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Summary. A large amount of  information is con- 
tained within the phylogenetic relationships be- 
tween species. In addition to their branching pat- 
terns it is also possible to examine other aspects of  
the biology of the species. The influence that dele- 
terious selection might have is determined here. The 
likelihood of  different phylogenies in the presence 
of  selection is explored to determine the properties 
of  such a likelihood surface. The calculation of  like- 
lihoods for a phylogeny in the presence and absence 
of  selection, permits the application of  a likelihood 
ratio test to search for selection. It is shown that 
even a single selected site can have a strong effect 
on the likelihood. The method is illustrated with an 
example from Drosophila melanogaster and sug- 
gests that deleterious selection may be acting on 
transposable elements. 
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Introduction 

The neutral theory of  molecular evolution (Kimura 
1983) has had a major impact on our concepts about 
evolution. The theory suggests that most molecular 
polymorphisms are influenced more by random drift 
than by selection. Simple expectations can be con- 
structed to predict the pattern of  molecular genetic 
variation that should be observed when selection is 
absent. Many of  these predictions of  the neutral 
theory have been found to be reasonably accurate, 
whereas others are still controversial. 

The distribution of  genetic variation within pop- 
ulations has been used to support the neutral theory 
(Nei 1987). Several features of  these data such as 
the excess of  rare alleles led Ohta (1973) to suggest 
that the neutral theory should be modified to in- 
corporate the presence of small levels of  deleterious 
selection acting on allozyme polymorphisms. The 
changes proposed by Ohta (e.g., 1976) brought the 
theoretical results into much closer agreement with 
the observed data. 

Another prediction of  the original neutral theory 
is that if  neutral mutation rates are constant over 
time then the mean rate of  molecular evolution 
should also be constant. This has been found to be 
approximately correct for the coding sequences of  
many genes (Wilson et al. 1977). However, the rates 
of  evolution of  some genes are not constant and a 
closer examination of  those that do show constant 
mean rates reveals that they have much larger var- 
iances than expected (Ohta and Kimura 1971; Lang- 
ley and Fitch 1974; Hudson 1983). Rates appear to 
be partly influenced by generation time (Maeda et 
al. 1988; Koop et al. 1986) but this effect cannot 
explain the higher than expected variance (Gillespie 
1989). 

As more molecular sequences are determined, the 
rates with which sequences change are becoming 
known for many genes. Gillespie (1984a, 1986) has 
demonstrated that the rates of  evolution for these 
genes may follow an episodic pattern. He suggests 
that the best way to explain this pattern of  evolution 
is to invoke selection acting on these sequence al- 
terations. 

Thus, both within-population variation and be- 
tween-population variation suggest that at least some 
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level o f  selection is a required consideration for 
studies o f  molecular evolution. However ,  very little 
progress has been made in at tempts to extend Ohta ' s  
advanced theories because o f  the difficulties asso- 
ciated with incorporating selection into theoretical 
models. Gillespie (1984b) has been able to include 
the effects o f  strong selection in his models  o f  change 
between species using an asymptot ic  analysis as- 
suming weak muta t ion  and strong selection. 

A major  difficulty with studies o f  natural selec- 
tion is the immense  power o f  this natural force. Even 
selection coefficients that  are o f  the same size as 
muta t ion rates can have significant effects when the 
geological t ime periods over  which species have di- 
verged are considered. Estimating selection coeffi- 
cients o f  this size and distinguishing them from mu-  
tation rates is difficult. The best me thod  to a t tempt  
est imation is experimental verification but this is 
a lmost  completely ruled out by the potentially small 
size of  the coefficients. It is possible, however,  to 
examine sequences that have been influenced by 
selection for millions o f  years and to determine if 
their changes might  suggest the action o f  selection. 
This was the approach of  Sawyer et al. (1987) when 
they inferred selection coefficients on the order  o f  
10 -7 from the distribution o f  segregating amino acid 
po lymorphisms  for the 6-phosphogluconate  dehy- 
drogenase gene in Escherichia coil The results o f  
Hartl et al. (1985) suggest that  such small selection 
coefficients may  in fact be very c o m m o n  and are a 
result o f  the saturation kinetics o f  enzymes with flux 
that is a concave function o f  activity. They suggest 
that many  enzymes have these kinetics and that 
evolution therefore leads to very small selective dif- 
ferences between most  segregating alleles. 

Another  major  problem associated with studies 
o f  natural selection is the lack o f  an accurate concept 
o f  what the effects o f  selection should be. For  ex- 
ample, Hill and Hastie (1987) found a gene where 
the first and second codon positions changed more 
rapidly than the third position in a group o f  serine 
protease inhibitors. This unusual result was inter- 
preted as being due to positive selection. However,  
Graur  and Li (1989) suggest that  the frequency dis- 
tr ibution o f  amino acids was unusually skewed and 
that this accounts for the peculiar pattern o f  sub- 
stitutions. An impartial  me thod  for detecting the 
effects o f  selection is clearly desirable. Furthermore,  
in addit ion to simply stating whether or not selec- 
t ion has influenced the genes under  study, there 
should be some method  to estimate the actual values 
o f  the selection coefficients and to test their statis- 
tical significance. 

The large amounts  o f  sequence data that  are ac- 
cumulating for many  genes from many  species per- 
mit  the reconstruction o f  phylogenies that relate the 
ancestries of  these sequences. The patterns o f  se- 

quence change in these phylogenies are significantly 
altered when some of  the characters in these se- 
quences are influenced by selection (Golding et al. 
1986). These differences can be used in tests to de- 
tect the presence o f  selection. 

One way to use these differences is to examine 
the mos t  recent distinguishable ancestor o f  each ex- 
tant sequence (Golding et al. 1986). This however  
was done with a deterministic model  that does not  
include the effects o f  r andom drift (see I izuka 1989) 
and ignored the problems of  inference from a phy- 
logeny. Monte  Carlo simulations indicate that ex- 
tensive sequence data are required to detect selec- 
tion with a reasonable degree o f  certainty (Golding 
1987). Generally, sampling must  be sufficient to de- 
termine 30-40  distinct haplotypes. Because the col- 
lection o f  sequence data is often difficult and ex- 
pensive, it is desirable to have a method  that extracts 
more  informat ion from the data. 

A m a x i m u m  likelihood approach is developed 
here in an a t tempt  to gain greater statistical sensi- 
tivity. This approach has the advantage that it is 
based on a fully specified model  with all assump- 
tions apparent.  There are also standard statistical 
tests that  have been developed making use o f  alter- 
nate likelihoods. It is thus possible with this type o f  
an approach to detect even very weak selection with 
statistical reliability. Furthermore,  the shape o f  the 
likelihood surface contains useful information about  
the variance o f  estimates. 

Method 

Consider sequences of sites that can have only one of two 
possible allelic states. This is appropriate for the presence/ab- 
sence of restriction sites or the presence/absence of any other 
feature such as a deletion or an insertion. Consider these sites to 
be selectively neutral and let the characters spontaneously mutate 
at a rate o per gamete per generation. For simplicity, let the 
mutation rates to and from each state be equal. Generations are 
assumed to be discrete and the evolution of each site is assumed 
to be independent of all other sites. 

The probability that a site initially in state i will change to 
state j within time t is P'ij. The value of P'u can be found easily 
if the site is selectively neutral. It is given by 

Ptij  = 1/2 "[- l /2e-2ot  if i =j  
= l/z - '/2e -2~' ifi § j 

Here u and t are measured in the same units (usually years or 
generations) and it is assumed that mutations occur according to 
a Poisson process. 

The likelihood of part of an evolutionary tree subtended by 
the kth node for a site in state i is designated as L(ku This like- 
lihood can be calculated in a reeursive fashion. As an example, 
consider the tree given in Fig. 1. The tree is assumed to be strictly 
bifurcating with the node or taxa 3 of the tree bifurcating to give 
descendant nodes or taxa ! and 2. The time between node 3 and 
node 1 is t and between nodes 3 and 2 is t'. With these definitions 
the likelihood of an evolutionary tree can be found recursively 
from 
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L(3) i = ~ PtijL(l~ ~ Pt'iktt;)k 
j-I J L k - I  

(Felsenstein 1981). The terms LO)j, L<2)k designate the likelihoods 
o f  part  o f  the evolut ionary tree subtended by nodes 1 and 2, for 
sites with states j and k. I f  nodes  1 and 2 designate extant  species 
then these l ikelihoods are known explicitly. The likelihoods are 
either 1 or  0 depending on whether  the extant species does or 
does no t  have that  state (allele) at that  particular site. This  in- 
format ion can be used to de termine  L(3)~. In more  complicated 
phylogenies with more  than two species the likelihoods o f  interior 
nodes can be calculated in a similar fashion. In this case identify 
node 3 with a more  ancient bifurcation and nodes  1 and 2 with 
bifurcations that  in turn give rise to more  species. Begin at the 
tips o f  the phylogeny and move  down the tree one node at a t ime. 
Each successive step uses the likelihoods just calculated such that  
the value de te rmined  for L(3)~ is used to find the likelihood o f  the 
next node. The likelihood o f  every subtree of  every state is cal- 
culated for every node using those likelihoods calculated for the 
previous nodes. This continues until the root  o f  the tree is reached 
and then the overall l ikelihood is found by summing  the products  
o f  the root l ikelihoods with the prior  probabilit ies o f  each state. 
Without  any further information,  the prior probabili t ies o f  each 
state are usually taken to be their equil ibrium frequencies. 

