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Abstract. The detailed descriptions now available 
for the secondary structure of small-ribosomal- 
subunit RNA, including areas of higly variable pri- 
mary structure, facilitate the alignment of nucle- 
otide sequences. However, for optimal exploitation 
of the information contained in the alignment, a 
method must be available that takes into account 
the local sequence variability in the computation of 
evolutionary distance. A quantitative definition for 
the variability of an alignment position is proposed 
in this study. It is a parameter in an equation which 
expresses the probability that the alignment posi- 
tion contains a different nucleotide in two se- 
quences, as a function of the distance separating 
these sequences, i.e., the number of substitutions 
per nucleotide that occurred during their diver- 
gence. This parameter can be estimated from the 
distance matrix resulting from the conversion of 
pairwise sequence dissimilarities into pairwise dis- 
tances. Alignment positions can then be subdivided 
into a number of sets of matching variability, and 
the average variability of each set can be derived. 
Next, the conversion of dissimilarity into distance 
can be recalculated for each set of alignment posi- 
tions separately, using a modified version of the 
equation that corrects for multiple substitutions and 
changing for each set the parameter that reflects its 
average variability. The distances computed for 
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each set are finally averaged, giving a more precise 
distance estimation. 

Trees constructed by the algorithm based on 
variability calibration have a topology markedly dif- 
ferent from that of trees constructed from the same 
alignments in the absence of calibration. This is il- 
lustrated by means of trees constructed from small- 
ribosomal-subunit RNA sequences of Metazoa. A 
reconstruction of vertebrate evolution based on cal- 
ibrated alignments matches the consensus view of 
paleontologists, contrary to trees based on uncali- 
brated alignments. In trees derived from sequences 
covering several metazoan phyla, artefacts in topol- 
ogy that are probably due to a high clock rate in 
certain lineages are avoided. 
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Introduction 

Ribosomal RNAs and the corresponding genes are 
probably the molecules most frequently used at 
present for the inference of evolutionary relation- 
ships among species on a molecular basis. The ad- 
vantages of rRNAs as molecular clocks have been 
cited frequently (e.g., Woese 1987). They are, in 
essence, the functional constancy of the molecules 
and their universal occurrence in all forms of life 
that possess a protein-synthesizing system. The 
RNAs of the small and large ribosomal subunit 
(hereafter abbreviated as SSU rRNA and LSU 
rRNA; also called 16S-like and 23S-like rRNA) 
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have the advantage over 5S rRNA of possessing a 
considerably larger chain length, which provides 
improved statistics of the measured sequence dis- 
similarity. At the moment, SSU rRNA presents the 
advantage that about seven times as many se- 
quences are available as for LSU rRNA (De Rijk et 
al. 1992; Gutell et al. 1992) and that its secondary 
structure is known in more detail. The latter point is 
important because the boundaries of secondary- 
structure elements form a framework for the recog- 
nition of homologous nucleotides, which is helpful 
for the obtention of a meaningful sequence align- 
ment, especially in areas of variable primary struc- 
ture. Conversely, the addition of extra sequences to 
the alignment allows the detection of greater detail 
in higher-order structure, which reveals itself as 
compensating substitutions in corresponding col- 
umns of the alignment matrix. The elaboration of a 
sequence alignment and a secondary-structure 
model can thus be considered as a sort of coopera- 
tive process. 

