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Abstract. The substitution rate of the individual posi-
tions in an alignment of 750 eukaryotic small ribosomal
subunit RNA sequences was estimated. From the result-
ing rate distribution, an equation was derived that gives
a more precise relationship between sequence dissimi-
larity and evolutionary distance than hitherto available.
Trees constructed on the basis of evolutionary distances
computed by this new equation for small ribosomal sub-
unit RNA sequences from ciliates, apicomplexans, di-
noflagellates, oomycetes, hyphochytriomycetes, bico-
soecids, labyrinthuloids, and heterokont algae show a
more consistent tree topology than trees constructed in
the absence of ‘substitution rate calibration.”” In partic-
ular, they do not suffer from anomalies caused by the
presence of extremely long branches.
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Introduction

Since the collection of available small ribosomal subunit
RNA (SSU rRNA) sequences has expanded enormously
during the past few years, it becomes possible to con-
struct large evolutionary trees, including hundreds of se-
quences. However, for tree construction methods such as
maximum parsimony and maximum likelihood this is
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problematic due to the combinatorial explosion of the
number of possible tree topologies. Some distance meth-
ods, like clustering or neighbor-joining, do not suffer
from this problem. The neighbor-joining algorithm (Sai-
tou and Nei 1987), which is very fast and thus allows the
construction of trees including several hundreds of se-
quences, also appears to be very effective in recovering
the true tree topology (Sourdis and Nei 1988; Saitou and
Imanishi 1989).

Nevertheless, the reliability of phylogenetic trees
based on distance data depends greatly on the accurate
estimation of the evolutionary distances from the ob-
served sequence dissimilarities. The dissimilarity be-
tween two aligned sequences is the number of observed
substitutions divided by the number of compared posi-
tions, whereas the distance is the number of substitutions
that actually occurred during divergence divided by the
number of compared positions. The latter quantity is
larger than the former, except for very small distances.
Conversion of dissimilarity into distance can be based on
different evolutionary models. The equation of Jukes and
Cantor (1969) assumes equal probability for all substi-
tutions. Other equations (e.g., Kimura 1980; Tajima and
Nei 1984) take into account the frequencies of different
substitution types, but this does not usually have a large
influence on tree topology. An important drawback of
these models is that they do not take into account differ-
ences in evolutionary rate among the different sites of a
molecule. In the case of SSU rRNA, the substitution rate
was estimated (Van de Peer et al. 1993a) to vary by a
factor of more than 1,000 from the least variable to the
most variable site. Olsen (1987) had already demon-
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strated that application of the Jukes and Cantor correc-
tion to sequences composed of sites with unequal sub-
stitution rates leads to underestimation of large evolu-
tionary distances. He proposed a different evolutionary
model] and assumed a log-normal distribution of substi-
tution rates over the sequence positions. Jin and Nei
(1990) followed a similar approach but assumed that
there is a gamma distribution of substitution rates over
the sequence positions. In a recent study of our research
group {De Rijk et al. 1995), based on SSU rRNA and
large ribosomal subunit RNA (LSU rRNA) sequences,
trees based on the latter model of evolution were indeed
more consistent with evolutionary hypotheses than trees
based on a Jukes and Cantor correction.

Still, none of the known equations for estimating the
evolutionary distance is based on an actual measurement
of the substitution rates of the different alignment posi-
tions. In a previous paper (Van de Peer et al. 1993a), a
method was developed to calculate the relative substitu-
tion rate of the alignment positions. Nucleotides were
then subdivided into subsets, each subset showing a
much narrower range of substitution rates than the entire
sequence, Dissimilarities were then computed for each
subset of positions and converted into evolutionary dis-
tances by means of an equation in which a specific pa-
rameter valid for that particular subset, and estimated
from the data, was introduced. In the present study, we
make a new estimate of the substitution rates of individ-
ual nucleotides on the basis of a more extensive sequence
alignment of eukaryotic SSU rRNAs, and from the re-
sulting rate distribution we derive an equation that gives
a more precise relationship between sequence dissimi-
larity and evolutionary distance. This new method is ap-
plied to the evolution of stramenopiles and alveolates.

The stramenopiles, as defined by Patterson (1989),
comprise species that either possess evenly spaced tri-
partite tubular hairs attached to the flagellum or other
parts of the cell surface, or species that have been derived
from organisms having these structures. Taxa presently
included in the stramenopiles are the bicosoecids, laby-
rinthuloids, comycetes, hyphochytriomycetes, diatoms,
chrysophytes, phaeophytes, xanthophytes, eustigmato-
phytes, and synurophytes (Leipe et al. 1994). Alveolates
(Gajadhar et al. 1991; Patterson and Sogin 1992) com-
prise the ciliates, dinoflagellates, foraminifers, and api-
complexans and are characterized by the possession of
alveoli, which are membrane-bound flattened vesicies or
sacs underlying the plasma membrane (Preisig et al.
1994). Phylogenetic reconstructions based on SSU rRNA
regularly suggest stramenopiles and alveolates to be sis-
ter groups (e.g., Wolters 1991; Wainright et al. 1993;
Van de Peer et al. 1993b; Leipe et al. 1994), although
bootstrap support for this grouping is usually low. A
study combining SSU and LSU rRNA sequence data into
an alignment containing over 5,290 positions (Van der
Auwera et al. 1995) supported the sisterhood of both
groups at a bootstrap level of >95%. Together with the

