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ABSTRACT 
We present a new  way to  make a maximum  likelihood  estimate of the  parameter 4N4~ (effective 

population  size times mutation  rate  per  site,  or e) based  on a population  sample  of  molecular  sequences. 
We use a Metropolis-Hastings  Markov chain Monte  Carlo  method  to  sample  genealogies in proportion 
to  the  product  of  their  likelihood  with  respect  to the data  and  their prior probability with respect  to a 
coalescent  distribution. A specific value  of 8 must be  chosen  to  generate  the  coalescent  distribution, 
but the  resulting  trees  can  be  used  to evaluate the  likelihood at other values of 8, generating a likelihood 
cuwe.  This  procedure  concentrates  sampling  on  those  genealogies  that  contribute  most of the  likelihood, 
allowing  estimation  of  meaningful  likelihood  curves  based  on  relatively small samples.  The  method can 
potentially be extended  to  cases  involving varying population size, recombination,  and  migration. 

T HE genealogy representing the relationship be- 
tween a set of gene copies  randomly  chosen  from 

a population can be thought of as a  series of  coales- 
cences,  points at which two lineages  had  a  common 
ancestor (see Figure 1 ) . The time  intervals  between 
one coalescence and the next are expected  to have a 
distribution that depends on the effective population 
size  4Ne in  a  diploid population. This paper will  assume 
diploids, but the method is identical  when  applied  to 
haploids, with  4Ne replaced by  2Ne, and to  mitochon- 
dria, with  4N, replaced by  2N-. In the absence of an 
outside standard, molecular  sequence data cannot give 
information on the actual durations of these  intervals 
but only on the amount of change that occurred during 
them. Therefore, instead of estimating 4N,we must  esti- 
mate  its product with the neutral mutation rate p. This 
paper discusses  a  new method for estimating the prod- 
uct 4N&  also  called 0, using sequence data taken  from 
a  random  sample of  individuals  from  a population. 

We  wish to  use the  relationship  between  the  intervals 
in the genealogy and 0 to  make a maximum  likelihood 
estimate  of 8 from genealogies  inferred  from  a  popula- 
tion  sample (for example, of nucleotide sequences). An 
earlier  paper ( FEUENSTEIN 1992b)  approached  this proh 
lem  using  bootstrapping.  Since  the  true  genealogy  is  gen- 
erally  unknown, we wish to  base the  estimate on a  number 
of  plausible  genealogies,  weighting  each one  according 
to  its  plausibility. FIXSENSTEIN suggested  bootstrap  resam- 
pling  the DNA data and using the  genealogies  recon- 
structed  from  each  bootstrap  sample  to  estimate 0, ar- 
guing  that  this  resampling  procedure  effectively  chooses 
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genealogies  in  proportion  to  their  likelihood  with  respect 
to  the  data,  which is equivalent (if a  large  number of 
samples  are taken) to  weighting the genealogies by their 
likelihood.  For  reasons  that will  be  discussed  below,  we 
now  believe  this  approach  to  be  incorrect. 

In the current paper we present a new method of 
sampling  genealogies. The strategy is  Metropolis-Has- 
tings  sampling:  a repeated process of modifying  a  gene- 
alogy and accepting or rejecting it in proportion to the 
ratio of  its  probability  to the probability  of the previous 
genealogy, as described by METROPOLIS et al. (1953) 
and modified by HASTINGS (1970). We present the 
method as it applies  to DNA or RNA sequence data, 
but it could  readily  be adapted to other types  of  infor- 
mation for which  models  of the change  process are 
available,  such as restriction  site  data. As presented, this 
method is appropriate for use  in  cases  where  recombi- 
nation  does not occur,  such as mitochondrial DNA, but 
we hope in the future to extend it  to  cases  involving 
recombination, migration, and varying  population  size. 

We would  like  to compute the likelihood of the oh 
served  sequence  data  for  a  given  value of 0, L(  e), to 
find the value of 8 that maximizes the likelihood of 
the data and to  assess  how  well supported  this  value  is 
compared  to  others.  For  a  given  genealogy, L( 0) is the 
product of the prior probability of the  genealogy  based 
on the coalescent  distribution, P (  GI e ) ,  and the  proba- 
bility  of the sequence  data given the genealogy, P (  Dl G) . 
This product should be summed  over  all  possible  geneal- 
ogies  to  give the overall  likelihood of the data  set  for  a 
given  value  of 0. The prior  probability  has  been  de- 
scribed by KINGMAN ( 1982a,b) and is straightforward  to 
calculate. The probability of the sequence  data  for  a 
given  genealogy  is  also  readily  computable ( FEUENSTEIN 