When selecting an informative macromolecule 
for the investigation of an evolutionary problem, 
one will look for a mutational rate adapted to the 
time scale of the study, i.e., a fast clock for exam- 
ining recent divergence patterns, a slow clock for 
unravelling old relationships. A remarkable prop- 
erty of rRNAs is precisely that they contain an al- 
ternation of so-called conserved and variable se- 
quence areas, the former functioning as slow 
clocks, the latter as fast ones. In the case of eukary- 
otic SSU rRNAs, about 38 of the 62 helices of the 
secondary-structure model (De Rijk et al. 1992) 
consist of more conserved sequences, while the re- 
maining 24 helices are distributed over eight vari- 
able areas. The presence in rRNAs of both con- 
served and variable areas can be considered as an 
advantage since it allows the use of these molecules 
as clocks on an expanded evolutionary time scale. 
However, as explained in detail below, this is only 
possible if the variable areas can be clearly distin- 
guished from the conserved ones and if the relative 
rate of fixation of substitutions is known quantita- 
tively for the areas of different variability. In actual 
fact, the occurrence of variable areas is often con- 
sidered a drawback rather than an advantage. This 
is because in the latter areas, not only substitutions 
but also deletion and insertion events occur more 
frequently, making sequence alignment and the der- 
ivation of the local secondary structure more diffi- 
cult. For this reason, many investigators disregard 
the most variable areas in their computations, con- 
sidering that their alignment is not dependable. Re- 
cently, however, the availability of an increasing 
number of SSU rRNA sequences has allowed the 
selection of plausible secondary-structure models 
for the variable areas (Neefs and De Wachter 1990; 

De Rijk et al. 1992) and the concomitant improve- 
ment of the sequence alignment in these areas. 

Methods for tree construction accounting to dif- 
ferent extents for the variability of nucleotide or 
amino acid sequences have been published previ- 
ously. Golding (1983) and Olsen (1987) studied the 
effect of site-to-site differences in substitution rate 
on the estimation of evolutionary distance between 
nucleotide sequences.  Manske and Chapman 
(1987), who used a matrix method to derive trees 
from 5S rRNA sequences, considered the "relative 
nucleotide variability" of each alignment position. 
When computing the evolutionary distance between 
two sequences, they used a weighting factor for po- 
sitions where this quantity exceeds a certain thresh- 
old. A short criticism of this principle is formulated 
below. Williams and Fitch (1990) introduced 
weighted parsimony wherein weighting not only ap- 
plies to alignment positions but also to the different 
types of substitutions possible at each position. A 
drawback of the latter two methods seems to be that 
different weighting methods are possible and that 
the choice influences the obtained tree topology to 
some extent. 

In the present paper, we use a matrix method to 
compute trees. The merits of parsimony vs matrix 
methods will not be discussed here. Suffice it to say 
that the latter allows the construction of trees from 
much larger numbers of sequences, which is an im- 
portant advantage in the case of SSU rRNA in view 
of the size of the available data set. In the method 
that we propose, alignment positions are subdivided 
into sets of similar variability on the basis of esti- 
mates of the substitution rate of each individual po- 
sition. This allows an independent conversion of 
sequence dissimilarity into evolutionary distance 
for each set, achieved by changing a parameter in 
the equation that performs the conversion. 

Nucleotide Sequences, Definitions, Algorithms, and 
Computer Programs 

A database on SSU rRNA structure has been kept 
up to date in our laboratory since 1984 and its con- 
tents have been published yearly and made avail- 
able upon request (De Rijk et al. 1992). In July 1992, 
this database comprised about 1,500 complete or 
nearly complete sequences, aligned on the basis of 
similarity in primary and secondary structure. Ap- 
proximately 250 of these SSU rRNA sequences are 
from eukaryotes. Duplicate sequences belonging to 
the same species and multiple sequences belonging 
to closely related species of the same genus (e.g., 
Tetrahymena) were eliminated from this set. Table 
1 shows how the 205 remaining sequences used in 
the present study are distributed over a number of 
large eukaryotic taxa. 



Table 1. Distribution of SSU rRNA sequences used in this 
study to calibrate the variability of alignment positions 

Taxon a Number of sequences 

Metazoa 39 
Fungi b 68 
Green plants 30 
Green algae 22 
Chromophytes 7 
Red algae 5 
Oomycetes 3 
Ciliates 13 
Other Protoctists c 18 

a These taxa correspond to major clusters discernable in phylo- 
genetic trees based on SSU rRNA sequence alignments (Sogin et 
al. 1989; Wolters 1991; Van de Peer et al. 1993) 
b Included are chytridiomycetes, zygomycetes, ascomycetes, 
and basidiomycetes 

Included are dinoflagellates, Apicomplexa, kinetoplastids, 
slime moulds, microsporidians, and diplomonads 