Table 1. SSU tRNA sequences used in the present study to compute
the relative substitution rate of alignment positions, as distributed over
the main eukaryotic taxa

Taxon? Number of sequences
Metazoa 169
Fungi® 166
Green plants 89
Green algae 95
Red algae 35
Heterokont algae® 26
Ciliates 38
Apicomplexa 45
Other protoctists? 87

2 These taxa correspond to major clusters discernable in phylogenetic
trees based on SSU rRNA sequence alignments

" Included are chytridiomycetes, zygomycetes, ascomycetes, and ba-
sidiomycetes

¢ Included are phaeophytes, chrysophytes, bacillariophytes, xantho-
phytes, and eustigmatophytes

9 Included are dinoflageliates, kinetoplastids, slime moulds, mi-
crosporidia, and diplomonads

green plants, green algae, fungi, animals, and red algae,
stramenopiles and alveolates make up the so-called
“crown’’ (Knoll 1992) of eukaryote evolution.

Material and Methods

An alignment of SSU rRNA sequences is maintained in our research
group, regularly updated, and made publicly available by electronic file
transfer by anonymous ftp on host uiam3.uia.ac.be (Van de Peer et al.
1994). In March 1993, this database comprised about 890 complete or
nearly complete sequences of eukaryotes. Seven hundred fifty of these
sequences were used in the present study to compute the relative sub-
stitution rate of the alignment positions. Table 1 shows their distribu-
tion over the main eukaryotic taxa. The reduction from about 8§90
sequences to 750 was due to the elimination of duplicate sequences
belonging to the same species and to the elimination of sequences
belonging to closely related species of the same genus. All the se-
quences were aligned on the basis of similarity in primary and second-
ary structure using the DCSE sequence editor (De Rijk and De Wachter
1993).

Nucleotide substitution rates were estimated as described in Van de
Peer et al. (1993a) for each of the alignment positions that are not
absolutely conserved and that contain a nucleotide in at least 25% of
the aligned sequences. This was done on a VAX-station 3100 (Digital).
The inference and drawing of evolutionary trees constructed by neigh-
bor-joining (Saitou and Nei 1987) were done with the software package
TREECON (Van de Peer and De Wachter 1993, 1994), which runs on
IBM-compatible computers.

Results

Dissimilarity as a Function of Evolutionary Distance
in Eukaryotic SSU rRNA

After sequence alignment, the first step in the construc-
tion of a distance tree consists of computing a distance



1.0

0.8 -
z 10
w 0.6 :o'e
g =06
E =0.4
“ p=0.2
Q 134

0.0 b L

00 02|04 |06 08 10 1.2 14
dee 4, Distance d

Fig. 1. Graphic representation of functions (1), (3), and (4). Curve

“JC’: function (1). Curve “‘a’’: function (3) computed for the substi-
tution rate spectrum of Fig. 2a. Curve “'b”’: function (3) computed for
the substitution rate spectrum of Fig. 2b. Dotted curves: function (4)
with values 0.2 to 1.0 for parameter p. The average dissimilarity be-
tween members of the genus Plasmodium and the other Hematozoa is
indicated as £,,. The corresponding distance is d, if the relation be-
tween dissimilarity f and distance d is expressed by equation (1) (curve
“JC”’), and d,, if the relation between fand d is expressed by equations
(3) or (4) (curve “‘b’’). See Results for details.

matrix. As a first approximation, the dissimilarity, or
fraction of substitutions observed when two nucleotide
sequences are compared, increases as a function of their
evolutionary distance d according to the equation
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The inverse of equation (1) is the Jukes and Cantor equa-
tion used to convert the dissimilarity observed in an
alignment into the evolutionary distance listed in dis-
tance matrices. The shape of function (1) is shown as
curve “‘JC”’ in Fig. 1. However, as stated in the Intro-
duction and explained in detail in the Appendix, this
equation does not remain applicable if the individual
nucleotides of the molecular clock show considerable
differences in evolutionary rate, such as is the case for
SSU rRNA. In this situation, a different relationship be-
tween dissimilarity and distance exists, which can be
approximated quite closely, provided that the substitu-
tion rate of each nucleotide, relative to the substitution
rate of the entire molecule, is known. As demonstrated
previously (Van de Peer et al. 1993a), the relative sub-
stitution rates of individual nucleotides in SSU tRNA
can indeed be estimated from a distance matrix derived
from an extensive sequence alignment representing a
sufficiently diverse species assortment. In the latter study
an alignment of 205 eukaryotic SSU rRNAs was used.
For the purpose of the present study, these rates were
estimated anew on the basis of a more extensive align-
ment (Van de Peer et al. 1994) of 750 eukaryotic SSU
rRNA sequences (Table 1).