Because each site evolves independently,  the l ikelihood o f  a 
phylogeny can be calculated separately for each site. The  product  
o f  the likelihoods for each site provides the overall l ikelihood o f  
the observed data. 

Transition Probabilities with Selection. We would like to m o d -  
ify this me thod  and to find values for P~j when selection influences 
sites within a sequence. This cannot  be done in complete  gen- 
erality and instead will be approached using two approximat ions .  
First the overall selection model  is described, then a me thod  to 
calculate these probabilit ies for a single selected site is given 
assuming that selection is weak, then a me thod  to calculate prob-  
abilities is given, which assumes that mutat ion is weak relative 

to selection. 
This type o f  algorithm requires that the individual taxa evolve 

independent ly  after speciation. When selection occurs this is true 
only o f  trees consist ing o f  different species. It is not  true o f  in- 
dividual,  selected haplotypes within a species because selection 
will alter the a priori probabilit ies o f  some phylogenies. We will 
calculate likelihoods assuming that the structure o f  the phylogeny 
itself does  not  contain informat ion about  the strength o f  selection. 
We require and will assume that  the individual lineages have 
evolved independent ly  after speciation. This implies that  a fork 
in the tree is coincidental with speciation and hence that the 
effective populat ion size is much less than the divergence t ime 
(N, ,~ t) so that  lineages coalesce rapidly when they are traced 
back within an ancestor. I f  po lymorphism exists at the t ime o f  
speciation, daughter  species are formed from a randomly sampled 
haplotype. Note  that  the descendants  must  be contemporary  in 
this model  (assuming that  selection has had equal opportuni ty  
to act in each taxa) and hence a molecular clock is assumed. 

In addit ion to the neutral sites previously described, a second 
class o f  sites may also be present  in the sequences and these sites 
may be influenced by selection. Assume that these sites can have 
one o f  two states, which are designated A and a. The frequency 
o f  allele A is designated by x. When  individuals carry a copy o f  
the deleterious allele, a, their  fitness is reduced by a proport ion 
1 - s. Genic  selection is assumed and so the results for ei ther a 
haploid or  a diploid model  are equal. Thus the fltnesses are either 

Haploid  A a 
1 l - s  

Diploid AA Aa aa 
1 1 - s (1 - s) 2 

2 

1 

t" t 

I 
3 

Fig. 1. A single taxon (3) bifurcates (speciates) to yield two new 
taxa (1, 2). The taxa 1 and 3 are separated by t generations, 
whereas taxa 2 and 3 are separated by t '  generations. 

Each character has the same selection coefficient and fitnesses 
are multiplicative. Note  that no restriction is placed on the sign 
o f  s and so advantageous alleles can also be model led with this 
method.  These sites spontaneously muta te  at a rate u per  gamete 
per generation. 

To calculate P'~ consider  the expected allele frequencies in a 
finite population. Given  some initial condit ions,  the expected 
frequencies can be calculated for different t ime periods o f  evo- 
lution. The changes in these expectat ions are then identified with 
the corresponding probabilit ies o f  transition. 

A formula for these expectat ions when selection is acting in 
a finite populat ion was first illustrated by Kimura  (1955) and 
again by Avery (1978). Consider  a populat ion that has only small 
changes in its allele frequency x from one generation to the next. 
I f  this small change is designated as ~x, then the expected n th  
power  o f  the allele frequency in the next  generation is 

E[(x + 6x)"] = Etx"] + nE[x"-~E~(~xl x)] 

+ n(n - 1)/2E[x"-2Eg(bx21x)] + . . . .  

The  expectat ions E~ are over  conceptually replicate populat ions 
each with a given value o f  x. For  the above model ,  

E~(rxlx) ~ ~(1 - 2x) + sx(1 - x) 
Es(Sx 2 [ x) = x(l - x)/2N 

For  n = 1 and ignoring higher-order  te rms 

E(x + ax) = E(x) + ~[1 - 2E(x)] + sE(x) - sE(x 2) 

A similar  equat ion for E(x 2) with selection will require still an- 
other  equation for E(x3), and so on. Unless  s = 0, this leads to 
an infinite system o f  equations describing all o f  the allele fre- 
quency moments .  However ,  it is possible to de termine  a series 
solution for E(x) in powers  o f  (Ns). For  example,  consider E(x") 
expanded  into 

E(x" )  = a + b ( N s )  + c (Ns)  2 + d f N s )  ~ + . . .  

where a = E(x") N,-O and the other terms are yet to be determined. 

To calculate E(x) to a first order  approximat ion the above equa- 
t ion gives 

E(x + ~x) -~ E(x) + /~[1 - 2E(x)] 

+ s E ( x )  , -o - s E ( x D  ,-o 

This formula does not  lead to an infinite system but ra ther  to a 
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three-dimensional  system o f  equations that determines  E(x) but 
ignores terms o f  the order  o f  0(Ns) 2. Thig system gives the ex- 
pected change in allele frequency in one generation. The expres- 
sion for t generations is found by iterating these equations.  The 
solution to this system of  equations is 

t 
E'(x) = e-2*~EO(x) + ~ (1 - e 2,,) 

2Ns [ . . . .  E~ N,-o] + ~ (e -2"' - e - '  . . . .  2N) EO(x) _ 
1 +  

[ 1  - e - 2 . t  0 ( 1  - e . . . . . . . . .  )] NS 

+ t + O L  - l + 2 ~  

, 1 
where 0 = 4Nt(. Note  that E (x) = ~ (1 - e -2~*) + e-2~tE~ when 

1 
s = 0 and that  E'~ = ~ [1 + 2Ns/(1 + 20)] as expected. 

The probabili ty o f  change from allele A to the alternate allele 
a in t ime t can be calculated from this formula a s  P t . c a  = 1 - -  

E'(x) with 

E~ = 1, E~ N~-o = I and E~ N~-o = 1 

Similarly P'~A = E'(x) with the same initial condi t ions and 
P ' ~  = E'(x) and P '~  = 1 - El(x) with initial condi t ions 

E~ = 0, E~ N~-o = 0 and E~ N~-0 = 0 

This  is a first order  approximat ion.  For  the algori thm that is 
actually implemented ,  a solution to E(x) is used, which is a second 
order  approximat ion (the derivat ion o f  this formula is given in 
Appendix  1). 

This  approximat ion is only valid when Ns is small. For  large 
Ns another  approximat ion is used. This approximat ion assumes 
that  mutat ion is weak relative to selection. The previous require- 
men t  that  No .~ t ensures that the t ime required for fixation o f  
alternate alleles is very short  relative to the length o f  t ime between 
fixations. Advantage can be taken o f  this condi t ion by letting the 
fixation t ime approach zero relative to the t ime between fixations. 
The probabili ty o f  eventual fixation for a particular advantageous 
allele is 

U(s, Ns) = (1 - e-2')/(1 - e . . . .  ) 

(Kimura 1962). Similarly the probabili ty o f  eventual fixation for 
a deleterious allele is U ( - s ,  - N s ) .  There  are 2N~ new muta t ions  
o f  these alleles each generation. Using the approximat ion,  the 
probabil i ty o f  a change in the allelic state per unit t ime is a = 
2Ntz U(s, Ns) or b = 2Nu U ( -  s, - Ns) depending on  the direction 
o f  change. Therefore the probabili ty o f  a change from A to a in 
t generations is 

PtA~ = a/(a + b)[l - e -(a+b)'] 
and 

P '~  = b/(a + b)[1 - e -~'+b>'] 

whereas P'~o = 1 - P',~ and PtaA = 1 - P'A#. 
The two approximat ions  to the transit ions probabilities are 

quite different. The series approximat ion is only valid with weak 
selection and includes the chance o f  polymorphism.  This ap- 
proximat ion is used when 4Ns < 0.1. The weak mutat ion ap- 
proximat ion considers  the relative proport ion of  species fixed for 
alternate alleles and because muta t ion  is weak, does not  permit  
extended polymorphism.  This approximat ion is more  appropri-  
ate when selection is strong and is used when 4Ns > 0.1. Both 
approximat ions  require that  N~ -~ t. 