For the computation of dissimilarity between two 
sequences, only the alignment positions where both 
contain a nucleotide were compared; in other 
words, insertions and deletions in one sequence 
with respect to the other were disregarded in this 
computation. The dissimilarity between two aligned 
sequences is defined as the number of positions in 
which the sequences contain a different nucleotide 
divided by the total number of compared positions. 
The evolutionary distance between the two se- 
quences is defined as the number of substitutions 
that have actually occurred in the compared posi- 
tions since their divergence, divided by the total 
number of compared positions. In a first approxi- 
mation, pairwise evolutionary distances were esti- 
mated from the observed pairwise dissimilarities by 
means of the equation of Jukes and Cantor (1969). A 
more sophisticated method, which accounts for the 
existence of areas of different variability, is ex- 
plained in detail in the following paragraphs. Evo- 
lutionary trees were reconstructed from the result- 
ing distance matrix by neighbor-joining (Saitou and 
Nei 1987) as implemented in the software package 
TREECON (Van de Peer and De Wachter 1993). 
Neighbor-joining appears to be one of the most ef- 
fective tree construction methods available at the 
moment (Saitou and Nei 1987; Sourdis and Nei 
1988; Saitou and Imanishi 1989). 

Curve fitting by nonlinear regression was done 
on a VAX-Station 3100 (Digital), using the software 
module of Carmenes (1991). 

Accounting for Sequence Variability in 
Tree Construction 

Figure 1 demonstrates, by means of a simple exam- 
ple, how the presence of variable areas in se- 
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Fig. 1. Effect of sequence variability on tree construction, a 
Alignment of nucleotide sequences s to v. Conserved areas, 
drawn as hollow bars, are 100 nucleotides long. Variable areas, 
drawn as filled bars, have different lengths and the substitution 
rate during divergence is five times that in the conserved areas. 
b Actual divergence scheme that has given rise to sequences s to 
v. Figures along the branches give the number of substitutions 
per 100 nucleotides that have taken place in the conserved areas. 
e Distance matrix. Dissimilarity for each sequence pair was pre- 
dicted on the basis of the known substitution rates for the con- 
served and variable areas according to equation (lb). (See text.) 
Conversion of dissimilarity into distance was according to Jukes 
and Cantor (1969). d Tree obtained by neighbor-joining from the 
matrix in e. 

quences can distort not only the branch lengths of 
the tree obtained, but even its topology. Consider 
an alignment of four sequences, s to v, consisting of 
one conserved and one variable area (Fig. la). Dur- 
ing evolution, the latter area accumulates substitu- 
tions five times faster than the former, and in addi- 
tion it has acquired a different length in the four 
sequences because it also undergoes more deletions 
and insertions. Such a situation occurs, for in- 
stance, in variable area V4 of eukaryotic SSU 
rRNA (De Rijk et al. 1992), which ranges in length 
from three nucleotides in the microsporidian Vairi- 
morpha necatrix to 546 nucleotides in the insect 
Acyrthosiphon pisum, while in the majority of spe- 
cies it covers about 230 nucleotides. Figure lb 
shows the actual divergence scheme that has given 
rise to sequences s to v. Although s and t are the 
most recently diverged pair, a tree constructed by 
neighbor-joining (Fig. ld) from a distance matrix 
(Fig. lc) suggests that s is closer to u than to t. 
Other treeing methods such as UPGMA (un- 
weighted pair group method; Sneath and Sokal 
1973) would cluster t with u, as can be seen from the 
distance matrix, producing a wrong topology as 
well. If the variable area could have been distin- 
guished from the conserved one, the relative sub- 
stitution rates measured, and the conversion of dis- 
similarity to distance carded out by an appropriate 
method, then the correct topology would have been 
obtained. It is the purpose of the present study to 
elaborate methods that make these operations pos- 
sible. 
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Fig. 2. Unrooted tree leading to 16 sequences, and the resulting 
nucleotide occupancy in two positions of the sequence align- 
ment. The "relative nucleotide variability" (Manske and Chap- 
man 1987) equals 2 for both positions, a More conserved posi- 
tion. The black  circles represent  the minimum number  of 
substitutions required to obtain this occupancy, b More variable 
position. Black  circles represent the minimum number of substi- 
tutions required. Hollow circles represent probable sites of ad- 
ditional substitutions assuming an approximately constant sub- 
stitution rate during evolution. 

