 

Post Office Box 2021 36,  
D-8002 1 Munich, Germany 

E-mail: arndt0xz. biologie . uni-muenchen.de 

REFERENCES AND NOTES 

1. R. L Dorlt, H Akash W. Glbert Science 268. 1183 
( I  995) 

2 F. Tallma. Genetics 123. 585 11989): M. Kreltman 



and R. Hudson ibid. 127 565 ( 1  991): J. Fesensten. 
Genet. Res. Camb 59 139 (1 992). Y .  X Fu, Genet- 
ics 136.685 ( 1  994) S. T .  Sherry et ai. . Hum. Bloi. 66, 
761 (1 994). 

3. R. R. Hudson Oxi SLIW Evol. Bloi. 7 1 (1 990). 
4 .  Let N., and p. be the effectve population size and the 

mutaton rate. respectively. X denotes the number of 
varabe stes. The probabty  to observe no varation 
n a randoln salnpe of size n drav/n froln a Wright- 
Fisher pop~i laton is gven by 

v/here H = 2N,+ [S. Tavare Tlieor. Popiil. 5101. 26, 
1 1  9 (1 984)l. The probabilty of the tme  T = i back to 
the MRCA condtonal on seeng no variaton in the 
sample equals accordng to Bayes theorem 

Pr.,,JT = t X = 0 )  
Pr, ,iT = t ' X  = 0 )  = 

P ~ , . , M = o I  - (2 )  

where Pr, ,;(T = t , X = 0 )  IS the joint probabilty of 
time T back to the MRCA and X = 0 .  This joint 
probab~l~ty v!as estimated by runnlng 1 000,000 
Monte-Carlo simuaton for each value of 8 .  On the 
bass of estimated values of Pr, .,(T = t . X = 0 )  v/e 
can infer 

the expected tme  until the sample coalesces to a 
sngle sequence, gven that X = 0 .  We smiarly esti- 
mated the upper l imt of the 95% confidence regon. 
The forlnulae given above depend only on the com- 
pound parameter 8. Dorit et a/ (1) estimated a sub- 
stituton rate of 0 135% per ml ion years for the in- 
tron. Assumng this value is approximately correct. 
we have used the correspondng substtution rate of 
p. = 9.8 . 10 ' per sequence and per year. 

5. A. R. Rogers and L. B. Jorde Hum Bioi. 67. 1 
1199il 

6 ~ - 4 a t k I n  and R. R Hudson Genetics 129, 555 
(1991) 

7. Using theor! (6) we have generated 1 000 000 Mon- 
te Carlo geneaoges for each choice of growth rater. 
We furiher assume that the effect~ve popuaton sze 
of males today is about 1 000 000 000. For each r 
v!e computed the same quantties as defned in (4). 
Nov!, the important parameter is not lbl,;.. but rather r. 
Unfortunately v!e are not av/are of a closed formula 
to compute Pr, ,.(X = 0 )  in ths  situaton hence ths  
quantty was estmated by simuatons. 

8 .  Computaton IS based on a current effectve popua- 
t on  size of 1 . I Oq men. If the effectve size s smaller 
then the estmate of tile tme  back to the MRCA v!~ll 
only sl~ghtly decrease (data not shovm). 

9 .  S. Paabo, Sclence 268, 1141 (1995). 
10. Supporied by a grant from DFG to A, v. H. Dscus- 

slon w th  S. Paabo is also greatly acknov!ledged. 

29 June 1995: accepted 19 January 1996 

D o r i t  et al. ( 1 )  compare a 729-base pair 
intronic sequence of the Y-linked ZFY gene 
from one orangutan, one gorilla, one chim- 
panzee ( P a n  paniscus, Genbank accession 
no. U24117), and 38 humans. On the basis 
of this comparison, they constructed a phy- 
logenetic tree representing the el~olution of 
the ZFY locus. T h e  ~ n a x i ~ n u ~ n  parsilnony 
tree obtained indicates that chimpanzee- 
bonobo ZFY is Inore closely related to hulllan 
ZFY than to the same locus from gorillas. This 
gene tree matches the topology of gene trees 
developed for mitochondria1 DNA and other 
nuclear DNA sequences (2).  Howe\.er, the 
species-level phylogeny of these taxa remains 
controversial, as st~ldies of other loci have 
obtained discordant results (3). 