Multiple Sites within a Sequence. The next  step is to combine  
the answers  for a single neutral site with those for a single selected 

site and to consider  the probabili t ies o f  transition between states 
for the sequence as a whole. 

The algori thm used by Felsenstein (1981) and other  maxi- 
m u m  likelihood programs assume that each individual site within 
a sequence is evolving independent ly  o f  the other  sites. We again 
assume here that  muta t ion  proceeds independent ly  at each site. 
However,  we mus t  be concerned that  selection or  random drift 
may generate linkage disequil ibr ium between each o f  the sites 
within a sequence. When  all sites are neutral, it is known that 
random drift will generate linkage disequil ibr ium in finite pop-  
ulations. Although some disequil ibrium is created in any partic- 
ular populat ion the expected value o f  this linkage disequil ibr ium 
is zero when these expectat ions are taken across conceptually 
replicate populations.  Thus, the disequil ibr ium will not  alter the 
expected allele frequency nor  the expected probabili ty o f  tran- 
sition. 

Consider  a single selected site that  is completely linked to a 
group o f  neutral sites. Again random drift  can generate linkage 
disequil ibrium in finite populations,  but  the expected value o f  
linkage disequil ibr ium will be zero across replicate populations.  
Birky and Walsh (1988) also found via s imulat ions and a math-  
ematical  argument  that  the substi tut ion o f  neutral muta t ions  is 
not  affected by complete  linkage to a selected site. 

I f  more  than one site is influenced by selection, the possibil- 
ities for the generation o f  linkage disequil ibrium become greater. 
It was demonst ra ted  by Felsenstein (1965) that  even some se- 
lection parameters  that  do  no t  lead to stable linkage disequilib- 
r ium may cause transient  associations between alleles. He showed 
that  this was due to epistasis between gametes.  In this paper, 
only genie selection with strict multiplicativeness o f  selection 
coefficients will be considered. In this case nei ther  transient nor  
equilibrium linkage disequilibrium is generated by selection. Thus, 
nei ther  selection nor  r andom drift  generates a non-zero  expected 
disequil ibrium. 

To double-check these results, and to ensure that  no dis- 
equilibrium is generated, a series of  equations can be derived to 
describe the evolution o f  two completely linked loci, each with 
two alleles. Haplotype frequencies are designated as xoo, Xo,, X~o, 
and x ~ ~ and fitnesses o f  the four haplotypes are assumed to be 1, 
1 - r, 1 - s and (1 - s) (1 - r), respectively. The first site mutates  
at a rate tt and the second at a rate v. Following the same method  
as given above reeursion equat ions can be derived and are given 
in Appendix  2. Again all parameters  are considered to be small 
(of the order  o f  1/2N) and terms in (Ns) 2, (Nr) 2, and (Ns)(Nr) are 
ignored. 

The equil ibrium solution o f  these equat ions is 

xoo = ~ 1 + 2Nr  1- -~8Nu + 2Ns 8Nu]  

=1(, 
x t o = ~  1 + 2 N r ]  - 2Ns 

+ 8Nv 8Nu] 

xu = 1 - 2Nr 1 + 8N~-----u 2Ns 

The extension to n arbitrary loci is obvious.  These solutions are 
the perfect square o f  the individual  allele frequencies when the 
level o f  the approximat ion  is taken into account. As expected, 
no stable linkage disequil ibr ium is generated. 

To determine  i f  t ransient  linkage disequil ibrium is generated, 
these equations were iterated for t /2N = 10-3-102 with 2N = 104. 
The mutat ion rates were chosen to be smaller than the selection 
coelficients so that  the effects o f  selection would predominate.  
The results o f  this iteration are shown in Table 1 for three different 
initial condit ions.  The table demonst ra tes  that  again, no transient  
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Initial condi t ion  

Genera t ions  Xoo = I Xot = 1 x** = 1 

t =  2N/1000  - 1 . 2 5  x 10 -I~ 1.25 x 10 -~~ - 1 . 2 5  x 10 -to 
t = 2N/100  - 1 . 2 5  • 10 9 1.25 • 10 -9 - 1 . 2 5  x 10 -9 
t = 2N/10  - 1 . 2 3  x 10 -~ 1.21 x 10 -8 - 1 . 2 6  x 10 -8 
t = 2N  - 8 . 3 5  • 10 -7 - 6 . 3 3  • l0 -7 - 8 . 5 5  • 10 -7 
t = 10 (2N) - 2 . 0 7  • 10 -4 - 2 . 0 6  • 10 -4 - 2 . 0 7  x 10 -4 
t = 100 (2N) - 9 . 4 0  x 10 -4 - 9 . 4 0  x 10 -4 - 9 . 4 0  x 10 -4 
t = =  - 9 . 4 7  x 10 -4 - 9 . 4 7  • 10 -4 - 9 . 4 7  x 10 -4 

The  l inkage d i sequi l ib r ium (as measu red  by D = Xoo - [(Xoo + X01)(X0o "~ Xl0)] that  is generated by r a n d o m  drift  in a finite popula t ion  
for two comple te ly  l inked loci each with two alleles in the  presence o f  deleter ious genic selection and  muta t ion .  Fi tnesses  are a s s u m e d  
to be mult ipl icat ive.  The  popula t ion  size is 2N  = 10'  with 4Nv = 0.05, 4N• = 0.1, 4Nr  = 0.1, and  4Ns  = 0.2 

linkage d i sequi l ib r ium is generated.  The  values  in this  table are 
not  exactly zero because h igher  order  selection t e rms  are ignored. 

These  resul ts  indicate that  the  t ransi t ion probabil i t ies  can be 
calculated t reat ing each site independent ly  (as i f  it were in l inkage 
equi l ibr ium).  In the  presence o f  selection any  o f  the  approxi-  
ma t ions  can be used to calculate the  probabil i t ies o f  t rans i t ions  
for ind iv idua l  sites. The  overall  l ikelihood is then  the  p roduc t  o f  
l ikel ihoods f rom each site. 

Maximizing the Likelihood. T he  a lgor i thm given in Felsen-  
stein (1981) can be used  to calculate the  m a x i m u m  likel ihood 
with the  t rans i t ion  probabil i t ies altered to those  given here. For  
the  purposes  o f  i l lustration however ,  the  topology o f  the  trees is 
a s s u m e d  to be given. It is no t  usual ly  necessary to de te rmine  the  
l ikelihood o f  a l ternat ive  topologies because the  null  hypo thes i s  
in any  test  for selection is tha t  Ns  = 0.0. For  this  s i tua t ion  m a n y  
excellent a lgor i thms are avai lable  (reviewed in Felsenstein 1988). 

G i v e n  a tree topology, the  ind iv idua l  b ranch  lengths are al- 
tered to m a x i m i z e  the  overall  l ikelihood o f  the  tree with and  
wi thout  selection. The  phylogenies m u s t  be rooted,  as each lin- 
eage m u s t  have  had  equal  t ime  periods for selection and  m u t a t i o n  
to occur. After  each branch  length has  been indiv idual ly  altered, 
the  difference is used  as an  app rox ima t ion  o f  the  gradient  and  
an a t t emp t  is m a d e  to improve  the  l ikelihood by s imul t aneous ly  
altering all b ranch  lengths  in the  direction o f  the  gradient .  After  
this,  all b ranch  lengths  are again individual ly  m a x i m i z e d  a n d  a 
new gradient  is de termined .  Th i s  is con t inued  unt i l  no  fur ther  
i m p r o v e m e n t  can be m a d e  in the  l ikelihood (or unti l  a preset  
n u m b e r  o f  i terat ions have  been at tempted) .  Note  tha t  the  m a x -  
i m u m  l ikel ihood found  is only a local m a x i m u m  and  higher  
m a x i m a  m a y  exist  elsewhere on  the  surface [however,  F u k a m i  
and  Ta teno  (1989) have  proved  tha t  for a s imple  mode l  only one  

s ta t ionary  po in t  exists]. 