It should be noted that errors in the distance 
computation would also occur with sequences of 
equal length containing areas of different substitu- 
tion rate. The difference in length merely exacer- 
bates the problem. Of course, the error could be 
eliminated by using only that part of the alignment 
common to all the sequences,  but this would 
amount to throwing away 40% of the information 
when comparing s and t in the example of Fig. 1, 
and the sensitivity and accuracy of the distance 
measurement would be decreased. The availability 
of an estimate of the relative rate of substitution of 
the two areas would not only solve the problem 
illustrated in Fig. 1 but would also allow the simul- 
taneous use in tree construction of partial and com- 
plete sequences without reduction of the alignment 
to the areas available for all the species to be com- 
pared. 

Figure 2 illustrates why "relative nucleotide vari- 
ability" (RNV; Manske and Chapman 1987) is not a 
very appropriate measure to correct for different 
substitution rates. It gives the pattern of nucleotide 
occupancy for two alignment positions in 16 se- 
quences connected by an unrooted tree. Obviously, 
the pattern for position (a) results from a much 
lower substitution rate than the pattern for position 
(b). Nevertheless, an identical RNV of 2, which is 
the maximum value, would be assigned to both po- 
sitions. This is because RNV only takes into ac- 
count the distribution of nucleotides for a given 
alignment position, but ignores the average evolu- 
tionary distance necessary to achieve a substitu- 
tion. 

In the following paragraphs, the variability of an 
alignment position is defined as a quantity propor- 
tional to its substitution rate and a method is de- 
scribed for deriving this quantity for each position, 
relative to the average variability of all positions. 

Calibration of Positional Variability in Eukaryotic 
SSU rRNA 

Probability of  Substitution as a Function of  
Evolutionary Distance 

Consider two homologous nucleotide sequences 
that have diverged in the course of evolution. For 
the sake of simplicity, it will be assumed that the 
four nucleotides occur in approximately the same 
amounts, that divergence only involves substitu- 
tions, and that all substitutions are equally proba- 
ble. Equation (1) gives the probability p that a po- 
sition of the sequence alignment contains different 
nucleotides in the two sequences, as a function of 
the evolutionary distance d, accounting for the pos- 
sibility of multiple substitutions per site. 

3 - 3  p = ~  1 - e x p  d (la) 

Consequently, the same equation gives the ex- 
pected dissimilarity f between the two sequences, 
defined as the fraction of alignment positions con- 
taining different nucleotides in the two sequences: 

f = ~ [ 1 -  e x p ( - ~  d ) ]  (lb) 

The inverse of function (lb) is the equation of Jukes 
and Cantor (1969), which allows one to compute the 
distance d between two sequences, corrected for 
multiple substitutions, from the observed dissimi- 
larity f." 3(4) 

d = - ~ l n  1 - g  (2) 

The shape of functions (1) and (2) is illustrated in 
Fig. 3a and 3b. 

Probability of  Substitution for Positions of  
Different Variability 

In fact, equation (la) only applies if the proba- 
bility of substitution is the same for all the positions 
of an alignment. In a sequence alignment of real 
molecules, this is not the case. The variability Vn of 
a position n, relative to the average variability of the 
entire alignment, can be defined as the ratio of the 
probability that a substitution occurs at this position 
to the average probability of substitution per site for 
the entire alignment: 