T h e  phylogenetic c o ~ n c l ~ ~ s i o n s  present- 
ed by Dorit et al, lead to a n  imnortant 
dilemma. If their evolutionary histor)- for 
the  Y chrolnosome is correct, and if it 
a c c ~ ~ r a t e l ~  reflects the  e l , o l ~ ~ t i o n a r ~  histo- 
ry of the  genera H o m o ,  Pan,  and Gorilla, 
t hen  significant aspects of the  generally 
accepted nloiiel of human  evolution IIILIS~ 

be incorrect. I t  is generally agreed that  
humans, chimpanzees, and gorillas f o r ~ n  a 
closely related group of species, tho~lgln 
the  details of the  relationships within this 
clade have been ilifficult to resolve (3,  4) .  
It is e\.en Inore broadly agreed that  mod- 
e rn  h ~ l ~ n a n s  are more closely related to  the  
extinct genus At~stralopithecus and its Inore 
derived relative Paranthropus t han  to  ei- 
ther chimpanzees or gorillas (5 ) .  T h e  t ~ v o  
genera Australopithecus alnd Paranthropus 
are represented by hundreds of fossils from 
Pliocene and early Pleistocene geological 
formations in  eastern and s o ~ ~ t l l e r n  Africa 
(5 ) .  W e  consider the  idea that  humans 
share a last conllnon ancestor with Austra- 
lopithecus Illore recently than  with Pan or 
Gorilla t o  be firmly established. T h e  ZFY 
gene tree suggests that humans, chimpan- 
zees, and gorillas share a last common 
ancestor about 5 million years ago ( M a ) ,  
and that the  divergence of the  h~ l rnan  
lineage from the  c h i ~ ~ ~ p a n z e e  lineage oc- 
c~lr red approximately midway he t~veen  
that  date and the  present. T h e  gene tree 
has three ln~lcleotide subs t i t~~ t ions  occur- 
ring along the  internode that  represents 
the  colnmon ancestor of H o m o  and Pan, 
and has a n  a17erage of 2.5 n ~ ~ c l e o t ~ d e  sub- 
s t i tu t~ons  ln the  t ~ v o  l~neages  resulting 
from the  Homo-Pan split. W i t h  the  use of 
the  rate of ZFY e v o l ~ ~ t i o n  that  Dorit et al. 
observed, we calculate that  the  ZFY data 
suggest that  the  Homo-Pan divergence oc- 
c~lr red 2.54 Ma. 

Holvever, extensive and widely accept- 
ed paleontological and geological research 
has shown that  the  genus Australopithecus 
was present in  Africa and was  sing fullv 
bipedal loco~not io~n more than  3 Ma (5, 
6) .  Recent finds from E t h ~ o p i a  ha1.e ex- 
telnded the  range of Australopltheczis or 
other  closely related taxa back to be t~veen  
4.0 and 4.4 Ma (7).  Thus,  the  model of 
Dorit et al. dates the  human-chimpanzee 
divergence s ~ ~ b s e q ~ ~ e n t  to the  orlgln of 
A u s  tralopithecz~s. 

W e  see three ways out of this dilemma. 
First, olne could postulate that  humans are 
more closely related to Pan t han  to  A u s -  
tralopithecus. This  hypothesis requires that  
we accept one of the  following conclu- 
sions: ( i )  that  chimpanzees el,ol\,ed their 
current knuckle-walking loco~no t ion  and 
other primitive morphological features 
from a n  ancestor exhibiting Inany derived 
features of bipedalis~n as well as o ther  
cra~nial and post-cranial characters found 

in Inore derived 11~11nan ancestors, or  (i i)  
that  a lone list of derived cranial and 
post-cranial characters believed to  be ho-  
molorous in  human  ancestors and in A u s -  
tralopithecus actually arose i~ndependently 
through c o ~ ~ \ ~ e r g e n t  e\.olution. 