Results  

Examples 

If  species are very distantly related then this algo- 
rithm is equivalent to determining the probability 
of selection simply on the basis of the frequency of  
deleterious characters. Unrelated species will con- 
tain deleterious or neutral characters according to 
their equilibrium frequencies. Departures from these 
equilibrium frequencies can be used to look for se- 
lection. As a character becomes rare, stronger se- 

Table  2. Example  sequences  tha t  have  the  phylogeny  given in 
Fig. 2 

Species Sequence Species Sequence 

A 0000001110  K 1100000001 
B 0001001100  L 1100001000 
C 0 i l l 0 0 1 1 0 0  M 0010111100  
D l l l l 0 0 0 1 0 0  N 0010001100  
E 0000010000  O 0000000100  
F 0001010010  P 0010010100  
G 0000010000  Q 0100111100  
H 0001000000  R 0001111100  
I 0100000000 S 1000011000 
J 0100001001 T 1000010100 

lection against that character is suggested. This al- 
gorithm was applied to distantly related species to 
determine the strength of  this effect. It was found 
that if  1 of  just 8 unrelated species carries a dele- 
terious character then a likelihood ratio test would 
suggest that there is evidence for deleterious selec- 
tion. If  2 species carry the deleterious character then 
the number of  species must be 11 or more for se- 
lection to be supported. 

A simple example of a typical phylogeny has been 
chosen to illustrate the nature of  the likelihood sur- 
face. This hypothetical example has been construct- 
ed using random data. Data are generated for 20 
species each with sequences consisting of  10 sites. 
The tree is assumed to be given, to be strictly bi- 
furcating, and each branch is of  a constant length 
(except for the three branches leading to the first 
four species, which are of  double length to insure 
that all species are contemporary). A random num- 
ber generator is used to randomly alter a single site 
along each branch (two along the double length 
branches). The resulting sequences are given in Ta- 
ble 2. 

The branch lengths for this phylogeny were ad- 
justed so as to maximize the likelihood for all 20 
sequences (Fig. 2). This was done assuming that all 
sites were selectively neutral and that the mutation 
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Table 3. The log~ likelihood of the example phylogeny given in Fig. 2 

4Ns 

Weak  selection Weak  mu ta t i on  

4N~ 10 -4 10 -a 10 -5 10-' 10 -l 10 ~ 10 +~ 10 § 

a) A sin~e deleteriouscharactercarried by a deeply branched species U) 
10 -4 -7.1678 -7.1677 -7.1674 -7.1658 -7.1673 -7.3109 
10 -3 -5.2729 -5.2727 -5.2707 -5.2522 -5.2529 -5.2515 
10 -2 -6.6957 -6.6938 -6.6749 -6.4902 -6.4807 -5.0456 
10 -~ -13.7457 -13.7391 -13.6732 -13.0298 -12.8835 -7.2377 
10 ~ -13.8626 -13.8599 -13.8330 -13.5657 -12.9880 -7.2655 

b) A single deleterious character carried by a recently diverged species(K) 
10 -4 -7.6916 -7.6916 -7.6912 -7.6885 -7.6911 -7.8341 
10 -3 -5.7909 -5.7907 -5.7885 -5.7684 -5.7703 -5.7627 
10 -2 -7.1618 -7.1598 -7.1404 -6.9504 -6.9420 -5.4645 
10 -l -13.7863 -13.7797 -13.7136 -13.0676 -12.9221 -7.2584 
10 o -13.8626 -13.8599 -13.8330 -13.5657 -12.9880 -7.2655 

- 1 4 . 1 3 4 1  
- 1 1 . 8 9 2 0  
- 1 0 . 0 9 7 8  
- 1 0 . 0 0 0 4  
- 1 0 . 0 0 0 4  

- -14 .6490 
- 1 2 . 3 3 6 0  
- 1 0 . 2 1 5 2  
- 1 0 . 0 0 0 4  
- 1 0 . 0 0 0 4  

- 1 0 1 . 8 8 9 4  
-100.0931 

-99.9950 
-99.9950 
-99.9950 

- 1 0 2 . 3 3 3 6  
- 1 0 0 . 2 1 1 0  
-99.9950 
-99.9950 
-99.9940 

C o l u m n s  on the  left (10 -4 < 4Ns  < 10 -~) are calculated us ing  an approx ima t ion  tha t  a s s u m e s  selection is weak, whereas  the  c o l u m n s  
on the right (10-' < 4Ns < 10 +2) are calculated using an approximation that assumes mutation is weak compared to selection 

A B DE F G H K L M 0 P 0 T L, II VI 
I 

Fig. 2. An  example  phylogeny with 20 species. The  sequences  
for each species are given in Table 2. The branch lengths were 
optimized to give the maximum likelihood for the given phy- 
logeny (see text). 

rate for these neutral characters is 4N/~ = 10  -2  per 
site per generation with N = 104. 

Ideally, data should be analyzed using all sites 
(including those potentially under  selection). Trees 
should be constructed by adding one species at a 
t ime and testing all possible rearrangements o f  in- 
dividual species to maximize  the likelihood. Com-  
putational considerations have forced a less ambi-  
tious approach.  The tree is assumed to be given by 
the pattern o f  neutral characters (except for the 
branch lengths) and the changes in the likelihood 
are considered as selection is introduced. 

The tree in Fig. 2 was used to investigate what 
would happen if  there were an 1 l th  site that  was 
under selection imbedded  within this phylogeny. I f  
only one species carried the deleterious character at 
an 1 1 th site, then this species may  be chosen in 20 

different ways. The resulting likelihoods for the sin- 
gle selected site are shown in Table 3a and b i f  this 
single species is chosen to be the species with the 
largest (species J) or shortest branch length (species 
K), respectively. In both  cases the likelihood slowly 
increases with increased levels o f  weak selection. As 
selection increases the likelihood continues to in- 
crease up to a m a x i m u m  value. Further  increases 
in selection intensity cause the likelihood to de- 
crease again. This is because the deleterious selec- 
tion has become so strong that observing even a 
single deleterious character is unexpected. The dif- 
ference between the m a x i m u m  likelihood with se- 
lection and the likelihood in the absence o f  selection 
is large. A likelihood ratio test yields a ratio o f  LR 
= 670 and 684 (for Table 3a and b for 4N# = 10 -l) 
and LR = 733 and 733 (for Table 3a and b for 4N# 
= 10~ Twice the negative logari thm o f  the likeli- 
hood  ratio should be asymptotically distributed as 
a chi square with 1 degree o f  freedom. By this test 
the chi squares are 13.02, 13.06, 13.19, and 13.19, 
respectively. Thus in all these situations there is 
evidence that deleterious selection would be oper- 
ating. With smaller muta t ion  rates the evidence is 
suggestive but not  significant. 

Two species may  carry deleterious characters. For  
this case the likelihood was calculated assuming that 
species I and J (adjacent species in the phylogeny) 
carried the deleterious character (Table 4a), that  spe- 
cies J and K (closely related species) carried the 
deleterious character (Table 4b), or that species J 
and M (distantly related species) carried the dele- 
terious character (Table 4c). Table 4 again indicates 
that  selection is warranted if  the muta t ion rate o f  
the selected character is large but the level o f  support  
is much  less than that present in Table 3. The dif- 
ferences between Table 4a, b, and c suggest there is 
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Table 4. The  log~ l ikel ihood o f  the  example  phylogeny given in Fig. 2 

4Ns  

Weak  selection Weak mu ta t i on  

4 N u  10 - .  10 -3 l0  -z t0  -1 10 -I 10 ~ I0 +t 10 +2 

a) Two a ~ a c e n t s p e c i e s w i t h  d e l e ~ n o u s c h a r a c ~ r s ( I , J )  

10 _4 - 1 3 . 2 2 6 8  - 1 3 . 2 2 7 0  - 1 3 . 2 2 8 4  - 1 3 . 2 4 3 5  - 1 3 . 2 4 4 8  - 1 3 . 4 8 6 5  - 1 9 . 0 7 3 0  - 1 0 4 . 6 3 5 7  
10 -3 - 9 , 0 2 0 7  - 9 . 0 2 0 7  - 9 . 0 2 0 4  - 9 . 0 1 9 l  - 9 . 0 1 9 7  - 9 . 1 2 1 9  - 1 4 . 6 3 6 3  - 1 0 3 . 6 2 2 5  
10 -2 - 8 . 0 6 5 0  - 8 . 0 6 3 4  - 8 . 0 4 6 9  - 7 . 8 8 6 9  - 7 . 8 7 7 9  - 6 . 6 5 9 8  - 1 3 . 6 3 2 2  - 132.1971 
10 -z - 1 3 . 7 4 8 8  - 1 3 . 7 4 2 9  - 1 3 . 6 8 4 5  - 1 3 . 1 1 5 5  - 1 2 . 9 8 6 0  - 8 . 2 3 6 7  - 1 9 . 9 9 9 9  - 1 9 9 . 9 9 0 0  
100 - 1 3 . 8 6 2 7  - 1 3 . 8 6 0 3  - 1 3 . 8 3 6 3  - 1 3 . 5 9 9 0  - 13.0880 - 8 . 2 6 5 4  - 1 9 . 9 9 9 9  - 1 9 9 . 9 9 0 0  

b) Two  closely related species with d e l e t e n o u s c h a r a e t e r s  O , K )  