s n L  
v n = 

L 

si 

i=1 

where s,  and si are the probabilities of substitution, 
in a given time span, of the nucleotides at positions 
n and i, and L is the alignment length. 
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Fig. 3. Graphic representation of functions (1) to (4). a Equa- 
tion (1): probability of observing a different nucleotide in homol- 
ogous positions of a sequence pair (eq. la), or expected dis- 
similarity (eq. lb), as a function of evolutionary distance 
(substitutions per nucleotide) separating two sequences, b Equa- 
tion (2): inverse function of (1), allowing one to estimate evolu- 
tionary distance from the dissimilarity observed between a pair 
of sequences, e Equation (3): similar to equation (1), but express- 
ing the probability of observing a different nucleotide in homol- 
ogous positions of a sequence pair for a position of variability v, 
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(eq. 3a), or the expected dissimilarity (eq. 3b) for an area of 
variability v s. The function is shown for three values of the pa- 
rameter v, (or vs). d Equation (4): inverse function of (3), allow- 
ing one to estimate evolutionary distance from the dissimilarity 
observed between areas of calibrated variability in a sequence 
pair. The function is plotted for three areas of different variabil- 
ity. Ideally, dissimilarities f~, fb, and fc observed for the three 
areas should give the same distance reading, but in practice the 
readings da, db, and d c will differ slightly due to the stochastic 
nature of the substitution process. 

T h e  f o l l o w i n g  e q u a t i o n  e x p r e s s e s  t h e  p r o b a b i l i t y  

o f  o b s e r v i n g  a s u b s t i t u t i o n  a t  p o s i t i o n  n in t w o  m o l -  

e c u l e s  s e p a r a t e d  b y  a d i s t a n c e  d: 

U 3 -3  Pn = ~ 1 - e x p  vnd (3a) 

T h e  s h a p e  o f  f u n c t i o n  (3a) is s h o w n  in F i g .  3c  f o r  

p o s i t i o n s  o f  h igh ,  a v e r a g e ,  a n d  l o w  v a r i a b i l i t y .  T h e  

d e r i v a t i v e  o f  p ,  as  a f u n c t i o n  o f  d is: 

(4) apn --5 
dd = Vnexp vnd 
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22.5%, show a different nucleotide at position 140. The value 
0.225 is therefore plotted against the distance 0.283, which is the 
mean of the distances falling in the interval, in the graph for 
position 140. The resulting graphs are shown for position 786 
(low variability), 140 (medium variability), and 3318 (high vari- 
ability) of the sequence alignment. A curve obeying equation (3a) 
was fitted to the points by nonlinear regression. The slope of this 
curve in the origin gives the variability Vn of position n. 

and the value of  this derivat ive for distance d = 0 is 
Vn. Hence  the slopes of  the curves  in the origin (Fig. 
3c) are equal to v,,  which means that position n 
undergoes substitution at a rate v,  t imes that of  the 
average rate for the entire sequence.  

I f  we now consider  a subset  of  positions, s, with 
an average  variabili ty vs different f rom the average 
variability of  the comple te  sequence,  then the same 
equation (3a) also predicts  the fraction f~ of  these 
posit ions that  will contain different nucleotides if 
sequences separated by  a distance d are compared:  

(3b) 

Estimating the Variability of  an 
Alignment Position 

It  is now possible to deduce the relative variabil- 
ity Vn of  each posit ion as follows. For  an alignment 
of  N sequences,  a set of  N(N - 1)/2 pairwise dis- 
tances d (the distance matrix) can be computed  ac- 
cording to equation (2). All the pairwise distances 
are classified into a number  of  distance intervals, 
e.g.,  distances smaller than 0.005, distances f rom 
0.005 to 0.010, and so on. For  all the pairs falling 
within a given distance interval,  the fraction accom- 
panied by  a nucleotide change in the considered 

pos i t ion  is c o m p u t e d .  This  f r ac t i on  is p lo t t ed  
against the mean distance of  the interval,  as illus- 
trated in Fig. 4 for three different posit ions of  the 
SSU rRNA alignment. A curve obeying equation 
(3a) is fitted to the points by  nonlinear regression. 
The slope of  this curve in the origin yields param- 
eter Vn for the position under  consideration.  

Sorting Alignment Positions Into Subsets of  
Similar Variability 

After pa ramete r  v,  has been  determined for all 
positions, they can be parti t ioned into a number  of  
sets of  similar var iabi l i ty--e .g . ,  one set of  variabil- 
ity less than 0.4, a second set of  variability com- 
prised be tween 0.4 and 0.8, etc. The distribution of  
v,  values obtained for  the posit ions of  the alignment 
of  eukaryot ic  SSU rRNA sequences is shown in 
Fig. 5. In this case,  1,558 positions were  part i t ioned 
into five sets of  equal size, with the Vn values for 
each set comprised be tween  the limits indicated on 
the figure. These five sets do not include those po- 
sitions that contain a gap in more  than 75% of  the 
aligned sequences,  nor  do they include 276 invari- 
able positions, which contain the same nucleotide in 
all sequences.  