Second, one  coulcl propose that  the  
topology of Dorit's ZFY gene tree is cor- 
rect, but that  the  absolute dates are wrong. 

L 3  

If the  divergence of Gorilla ancestors from 
the  colnlnon Homo-Pan ancestor was 
a b o ~ ~ t  8 to 9 Ma rather than  5 Ma,  the  
Horno-Pan divergence woulii fall a t  about 

u 

4 to  5  nill lion years, and possibly resolve 
the  nrohlern. But this model has two im- 
portant implications: ( i )  It suggests that  
the  divergence of oralngutalns from the  
other  three honlinoids must 11al.e been 
considerably earlier t h a n  the  date used by 
Dorit et al. (14 Ma) .  T h e  date would prob- 
ably be significantly earlier t h a n  20 Ma,  
and this is unlikely given other  evidence 
(8). (i i)  Th i s  solution implies that  the  rate 
of evolution of the  ZFY sequence is lower 
than  Dorit et al. calculated, and therefore 
n~lshes  the  date of their inferred h ~ l ~ l l a n  Y 
chromosome coalescence s~~bstant ia l ly  
earlier in  time. T h e  new c o n c l ~ ~ s i o n ,  that  
this coalescence occ~lrred roughly 0.4 Ma,  
with 95% confidence limits of 0 to  over 1 
 nill lion years, ~vould dralnatically red~lce  
the  i ~ n p a c t  of the  ZFY data in relation to 
the  ouestion of   nod ern human  origins. 

T h e  third solution to  the  dilemma is to  
accept the  second most p a r s i ~ n o n i o ~ ~ s  tree 
for the  ZFY gene sequence. Dorit et al. 
report that  the  most pars i lnonio~~s tree, 
which links H o m o  and Pan to the  exclu- 
sion of Gorilla, requires 70 mutational 
steps. T h e v  also state that  a tree 72 muta- 
tional steps in length is the  next  11nost 
parsimonious, and that  this tree recon- 
structs the  evolution of the  ZFY locus (and 
therefore the  Y chromosome) as a trichot- 
omous divergence. T h e  date of this tri- 
choto~l ly  \ v o ~ ~ l d  be about 5 Ma,  roughly 
coincident with the  earliest known fossils 
a t t r i b ~ ~ t a b l e  to Australobztheczis or  closelv 
related taxa. Given the  alternatives, we 
favor this third solution to the  d ~ l e n l ~ n a  
and suggest that  the  ZFY locus provides a n  
in teres t~ng illustration of two general prin- 
ciples: ( i )  that  parsimony is a ~lseful and 
indeed i~ndispensible heuristic tool for evo- 
lutionary biologists, but that  it s h o ~ ~ l d  not  
be ass~llned that  all D N A  sequence evolu- 
t ion necessarilv occ~lrred in  the    no st par- 
simonious manner,  particularly when oth-  
er  reconstructions that  require olnly a 
small n ~ l ~ n b e r  of additional mutational 
e\.ents are available, and ( i i )  that  the  most 
complete understanding of evolutionary 
history r e s ~ ~ l t s  from the  caref~ll  integration 
of all relevant information. T h e  fields of 
nlolec~llar systematics and paleontology 
are each ilnportant to the  studv of h ~ l ~ n a n  
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phylogeny, and our models of human  e1.o- 
lution gain in depth and strength ~ v h e n  we 
consider all the  evidence together. Sce- 
narios that  are most parsimonious for the  
olne dataset are not  necessarily the  most 
parsimoniolls \vhen viewed globally. 