I0-* - 1 4 . 1 1 8 9  - 1 4 . 1 1 9 3  - 1 4 . 1 2 3 2  - 1 4 . 1 6 4 3  - 1 4 . 1 6 8 5  - 1 4 . 7 9 7 6  - 2 2 . 8 4 8 6  - 1 0 6 . 2 9 9 3  
10 -3 - 9 . 8 9 9 6  - 9 . 8 9 9 8  - 9 . 9 0 1 8  - 9 . 9 2 4 0  - 9 . 9 2 7 4  - 1 0 . 3 6 6 8  - 1 6 . 2 9 7 7  - 1 0 3 . 9 4 3 1  
I0  -z - 8 . 8 0 8 8  - 8 . 8 0 7 2  - 8 . 7 9 1 2  - 8 . 6 3 5 1  - 8 . 6 2 8 1  - 7 . 4 5 7 6  - 1 3 . 9 5 1 6  - 1 3 2 . 1 9 7 2  
10 -I - 1 3 . 7 8 9 6  - 1 3 . 7 8 3 7  - 1 3 . 7 2 5 1  - 1 3 . 1 5 3 5  - 1 3 . 0 2 4 9  - 8 . 2 5 7 7  - 1 9 . 9 9 9 9  - 1 9 9 . 9 9 0 0  
10 ~ - 1 3 . 8 6 2 7  - 1 3 . 8 6 0 3  - 1 3 . 8 3 6 3  - 1 3 . 5 9 9 0  - 1 3 . 0 8 8 0  - 8 . 2 6 5 4  - 1 9 . 9 9 9 9  - 1 9 9 . 9 9 0 0  

c) Two dis tant ly  related species with deleter ious cha r ac t e~  0 ,  M) 

10 -4 - 1 3 . 7 9 5 5  - 1 3 . 7 9 5 9  - 1 3 . 7 9 9 9  - 1 3 . 8 4 1 9  - 1 3 . 8 4 5 3  - 1 4 . 4 7 9 8  - 2 8 . 4 5 4 2  - 1 1 6 . 6 8 9 3  
10 -3 - 9 . 5 8 6 6  - 9 . 5 8 6 8  - 9 . 5 8 9 1  - 9 . 6 1 4 3  - 9 . 6 1 7 0  - 1 0 . 1 0 6 1  - 2 3 . 8 1 7 6  - 1 1 0 . 8 9 4 5  
10 -2 - 8 . 6 0 1 9  - 8 . 6 0 0 4  - 8 . 5 8 6 0  - 8 . 4 4 6 5  - 8 . 4 3 9 9  - 7 . 5 1 7 7  - 1 9 . 7 9 1 4  - 1 9 5 . 4 3 0 6  
10 -~ - 1 3 . 7 5 6 0  - 1 3 . 7 5 0 2  - 1 3 . 6 9 1 8  - 1 3 . 1 2 2 4  - 1 2 . 9 9 3 3  - 8 . 2 4 2 2  - 1 9 . 9 9 9 9  - 1 9 9 . 9 9 0 0  
100 - 1 3 . 8 6 2 7  - 1 3 . 8 6 0 3  - 1 3 . 8 3 6 3  - 1 3 . 5 9 9 0  - 1 3 . 0 8 8 0  - 8 . 2 6 5 4  - 1 9 . 9 9 9 9  - 1 9 9 . 9 9 0 0  

C o l u m n s  on the  left (I 0 -4 < 4Ns  < 10-1) are calculated us ing  an  app rox ima t ion  that  a s s u m e s  selection is weak, whereas  the  c o l u m n s  
on the  f ight  (10 -~ < 4Ns  < 10 ~2) are calculated us ing an  app rox ima t ion  that  a s s u m e s  mu ta t i on  is weak compared  to selection 

Table  5. The  log~ l ikelihood for 20 species when  1 (M) carries a deleter ious character  

4Ns  

Weak  selection Weak  mu ta t i on  

4Nt.z 10 _4 10-3 10-2 10-~ 10 -~ 10 ~ 10 +~ 10+2 

10 -4 - 1 2 . 1 4 1 9  - 1 2 . 1 4 1 4  - 1 2 . 1 3 7 4  - 1 2 . 0 9 8 1  - 1 2 . 1 4 3 5  - 1 2 . 3 0 3 1  - 1 9 . 1 4 5 5  - 1 0 6 . 8 4 0 4  
10 -3 - 9 . 8 4 3 2  - 9 . 8 4 2 8  - 9 . 8 3 8 8  - 9 , 7 9 9 5  - 9 . 8 4 4 7  - 1 0 . 0 0 2 8  - 1 6 . 8 4 2 7  - 1 0 4 . 5 3 5 1  
10 -2 - 7 . 5 8 0 2  - 7 . 5 7 9 8  - 7 , 5 7 5 8  - 7 . 5 3 6 7  - 7 . 5 7 9 7  - 7 . 7 2 3 0  - 1 4 , 5 3 7 4  - 1 0 2 . 1 5 4 0  
10 -z - 5 . 6 6 0 2  - 5 . 6 5 9 8  - 5 . 6 5 5 9  - 5 . 6 1 8 1  - 5 . 6 4 0 0  - 5 . 6 3 5 2  - 1 2 . 1 5 6 2  - 1 0 0 . 1 4 5 1  
10 ~ - 5 . 7 6 3 8  - 5 . 7 6 3 4  - 5 . 7 5 9 4  - 5 . 7 2 0 2  - 5 . 5 8 2 4  - 4 . 4 4 3 7  - 1 0 . 1 4 9 3  - 9 9 . 9 9 5 0  

The  phylogeny was de t e rmined  by the coalescent  process wi th  N = 104. C o l u m n s  on the  left (10 -4 < 4Ns  < 10 -~) are calculated us ing 
an app rox ima t ion  tha t  a s sumes  selection is weak, whereas  the  c o l u m n s  on  the r ight  (10 ~ < 4Ns  < 10 +2) are calculated us ing an 
app rox ima t ion  tha t  a s s u m e s  mu t a t i on  is weak compared  to selection 

also an influence of the phylogenetic relationships 
between the deleterious characters when the mu- 
tation rate is small. 

The branch lengths in this example phylogeny 
are rather long and it is of  interest to determine what 
would happen if  the branch lengths were much 
shorter. The shortest branch lengths that could pos- 
sibly be expected are those that would be appro- 
priate not for 20 species but for 20 sequences chosen 
from within a single population. The algorithm is 
not strictly appropriate for intraspecific data but the 
branch lengths for such data should provide a lower 
limit to those expected between species. To this end, 
the coalescent process was used to simulate a phy- 
logeny for 20 sequences with branch lengths appro- 
priate for samples from a single population with 
effective size Ne = 104 (Fig. 3). Given this phylogeny 
the likelihoods are given in Table 5 when 1 species 

of  the 20 carries a deleterious character. In this case, 
there is little support for deleterious selection. 

Restriction Sites in Drosophila 

It is desirable to be able to analyze the consequences 
of  selection when it acts on more than one site and 
with as many species as possible. As an example 
some variation revealed in Drosophila by restriction 
enzymes will be used. Although this is a between- 
species method and does not strictly apply to within- 
species variation it may be used as an illustration. 