Each set of  posit ions selected as described above  
can now be considered as a subset  of  the complete  



o 

Z 

7O 

50 

40 

30 

20 

10 

0 

0.01 

I. 1 .1= 2 :[ 3 t: 4:1- 5 -I 

0.1 1 

Variabil i ty v n 

10 

Fig. 5. Distribution of positional variabilities. Variabilities 
were estimated as shown in Fig. 4 for each of the 1,558 alignment 
positions that are not absolutely conserved and contain a nucle- 
otide in at least 25% of the aligned sequences. The lowest vari- 
ability found was 0.0147, the highest one 26.62, relative to the 
average variability of all positions. The abscissa of the histogram 
is on a logarithmic scale, with a ratio of 1.122 between the high- 
est and the lowest variability in the same interval. Positions were 
divided into five sets of equal size as marked on top of the graph. 
The variability limits separating the sets are 0.2737, 0.7384, 
1.559, and 3.474. 

alignment, containing nucleotides that differ much 
less in relative variability than the complete set of 
nucleotides. For such a subset, the fraction of sub- 
stituted nucleotides, fs, is computed for each of the 
N(N - 1)/2 pairwise comparisons that can be made. 
For each comparison, f ,  is plotted against the dis- 
tance between the complete sequences, d, obtained 
from equation (2). The curve obeying equation (3b) 
that best fits the plotted values is computed by non- 
linear regression. The slope of this curve in the or- 
igin yields the average variability, v,, for the set of 
positions. The curve fitting is shown in Fig. 6 for 
two of the five subsets of positions selected from 
the SSU rRNA alignment. 

Variability Map of Eukaryotic SSU rRNA 
Figure 7 shows a secondary structure model for 

eukaryotic SSU rRNA, where the positions belong- 
ing to the five sets of different average variability 
are indicated by dots of five different sizes. Invari- 
ant positions are indicated by a square. Since this 
model is based on the Saccharomyces cerevisiae 
18S rRNA structure, which contains few insertions 
with respect to the majority of other sequences, 
nearly all positions are either invariant or assignable 
to one of the five sets. The map gives a much more 
detailed description of positional variability than 
the crude distinction between "conserved"  and 
"variable" areas that is often made (e.g., De Rijk et 
al. 1992). Moreover, the description is not intuitive, 
but based on a quantitative estimate of relative sub- 
stitution rates. 
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Fig. 6. Estimating the variability of a set of positions. For each 
of the 20,910 values of the distance matrix for 205 eukaryotic 
SSU rRNA sequences, dissimilarity was computed for each of 
the five subsets of positions defined as shown in Fig. 5. In each 
set, the 20,910 dissimilarity values were plotted against the dis- 
tance between the complete sequences. The resulting graph is 
shown for set 2 and set 5 as defined in Fig. 5. A curve obeying 
equation (3b) was fitted to the graphs. The slope of this curve in 
the origin is the variability found for the subset of positions. The 
variabilities for the five subsets are vl = 0.0918, v2 = 0.324, v~ 
= 0.977, v4 = 2.38, and v5 = 5.74. 

Computing Evolutionary Distance from an 
Alignment Calibrated for Variability 

Since parameter v, in equation (3b) is now known 
for each subset of positions, it is possible to use 
each subset independently to compute the evolu- 
tionary distance between two complete sequences. 
To this end the inverse function of equation (3b) is 
used: 