Jeffrey Rogers 
Paul B .  Samollow 
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logeny, \\,here each of the  38  indi\~iduals is mates of coalescence time 
Fu and Li present a clear discllssion of 

olne of tlle issues surroundine our esti- 
see11 to  represent a separate line of descent 
fro111 the  MRCA.  This  model approxi- 
mates a scenario where the  species spreads 
co~npletely (and quickly) around the  
\vorld i~n~ned ia te lv  after the  MRCA.  It is 

u 

mates. They correctly point out that  xve 
have used a n  approxi~nat ion to the  total 
coalescent t ime, estimated as the  suin of 
the  expectations of the  individual coales- 
cence times. I n  practice, that approxi- 
mates their integral, 3, by a n  integral o17er 
each of the  t,'s independently.  This  gives 
a n  es t i~na te  for P,,(O,T) that  is larger than  
the  correct one,  and also ties toeether T 

also a good approxilnation for a picture of 
rapid exponential  growth of the  human  
population. Under  this model, the  expect- 
ed time to colnnlon ancestrv is 27.000 
years, ~vitln a 95% confidence limit for a 
deepest time of 80,000 years. Al though 
the  "star" model makes certain extreme 
assumntions, such as the  simultaneous anti 

and N .  Ne\.ertheless, our data do  permit 
a n  estimate of the  effecti1.e p o p ~ ~ l a t i o n  size 
(using the  Watterson formula, listed in Fu 
alnd Li as equatioln 2).  Just as in  our report, 
a Bayesian argument will estimate P (NI  0 )  
from P(O I N)/P(O) if all N's are equiprob- 
able a priori. Knowing the  mutation rate, 

rapid colonization of the  elltire world, the  
very short times predicted 117. the  "star" 
phylogeny sho\v that  if t he  lines of descent 
are separated, the  observed m~ltation-fix- 
ation rate reouires a verv recent COIIILII~II 
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ancestor, compatible with the  luost recent 
spread of H. sapiens around the  world 40- 
60,000 years ago. It is a model of this type 
which should he colnnared to the  multire- 

anti assll~ning a ge~neration time of 20 
years, t he  Ns,p is 6750, wit11 a n  upper 
hound Ngj,,,> of 20,000. W h e n  these val- 
ues, estimated directlv from our ~ i a t a ,  are 

gional hypothesis, which postulates that  
the  relevant soread around the  world oc- 

t h e n  used to estimate T-the time to  the  
MRCA-we derive a TlllClll of approxi- 
mately 90% of the  value we originally 
renort. As  FLI and Li noint out ,  their exact 

curred 1 to 2  nill lion years ago, and hence 
that  the  lines of descent have been sena- 
rated since then.  

Our  second mociel, the  coalesce~nt phy- 
logeny, assumes a small, equilibrium effec- 
tive population thro~lghout  all (or almost 
all) of h u ~ n a n  history. O n  the  basis of the  

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 approxinlation 
to a n  oldest t ime, we are gratified by their 

size of this equilibrium population, the  
~1robabilitv of comlnon ancestrv can  be 

comments.  
T h e  colnlnents bv Donnellv et al. and 

estimated by coalescillg the  lineages one  
bv one  to a deenest bifi~rcation, ( T h e  

W e ~ s s  and \,on Haeseler explore the  con-  
seuuences o n  the  coalescence   nod el of 

27 June 1995, accepted 19 Jani~ary 1996 many short final lineages in  this model are 
a conseiluence of the  assum~7tion of a fixed 

\~arying assumptions about the  nlutation 
rate, the  effective ponl~la t ion size, or  the  

Response: In our report ( I ) ,  we d e r ~ v e d  a 
noss~ble age for the  last ancestor of the  