Restriction sites have been mapped around the 
alcohol dehydrogenase (Adh) gene in Drosophila 
melanogaster (Aquadro et al. 1986). A total of  48 
chromosomes were isolated and analyzed by eight 
enzymes. During the course of the mapping, several 
restriction fragment length potymorphisms were de- 
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Tab le  6. The  log~ l ikelihood o f  Drosophila melanogaster haplo types  carrying t ransposable  e lements  

4Ns  

Weak  selection Weak muta t ion  

4N# 10 -4 10 -3 10 -2 10-J 10-1 100 10 +j 10 +2 

a) Branch lengths  are op t imized  for each row to m a x i m i z e  the  likelihood. Characters  o ther  than  t ransposable  e lements  have  a m u t a t i o n  
rate o f  10 -7, No = 104 

10 -4 - 7 5 . 3 2 6 0  - 7 5 . 3 2 5 9  - 7 5 . 3 2 4 8  - 7 5 . 3 2 4 9  - 7 5 . 3 8 3 2  - 7 7 . 1 0 3 7  - 1 3 8 . 9 8 9 0  - 8 6 3 . 6 6 1 7  
10 -3 - 5 6 . 3 7 2 4  - 5 6 . 3 7 1 7  - 5 6 . 3 6 5 8  - 5 6 . 3 1 7 8  - 5 6 . 3 7 2 9  - 5 7 . 6 7 9 6  - 1 1 9 . 4 5 8 0  - 8 2 8 . 4 8 8 6  
10 -2 - 4 7 . 4 1 7 1  - 4 7 . 4 1 3 4  - 4 7 . 3 7 6 6  - 4 7 . 0 2 4 6  - 4 7 . 0 4 0 9  - 4 5 . 6 0 4 2  - 1 0 6 . 6 8 7 5  - 8 7 2 . 0 7 3 2  
10 -I - 5 4 . 5 3 4 5  - 5 4 . 5 2 7 6  - 5 4 . 4 5 8 6  - 5 3 . 7 8 3 1  - 5 3 . 4 1 4 2  - 4 6 . 6 3 2 2  - 1 0 7 . 4 3 7 6  - 9 9 3 . 2 1 1 5  
I0 ~ - 123.9903 - 123.9718 - 1 2 3 . 7 8 6 7  - 1 2 1 . 9 5 3 5  - 1 1 7 . 8 2 4 6  - 7 9 . 4 2 2 3  - 185.8273 N A  

b) Branch  lengths are op t imized  for each row to m a x i m i z e  the  likelihood. Characters  o ther  than  t ransposable  e lements  have  a m u t a t i o n  
rate o f  10 -s, N e = 104 

I0-" - 5 5 . 9 8 1 7  - 5 5 . 9 8 1 5  - 5 5 . 9 7 9 8  - 5 5 . 9 7 6 4  - 5 5 . 9 8 1 9  - 5 7 . 2 8 6 3  - 1 1 9 . 0 4 3 9  - 8 2 8 . 0 2 3 4  
10 -3 - 4 7 . 4 5 2 3  - 4 7 . 4 4 8 7  - 4 7 . 4 1 2 9  - 4 7 . 0 7 4 1  - 4 7 . 0 7 5 8  - 4 5 . 6 3 7 0  - 1 0 6 . 6 9 9 6  - 8 7 1 . 7 2 0 6  
10 -2 - 5 4 . 5 3 4 3  - 5 4 . 5 2 4 3  - 5 4 . 4 2 5 1  - 5 3 . 4 6 2 9  - 5 3 . 4 1 4 3  - 4 6 . 6 3 2 2  - 1 0 7 . 4 3 7 6  - 9 9 3 . 2 1 4 8  
10 -Z - 1 2 0 . 7 6 2 8  - 1 2 0 . 7 1 7 6  - 1 2 0 . 2 6 5 8  - 1 1 5 . 8 5 8 4  - 1 1 4 . 8 2 6 2  - 7 7 . 6 9 7 6  - 1 7 7 . 6 2 7 5  N A  
10 ~ - 1 2 3 . 9 9 1 1  - 1 2 3 . 9 7 2 5  - 1 2 3 . 7 8 7 1  - 1 2 1 . 9 5 1 1  - 1 1 7 . 8 1 9 1  - 7 9 . 3 7 5 0  - 1 8 5 . 8 8 3 8  N A  

B r a n c h l e n g t h s a r e o p t i m i z e d  ~ r e a c h r ~ w t ~ m a x i m i z e t h e ~ i k e ~ i h ~ d . C h a r a ~ r s ~ t h e r t h a n t r a n s p ~ s a b ~ e e ~ e m e n t s h a v e a m u t a t i ~ n  
rate o f l 0  9 N~ = 10 4 

10 -4 - 4 7 . 4 5 2 2  - 4 7 . 4 4 8 6  - 4 7 . 4 1 2 9  - 4 7 . 0 7 5 5  - -47 .0757 - 4 5 . 6 3 7 1  - 1 0 6 . 6 9 9 7  - 8 7 1 . 7 1 4 5  
lO -3 - 5 4 . 5 3 1 2  - -54 .5208 - 5 4 . 4 1 7 4  - -53 .4164 - 5 3 . 4 1 1 5  - 4 6 . 6 3 1 1  - 1 0 7 . 4 3 6 0  - -993 .1702 
lO -2 - 6 1 . 4 3 7 8  - -61 .4230 - 6 1 . 2 7 5 8  - 5 9 . 8 4 4 9  - 5 9 . 7 8 1 8  - 3 9 . 3 6 0 8  - 1 1 0 . 6 0 5 5  - 1 0 5 1 . 5 0 3 9  
10 -l - 1 2 3 . 9 8 7 9  - 1 2 3 . 9 4 1 0  - 1 2 3 . 4 7 2 5  - 1 1 8 . 9 0 3 2  - 1 1 7 . 8 1 9 1  - 7 9 . 3 7 4 9  - 1 8 5 . 8 8 3 9  N A  
10 ~ - 1 2 3 . 9 9 1 1  - 1 2 3 . 9 7 2 5  - 1 2 3 . 7 8 7 1  - 1 2 1 . 9 5 1 0  - 1 1 7 . 8 1 8 4  - 7 9 . 3 7 0 1  - 1 8 5 . 8 9 0 1  N A  

The  l ikelihood is given only for the  eight sites with t ransposable  e lements .  The  phylogeny was de te rmined  us ing a total o f  47 sites 
( including the  t ransposable  elements) .  C o l u m n s  on the  left (10 -4 < 4Ns  < 10 -~) are calculated using an  app rox ima t ion  tha t  a s sumes  
selection is weak, whereas  the  c o l u m n s  on the  right (10- '  < 4Ns  < 10 +2) are calculated us ing  an  app rox ima t ion  tha t  a s s u m e s  nota t ion  
is weak compared  to selection. N A  indicates tha t  the  l ikelihood is very  smal l  
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Fig. 3. A phylogeny for 20 species with branch  lengths deter- 
m i n e d  by the  coalescent  process with N = 104 

tected and these were shown to be due to either 
insertions, deletions, or the presence/absence of  
transposable elements. These data provide suitable 
information to examine the selection coefficients that 
may influence transposable elements. 

Of the 29 distinct haplotypes discovered, 4 ap- 
pear to be potential recombinants. For the purposes 
of  this analysis these recombinants are ignored. A 
phylogeny was reconstructed by maximum parsi- 

mony and rooted at the longest internal branch. The 
transposable elements are considered to be poten- 
tially selectively deleterious and the fast/slow poly- 
morphism, the restriction sites, and the deletions/ 
insertions are considered to be neutral characters. 
(Note that this is probably a false assumption but 
is adequate for the purposes of  illustration.) 

The likelihood surface for the haplotypes is given 
in Table 6. In this case, the branch lengths were 
maximized assuming that the neutral characters have 
a mutation rate of  either 10 -9, 10 -s, or 10 -7 (these 
were chosen to give 4Nv = 0.004-0.00004 with N 
= 104, values that would be appropriate at the mo- 
lecular level). For each of  these, the mutation rates 
of  the transposable elements were assumed to range 
b e t w e e n 4 N # =  10 -4 to I0 ~  x 10 -9 to 2.5 
x 10-5). For every combination of  mutation rates, 
the branch lengths were maximized but the topology 
was again fixed as that determined by maximum 
parsimony. The resulting trees were then used to 
analyze what happens with selection assuming that 
both the topology and branch lengths are constant 
for given mutation rates. 

For each of  the three neutral mutation rates in 
Table 6, the results are similar. There is a strong 
suggestion of  the presence of  deleterious selection 
against transposable elements in this data set if their 
mutation rate is large. This table gives the natural 
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Fig. 4. The logclikelihood surface for transposable elements in Drosophila. The branch lengths are fixed and optimize the likelihood 
when No = 104, 4N~ = 10 -2 and u = 10 -g. 

logari thm of  the product  o f  the l ikelihood for the 
eight transposable elements observed.  Each o f  the 
different transposable elements  has different pat- 
terns and these are reflected differently in their  effect 
on the l ikel ihood surface. One advantage o f  the like- 
l ihood me thod  is that  the effect o f  each individual  
character  on the l ikelihood can be examined.  The 
p e lement  is shared by roughly hal f  o f  the haplo- 
types. I f  this e lement  is analyzed in isolation there 
is no  evidence that selection is operating on it. The  
l ikel ihood decreases with increasing levels o f  selec- 
tion, so that the m a x i m u m  likelihood occurs in the 
absence of  selection. Only one other  transposable 
element  is shared by more  than one haplotype and 
it is only shared by two. The remaining transposable 
e lements  are all present  only once. In each o f  these 
cases, there is strong evidence that the individual  
transposable elements  may  be selectively deleteri- 
ous. 