3 1  In(1 4f~)  
d, = - 4 v s  - (4) 

where vs is the average variability of the positions of 
subset s and fs is the fraction of the positions of 
subset s that are dissimilar in the compared se- 
quences. Ideally, the derived distance d~ should be 
the same, regardless of the subset of positions con- 
sidered. In practice, due to the stochastic nature of 
the mutational process, the values will be slightly 
different, as illustrated in Fig. 3d. The smaller the 
subset of positions, the larger the fluctuations to be 
expected. The average of the d~ values derived for 
each set is therefore computed, weighting each 
value proportionally to the number of positions in 
the subset. As an example, let us assume that the 
positions of an alignment have been partitioned into 
three subsets a, b, and c of different average vari- 
ability (low, medium, and high). After computing 
the distances d a, db, and de, according to equation 
(4), the average of the three values is obtained as: 

Lo Lc 
d = da + --~db + -~dc (5) 
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Fig. 7. Variability map of eukaryotic SSU rRNA. Each dot 
represents a nucleotide of Saccharomyces cerevisiae 18S rRNA 
drawn in the secondary structure model adopted in De Rijk et al. 
(1992). Positions belonging to five different variability sets (see 
Fig. 5) are shown as filled circles of a size commensurate with 

their variabil ity.  Hollow squares are invariable  pos i t ions .  Hollow 
circles are nuc leot ides  that are de le ted  in m o s t  o ther  eukaryot i c  
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Fig. 8. Alternative phylogenies of major amniote and verte- 
brate classes, a Paleontological phylogeny (Donoghue et al. 
1989). b Inferred phylogeny based on (unweighted) SSU rRNA 
analysis (Hedges et al. 1990). c Amniote phylogeny based on 
dynamically weighted parsimony analysis of SSU rRNA as ap- 
plied by Marshall (1992). d Detailed evolutionary tree of verte- 
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brates as found by calibration of alignment positions. Evolution- 
ary distances were calculated as described in the text. The dis- 
tance between two organisms is obtained by summing the lengths 
of the connecting branches along the horizontal axis, using the 
scale on top. 

where L is the total number of nucleotides com- 
pared and L a, L b, and Lc are the numbers of nucle- 
otides in subsets a, b, and c. In the case of the SSU 
rRNA alignment, where the positions were divided 
into five subsets of the same size, the distance d 
practically equals the arithmetic average of the dis- 
tances derived for each of the five sets. A new ma- 
trix of distances, computed according to equation 
(5), is thus obtained and can serve as input for a tree 
construction method. 

Application to Tree Construction 

Two examples, both taken from the field of animal 
evolution, are given below in order to demonstrate 

the effect of variability calibration on the topology 
of the trees obtained. 

Recently, the controversy over amniote relation- 
ships was revived by a study based on 18S rRNA 
sequences. As illustrated in Fig. 8a, paleontological 
data suggest that birds and crocodiles are sister 
groups (Donoghue et al. 1989). However, analysis 
of rRNA sequences, both by a distance and a par- 
simony method (Hedges et al. 1990), points to a 
closer relationship of birds to mammals than to 
crocodiles (Fig. 8b). The latter finding is supported 
by studies on two other genes, viz. hemoglobin and 
myoglobin, while histone H2B and pancreatic poly- 
peptide identify the crocodiles as the sister group of 
birds. Still other studies based on alpha cristallin A, 
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alpha hemoglobin, insulin, and large-ribosomal- 
subunit RNA support various relationships among 
birds, reptiles, and mammals depending on the type 
of analysis (Hedges et al. 1990; Hedges and Maxson 
1991). Marshall (1992) argued that the bird-mammal 
relationship found by using the 18S rRNA is prob- 
ably an artefact caused by substitution biases. In 
applying the dynamically weighted parsimony 
method of William and Fitch (1990), he indeed 
found a different tree topology, with the birds more 
closely related to the crocodiles (Fig. 8c) but still 
separated from them by the Squamata. When ap- 
plying the calibration method described in this pa- 
per to the amniote sequences, we find a tree topol- 
ogy that is exactly the same as the paleontological 
one (Fig. 8d). In this tree, the turtle is the first rep- 
tile that branches off, followed by the squamates 
(represented by the lizard Sceleporus undulatus and 
the snake Heterodon platyrhinos), while the croco- 
dile and the birds form a monophyletic assemblage, 
which is traditionally named Archosauria. 