N c ) .  Under  this model of lineage bifurca- 
t ion, the  time to the  last common ancestor 
of the  sa~npled Y chromosomes is likely to 
be larger t h a n  ~ l n d e r  the  assumpt~ons of 
the  star phylogeny. W e  used a Bayesia~n 

dynamics of population growth. N o t  un- 
exnectedlv, the  nlodel is sensitive to such 

sa~npled Y c l l ro~noso~nes  by using a variety 
of statistical approaches. W e  found ( i )  no 
variation in a 729-base-long introll o n  the  
Y c h r o ~ n o s o ~ n e  in a \vorldn~ide sample of 
38 males and ( i i )  a mutation rate of 
0.135% per Ma,  estimated from sequenc- 
ing this intron in chimpanzee, gorilla, and 
orangutan. W e  then  used theory-depen- 
dent  argulnents to nlace our results in the  

parameters. T l~ l l s ,  for example, the  coales- 
cent  model presented by Weiss and von 
Haeseler incorporates exponential  popula- 
t ion growth and yields estimates of the  
time to  the  M R C A  intermediate bet~veen 

interpretation of this model to e s t i~na te  a n  
expected time of 270,000 years, and com- 

the  star phylogeny and equilibrium effec- 
ti1.e poplllation size scenarios. Similarly, 

mented in note  15 of our report that  we 
estimated Ne to  be 7500 lnales by linking 
the  expected \~a lue  of T and Ne.  

This  model, with its built-in assumn- 
the  incorporation of a n  underlying sam- 
pling variance in the  mutation rate, or the  

context  of current debates about the  his- 
tory of the  Y chromosome and the  evolu- 
t ion of modern H o m o  sapiens 

111 principle, t he  lack of variation we 
observe reflects the  colnlnoll ancestry of 
this region of the  Y chromosome. T h e  
mutation rate sueeests that  one  sho~ l ld  he 

t ion of equilibrium effective p o p ~ ~ l a t i o n s  
anti the  small Nr that  is reiluireii under 
this scenario by the  data,  is also probably 
a n  unrealistic descriptio~n of the  entire 
course of human  el,olution. \vhich in- 

& ,, 

use of mutation rates other than  the  one  
we e~npirically derive (as presenteii by 
Donnelly et a l . ) ,  ail1 necessarily increase 
the  uncertainty in  any es t i~na te  of the  age 
of the  M R C A .  These authors also com- 

volves a gradual spread around the  world 
and a n  increasing pop~l la t ion.  T h e  point 
of presenti~lg ( 1  ) these tivo models was to 
provide a range of estimates for the  real 

men t  o n  the  fact that ,  under a coalescence 
model, a n  Increase in the  assumed effec- 

c>c> 

able to  e s t i~na te  how many changes \vould 
be expected for any given time elapsed 
since the  M R C A ,  or,  conversely, n h a t  the  
expectation of the  t i ~ n e  to the  M R C A  
should be, g i \~en  n o  observed changes. 
However, tlle M R C A  calculation is en-  
tirelv model dri\.en, and we discuss t ~ v o  

tive poplllation slze results in a n  Increase 
in the  time to coalescence, as \vould be 
expected given the  relationship betxveen 
N and T in the  model. In  real terms, 
ho\vever, an  ~ncreased actual population 
size makes the  probability of finding n o  
polymorphism ill our sample less alnci less 
likely, unless the  rime to the  M R C A  is 
nushed closer and closer to the present. 

time to a last colnlnon male ancestor 
~ v h i c h  is l~ke ly  to  bracket the  correct val- 
ue. In  our vie\v, there was not  enough 
exper i~nenral  data presented i n  our report 
to iustifv a n  extensi\,e discussion of inter- 

simple, but extreme, models to put a ralnge 
o n  the  expectations. 

T h e  simplest model is tlle "star" phy- 

2 ,  

mediate models, although we lnote that 
subseiluent papers ( 2 )  based o n  variational 
data have arrived a t  inrerlnediate esri- Al though developments In coalescent 



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 
he required before the full evolutionary 
history of Y chromosomes and of our spe­
cies can he 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, wTe wish to clarify a point raised 
by Rogers et al. Although the most parsi­
monious tree that can be derived from our 
data 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-

rJarton F. Haynes et al. (I) 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 

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 (x2 = 2.75). 
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necessary for development of the disease 
will result; if the growth of HIV is less, hut 
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 patterns 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 

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 HlV-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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