To  gain a bet ter  concept  o f  the l ikelihood surface, 

the tree with 4N/x = 10 -2 and 4Nu = 10 -8 was chosen 
as an example.  Figure 4 gives the l ikelihood surface 
for this fixed tree as the muta t ion  rate and selection 
coefficient o f  the deleterious characters changes 
[plotted as a function o f  log(4N~) and log(4Ns)]. 
Figure 4 indicates that  the surface is cont inuous  and 
smooth  except for  a slight discontinui ty at the junc-  
t ion between the two approximat ions  (as is to be 
expected). Note  that  the l ikelihood surface is very  
broad  and indicates that  a wide range of  parameter  
values is compat ible  with the data. This feature 
has been no ted  previously and seems to be a com-  
m o n  feature o f  phylogenetic reconstruct ions (Fel- 
senstein 1981). For  any reconstructed tree o f  this 
nature,  m a x i m u m  likelihood estimates o f  the mu- 
tat ion rates or other  parameters  are extremely vari-  
able. However ,  there is significant curvature  in, the 
surface indicating that  the l ikelihood does have large 
changes and that useful m a x i m u m  likelihood esti- 
mates can be made  for these parameters .  
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The overall maximum likelihoods for Table 6 
and Figure 4 all suggest the presence of  selection if 
the mutation rate of  transposable elements is large. 
It is interesting that Kaplan and Brookfield (1983) 
have found high values of  mutation from a dynamic 
model of  transposition and deletion. They used the 
distribution of  three copia-like elements (Montgom- 
ery and Langley 1983) and found estimates of  0 = 
4N~ larger than 16 (their jz measures only the rate 
of  spontaneous deletions and not insertions; hence 
the corresponding value of  4N/~ might be even larg- 
er). This would place the transposable elements into 
a region where deleterious selection would be very 
strongly supported. The magnitude of the MLE es- 
timate of  4N/z from these tables is somewhat small- 
er, but this estimate assumes that mutation occurs 
equally to each state. If  this assumption is strongly 
violated, this maximum likelihood model will not 
be valid. 

Discussion 

Many different kinds of mutational events can occur 
within a small region of  a DNA sequence. We have 
focused on the information that can be obtained 
from a reconstructed evolutionary history to follow 
not only the frequency of  mutational events, but 
also the origins of  sequence types. The origin of  
sequence types, their branching pattern, and branch 
lengths combined with other mutational events per- 
mit an inference of  evolutionary process. 

One way to extract a large portion of  the infor- 
mation contained within a tree is to examine the 
likelihood. This is done here for several simple trees. 
The tables present examples of  what the likelihood 
surface looks like. This is done without the added 
information that is available from within popula- 
tion data. This information can be extracted using 
the coalescent process but the addition of  selection 
to this process appears to be technically difficult. 
The algorithm here uses only that information avail- 
able assuming that each taxon represents a different 
species. The likelihood surface for this case is gen- 
erally broad emphasizing the variable nature of  pop- 
ulations. There is however good curvature to the 
surface both as the selection coefficient changes and 
as the mutation rate changes. This implies that MLE 
estimates of  these parameters are possible and would 
be reliable. 

Using standard likelihood ratio tests it is possible 
to test for the presence of  selection. In some cases 
these tests have a great deal of power for demon- 
strating the effects of  deleterious selection. The ex- 
amples given here show that deleterious selection 
may help to explain the distribution of some char- 
acter states. In all o f  the cases presented, the mu- 

ration rate for the deleterious characters had to be 
large to support the presence of  selection. This is 
partly because only one or a few deleterious char- 
acters are considered. In DNA sequence data, the 
potential number of  sites that might have deleteri- 
ous states is very large. For each of  these sites the 
effect on the likelihood would accumulate and could 
be quite substantial if many sites are considered. In 
this way, even very small amounts of  selection could 
be detected. 

The results shown here do not explicitly rule out 
other more complicated hypotheses. These results 
are based on a simple model and other explanations 
invoking more complicated phenomena should not 
be discounted. Maximum likelihood phylogenies 
could be calculated for most of  these phenomena. 
However, adding such things as unusual mutation 
patterns would be specific to each case, and although 
they can be incorporated into the algorithm, they 
would require a specific model of their effects to be 
presented. At present most of  these phenomena are 
not sufficiently understood to permit specific models 
capable of  accurately describing their dynamics. 

The possibility that selection can significantly al- 
ter the maximum likelihood would caution against 
overinterpretation of  trees based upon many sites 
that may be under very strong selection such as in 
RNA. The sequence changes that have occurred in 
RNAs are almost certainly under very strong selec- 
tion pressures as evidenced by the high frequency 
of  complementary mutations. 

There are several potential sources of  error in this 
analysis. The average age of  molecular polymor- 
phisms is a quantity that has yet to be determined 
with accuracy. The age of  these polymorphisms could 
be very large and during these long time periods it 
is conceivable that mutation rates and selection co- 
efficients could change. The model used here as- 
sumes that all parameters are constant. However, 
this will not be a serious omission whenever the use 
of  an average value for these parameters gives an 
accurate result. 

This method assumes that all haplotypes are in- 
dependent after branching. Although this is prob- 
ably true for separate species it is only an approx- 
imation for haplotypes chosen from within a single 
species. In this case, the evolution of  each haplotype 
is not independent and the a priori probabilities of  
different trees will be affected by selection. This al- 
teration of  the tree by selection is a potential source 
of  information that is not being exploited here. An- 
other way in which the haplotypes may not be in- 
dependent is through the overdominance between 
the fast and slow alleles of  Adh that has been sug- 
gested by several authors. Due to this selection these 
haplotypes have not had independent evolution since 
their creation via mutation. Hence this is not a de- 



f in i t ive  analys is  o f  the  t r a n s p o s a b l e  e l e m e n t s  in Dro- 
sophila bu t  r a the r  has  b e e n  used  to  i l lus t ra te  the  

m e t h o d o l o g y .  

O t h e r  p o t e n t i a l  sources  o f  e r ro r  a re  the  a c c u r a c y  

o f  the  r e c o n s t r u c t e d  t ree  a n d  the  accu racy  o f  the  

l o c a t i o n  o f  the  r o o t  o f  the  tree. M o r e  t h a n  one  t ree  

is poss ib le  a n d  seve ra l  d i f fe rent  t rees  s h o u l d  be  an-  

a lyzed .  T h i s  can  s i m p l y  be d o n e  by c o n s i d e r i n g  the  

d i f ferent  t rees  t ha t  a re  p r e s e n t e d  f r o m  b o o t s t r a p  

s a m p l e s  o f  the  s e q u e n c e s  data .  

As  m o r e  d e t a i l e d  m o l e c u l a r  i n f o r m a t i o n  b e c o m e s  

a v a i l a b l e  fo r  p o p u l a t i o n  s tudies ,  m o r e  p o w e r f u l  

ana lyses  can  be  m a d e .  T h e  p a t t e r n  o f  t r ans i t i ons  in 

a p h y l o g e n e t i c  r e c o n s t r u c t i o n  c o n t a i n s  a large s tore  

o f  this  i n f o r m a t i o n .  A l t h o u g h  the  l i k e l i h o o d  surfac-  

es o f  the  e x a m p l e  p h y l o g e n i e s  are  b road ,  the re  do  

a p p e a r  to  be  genera l  pa t t e rns  to  the  l i ke l ihood ,  a n d  
m a x i m u m  l i k e l i h o o d  e s t i m a t e s  o f  p a r a m e t e r s  a re  

poss ib le .  T h e s e  m e t h o d s  a lso  p e r m i t  s t a n d a r d  sta-  

t i s t ica l  tes ts  to  be  a p p l i e d  in the  sea rch  for  the  effects 

o f  se lec t ion .  P e r h a p s  a d v a n t a g e  can  be t aken  o f  these  

in  future ,  m o r e  e x t e n s i v e  s tudies .  
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Appendix 1 