A tree for a more diverse set of metazoan se- 
quences, constructed on a noncalibrated alignment, 
is shown in Fig. 9a. Beside vertebrates, a tunicate, 
arthropods, molluscs, and Plathyhelminthes are 
also included. The relationship among amphibians, 
mammals, reptiles, and birds is different from the 
one observed in Fig. 8d. In addition, the insects do 
not form a single cluster. As is usually the case with 
SSU rRNA trees, the insects Drosophila and Aedes 
are found at the base of the arthropod cluster, while 
Tenebrio branches off later (Hendriks et al. 1990, 
1991). This phenomenon is probably caused by the 
faster-evolved SSU rRNA sequences of Drosophila 
and Aedes. Higher evolutionary rates tend to pull 
organisms closer to the base of the tree (Olsen 1987; 
Woese 1991). In contrast, the tree based on a cali- 
brated alignment (Fig. 9b) shows the same relation- 
ships within the vertebrate cluster as in Fig. 8d. In 
addition, the insects form a monophyletic grouping. 
Hence,  the calibration solves both anomalies 
present in the tree of Fig. 9a. 

Discussion 

It has been noted by Olsen (1987) that the inference 
of reliable phylogenetic trees with a distance 
method depends on the accurate estimation of evo- 
lutionary distances from the sequence dissimilarity. 
The latter author showed that the existence of dif- 
ferent substitution rates in different areas of a se- 
quence alignment makes the equation of Jukes and 
Cantor (1969) less suitable for conversion of ob- 
served dissimilarity into estimated distance. He 
proposed a different algorithm, but this still con- 
verts a single dissimilarity into a single distance for 
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each sequence pair. In the present paper, on the 
contrary, we dissect the sequences into a number of 
distinct subsets of nucleotides, each subset consist- 
ing of nucleotides that show a much narrower range 
of variability than the entire sequence. Dissimilarity 
is measured for each subset and converted into dis- 
tance by means of an equation (4) in which an ap- 
propriate parameter v s, after being quantitatively 
measured, can be introduced for each subset. Thus 
the information present in the sequence alignment is 
no longer reduced to a single number for each pair- 
wise sequence comparison, as is usually the case in 
matrix methods, but is expressed in as many num- 
bers as nucleotide subsets of similar variability that 
are considered. Due to the narrow range of variabil- 
ity, each measurement gives a better precision, and 
the different measurements are then averaged. In 
the present case we considered five subsets, but we 
intend to examine other sizes and numbers of sets in 
the future. Conceivably, the precision of the dis- 
tance measurement may increase further as the 
number of sets, five in the present study, is in- 
creased. At some point this effect will be counter- 
balanced by the fact that the subsets become too 
small and the statistical accuracy on each measure- 
ment becomes too low. 

A drawback of the method is that the calibration 
of nucleotide variability is rather time-consuming 
and that new calibration should be considered 
whenever the alignment is improved or extended 
with a considerable number of new sequences, 
since this may result in slight rearrangements of the 
subsets, or in a more accurate estimation of the 
variability parameters of equation (3b). However, 
as long as an alignment remains valid, the parame- 
ters can be used for all trees constructed from it. 
Conversion of distance into dissimilarity for five 
sets of nucleotides rather than for a single set does 
not noticeably increase the computer time needed 
for tree construction. 

Variability calibration has been hitherto carried 
out for eukaryotic SSU rRNA sequence alignments 
and applied to the study of Metazoan evolution be- 
cause comparison is possible with morphological 
and paleontological hypotheses. Since the results 
are promising and demonstrate the importance of 
accounting for differences in substitution rate, ap- 
plication to bacterial SSU rRNAs is planned in the 
near future. Application to large-subunit rRNA se- 
quence alignments will be envisaged as soon as suf- 
ficiently detailed secondary-structure models, and 
hence dependable alignments, are available for the 
most variable areas. The possibility of the applica- 
tion to protein sequences, where a strong difference 
in substitution rate exists between replacement 
sites and silent sites, also deserves investigation. 
Silent sites may not have to be discarded from the 
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analysis, as is now the case in many evolution stud- 
ies based on proteins, but may be included in the 
calculation of evolutionary distances provided that 
their high substitution rate is adequately accounted 
for. 
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