Using the same method  as described in the text, an approximat ion  to Et(x) can be derived that  is accurate to an order  o f  (Ns) 2. In 
this case designate E'(x), E'(x2), and E~(x0 all evaluated at Ns = 0 as E?, E; ,  and E; ,  respectively. Designate the (Ns) order  approximat ions  
of  E'(x) and E'(x0 by W~' and W2' and the (Ns) 2 approximat ion  o f  E'(x) by Z jr. The  system o f  recursion equations for these is 

Z '+~ = M Z  ' + V 

where 

and 

Z' = [Ed, E2', Es', W,L W2', Ell]  T 

V = [ ~ ,  0, 0, /*, 0, ~ IT 

1 - 2/*, 0, 0, 0, 0, i ] 2/* + I /2N, i - 4/* - I /2N, 0, 0, 0, 
M = 0, 3/* + 3/2N, 1 - 6/* - 3/2N, 0, 0, 

s, - s ,  0, 1 - 2/*, �9 0, 
0, 2 s ,  - 2 s ,  2t* + 1/2N, 1 - 4/* - 1/2N, 
0, 0, 0, s, - s ,  1 - 2~z.J 

To solve this system note that  M can be decomposed  into P D P - L  Where 

0, 1 - 4/* - 1/2N, 0, 0, 0, 
D = 0, 0, 1 - 6~ - 3/2N, 0, 0, 

0, 0, 0, 1 - 2/*, 0, 
0, 0, 0, 0, 1 - 4/* - 1/2N, 
s 2, 0, 0, 0, 0, 1 - 2/*J 

- ( 1  + 0)(3 + 20)/2N0, 0, O, 0, 1, 0 
-3 (1  + 0)(2 + O)/4NO, O, 1, O, 3/2, 

P = s, 0, 0, 1, 2Ns/( l  + 0), 
0, 1, 4Ns/(2 + 0), 1, 0, 
s 2, 2Ns/(1 + 0), 8N2sV(2 + 0)(3 + 20), 0, -4NZs2/(l  -{- 8) 2, 

p-t = 

- 2N0 
0, 

(1 + 0)(3 +20) '  

- 6 N s  2Ns(5 + 40) 

(2 + 0)' (1 + 0)(2 + 0)' 

3(1 + 8) 
- 3/2, 

2(3 + 20)' 

+ 6Ns - 2Ns 

(3 + 20)' (1 + 0)' 

- 1 ,  1, 
4N2s2(502 + 90 + 3) 0(4N2s 2) -12N2s  2 + 

(1 + 8)2(3 + 28) 2 2N(1 + 0)(3 + 20)' (1 + 0)(3 +20) '  

0, 0, 0, 0 

- 4 N s  
- 1 ,  1, 0 

(2 + 0)' 

1, O, O, 0 

O, I, O, 0 

O, O, O, 0 
8N2s 2 2Ns - 2Ns 

1 
(1 +0)(3  +20) '  (1 + 0 ) '  (1 + 0 ) '  

The transient solution is then given by 

t - I  

Z'  = PDtP-~Z  ~ + ~ PD~P-~V 
i - 0  

and the sum is easily solved due to the nature of  D. 



A p p e n d i x  2 

T w o  c o m p l e t e l y  l i n k e d  loci ,  each  w i t h  t w o  a l le les  c an  a l so  be  

a n a l y z e d  in  the  p r e s e n c e  o f  se l ec t ion .  D e s i g n a t e  t he  h a p l o t y p e  

f r equenc i e s  as  x00, x0t, xm, a n d  x~l. F i t n e s s e s  o f  the  four  h a p l o t y p e s  
a re  a s s u m e d  to  be  I ,  t - r, I - s, a n d  (1 - s ) ( l  - r), r e spec t i ve ly .  

T h e  first  s i t e  m u t a t e s  a t  a ra te  # a n d  the  s e c o n d  s i te  a t  a ra te  v. 
T h e  m e t h o d  d e s c r i b e d  in  the  t e x t  y i e ld s  r e e u r s i o n  e q u a t i o n s  for  
these  f r equenc i e s  as,  

E(xoo + fxoo) = #E(x,o) + vE(xo,) + (1 - # - v)E(xoo) 

+ sE(xooxm) + sE(xooX.) + rE(xooxoJ 

+ rE(xoox, t) 

E(xo, + ~Xot) = ~E(xt t )  + vE(xoo) + (1 - # - v - r )E(xoJ  

+ sE(xo,Xzo) + sE(xo, x , , )  + rE(xmxol)  

+ rE(xotxt , )  

E(x,o + ~X,o) = #E(xoo) + rE(x , , )  + (!  - # - v - s)E(x,o) 

+ sE(xtoXao ) + sE(XloXN) + rE(xo,xm) 

+ r E ( x m x n )  

E(x. .  + ~xu)  = #E(xo,) + vE(x,o) + (1 - # - v - s - r )E(x, , )  

+ sE(x,oX,,) + sE(x , , x , , )  + rE(xo,x] ,)  

+ r E ( x , , x . )  

w i t h  

E(~xoo Ix) = - ( #  + 

EOXo, Ix) = - ( #  + 

E(~x,olX) = - O  + 

EOx. lx) = -6u + 

d u e  to  m u t a t i o n .  

It)X00 -}- # X l o  =1- ])Xo 1 

v)xot + /.txtt + VXoo 

v)xm + #Xoo + vxtn 

v)xt~ + #xm + VXto 

E(~xoolx) = xoo[s(x.o + x , , )  + r(xm + x,,)]  

E(~xmlx)  = X o , [ - r  + s(x,o + x , , )  + r(xo, + x, ,)]  

E(~XlolX) = x m [ - s  + s(x,o + x , t )  + r(xo, + xt,)] 

E ( f x . t x )  = x n [ - s  - r + s(xto + x . )  + r(xo, + x u)] 

d u e  to  s e l ec t i on  a n d .  

E[(xoo + fXoo)2]} = E(xoo)/2N 
I s=O 

+ (1 - 2#  - 2v - 1/2N)E(xoo 2) 

+ 2#E(xooxm) + 2vE(xooxot) 

E[(xo~ + fxo , )q  s-o = E(xoz)/2N 

+ (1 - 2# - 2v - l /2N)E(xm2)  

+ 2gE(XolX.,) + 2vE(xooxoj) 

E [ (x~  + ~x~o) 2] .-o = E (xm) /2N 

+ (1 - 2# - 2v - l /2N)E(Xlo 2) 

+ 2#E(xooXm) + 2vE(x~ox.)  

5 2 3  

E[(x]~ + ~xtl)  ~'] .-o = E ( x ~ J / 2 N  

+ ( 1  - 2 #  - 2 u  - 1 / 2 N ) E ( x t t 0  

+ 2 u E ( x m x , J  + 2vE(x,oxn)  

E[(xo,) + 8Xoo)(xm + ~Xo,)] ~-o = (1 - 2#  - 2v - 1/2N)E(xooxm) 

+ #E(xoox,,)  + #E(xo,x,o) 

+ vE(xooxoo) + vE(xo,xo, ) 

E [ ( x ~  + fXoo)(Xto + fx~o)] s-o = (1 - 2#  - 2v - 1/2N)E(xooxjo) 

+ tsE(xooXoo) + #E(xiox~o) 

+ vE(xo,xm) + vE(xoox,,) 

E[(xoo + fXoo)(Xlt + f ix . ) ]  s-o = (1 - 2# - 2v - i /2N)E(xoox)~) 

+ #E(XooXo,) + #E(XuoXul) 

+ vE(xo,x~J + vE(xoox~o) 

E[(xm + axm)(x,o + fix,o)] .-o = (1 - 2#  - 2v - l /2N)E(xo ,x to)  

+ #E(x,ox, , )  + #E(xooxo,) 

+ vE(XooXIo ) + vE(xo ,x , J  

E[(xo, + axm)(xu + fx , t ) ] l  = (1 - 2#  - 2v - 1 /2N)E(xa tx t , )  
I s-O 

+ #E(x , , x , , )  + #E(xmxoJ  

+ vE(xooxn) + vE(xo,x,o) 

E[(XIo + fx|o)(x~,, + fXtt)] { = (1 - 2#  - 2v - 1 /2N)E(xmxt , )  

+ #F-(xooxn) + #E(xmxm) 

+ vE(x , ,x , , )  + vE(x,oX,o) 

A g a i n  a l l  p a r a m e t e r s  a re  c o n s i d e r e d  to  be  s m a l l  (on  the  o r d e r  o f  
l / 2 N )  a n d  t e r m s  in  (Ns)  2, (Nr)  2, a n d  (Ns) (Nr)  a re  ignored .  

T h e s e  e q u a t i o n s  w e r e  i t e r a t e d  to  y i e l d  T a b l e  1. 