The relative substitution rate, or relative variability,
v;, of a nucleotide at alignment position i is a parameter
in the equation (Van de Peer et al. 1993a)
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which expresses the probability p, that alignment posi-
tion i contains a different nucleotide in two sequences
separated by an evolutionary distance of d substitutions
per nucleotide. After estimation of all v; values as de-
scribed earlier (Van de Peer et al. 1993a), alignment
positions were grouped into sets of similar variability.
The resulting spectrum of relative evolutionary rates as
measured for eukaryotic SSU rRNA is shown in Fig. 2a.
Once the shape of this spectrum is known, it is possible
to derive the following more exact expression for the
dissimilarity f between two sequences as a function of
the evolutionary distance d separating them,

BER { (f : ﬂ ,
~4Li=—jli 1—exp —3(l+a)Rd 3

where L is the total number of nucleotides, /; the number
of nucleotides in set 7, j the number of sets with a rate
lower than the average rate of the complete molecule, &
the number of sets with a higher rate, and (1 + ) the ratio
of the relative evolutionary rate in set / to this rate in set
i — 1. In the distribution of Fig. 2a, the value chosen for
this ratio was

(1+a)=10"%=1.122

which resulted in 80 sets of nucleotides. The derivation
of equation (3) is given in the Appendix, where the value
of the parameter R is also listed. The shape of function
(3), elaborated for the rate spectrum of Fig. 2a, is repre-
sented by curve “*a’’ in Fig. 1.

Actually, even curve “‘a’” in Fig. 1 is not yet a faithful
reflection of dissimilarity as a function of distance in
SSU rRNA, because the evolutionary rate spectrum
shown in Fig. 2a was derived on the basis of a distance
matrix computed by means of equation (1) (curve “‘JC”
in Fig. 1), which only gives a first approximation of the
relation between dissimilarity and distance. Therefore
curve “‘a’’ reflects a better approximation, but not yet the
exact relationship between the two quantities. A new
distance matrix was computed by converting dissimilar-
tties into distances on the basis of curve “‘a,” and the
relative substitution rate of each alignment position was
estimated anew on the basis of this distance matrix. The
resulting spectrum of evolutionary rates (not shown) is
shifted somewhat with respect to the spectrum in Fig. 2a.
The shape of function (3) corresponding to this shifted
spectrum was found by filling in appropriate values for
the parameters in equation (3). The curve representing
this function (not shown) lies somewhat lower than curve
“‘a” in Fig. 1. This process was repeated several times,
each iteration resulting in a smaller change in the shape
of the evolutionary rate spectrum (Fig. 2) and a slighter
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Fig. 2. Distribution of relative substitution rates of the nucleotides of
eukaryotic SSU rRNA. Rates were estimated as described in Van de
Peer et al. (1993a) for each of the alignment positions that are not
absolutely conserved and contain a nucleotide in at least 25% of the
aligned sequences. Substitution rates are measured relative to the av-
erage rate of the complete molecule. The group denoted by substitution
rate 1 actually contains nucleotides that have a relative substitution rate
v; between 0.944 and 1.059, ie., a rate span of 1.122. a Relative
substitution rates were estimated using the relationship between evo-
lutionary distance and dissimilarity expressed by equation (1), b Rel-
ative substitution rates were estimated using the relationship between
evolutionary distance and dissimilarity expressed by equation (3) using
parameters adapted after each iteration (see text for details),

displacement of the curve representing function (3) (Fig.
1). Five iterations were necessary for the changes to be-
come imperceptible. The spectrurn at equilibrium, shown
in Fig. 2b, gives the distribution of substitution rates for
92 sets of nucleotides. The shape of function (3) corre-
sponding to this spectrum is represented graphically by
curve ‘b’ in Fig. 1.

A disadvantage of expression (3) is that the dissimi-
larity corresponding to a given distance must be obtained
by summation of a large number of terms, 92 in the
present case. In addition, no expression can be derived
for the inverse of function (3), needed to convert mea-
sured sequence dissimilarities into evolutionary dis-
tances during the computation of a distance matrix. The
latter conversion was obtained during the iterative ap-
proximation of the evolutionary rate spectrum (Fig. 2b)

by listing numerical values of the function for a large
number of values of the argument and by interpolating
linearly. This is not very practical for repeated compu-
tations of distance matrices required for the construction
of evolutionary trees, especially when bootstrap analysis
is performed. Fortunately, it is possible to find the fol-
lowing explicit expression that closely matches function
(3), provided that an appropriate value is chosen for pa-
rameter p:

“§{r-esl 5o (145)
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Figure 1 shows the shape of function (4) for several
values of p ranging from 0.2 to 1. At p = 0.26 the shape
matches curve ‘b’ nearly perfectly; in other words, it
gives a very good approximation of function (3) when
the latter is elaborated for the rate distribution of Fig. 2b.
The inverse of equation (4),

4
1-3f) -1 (5)

d=p
using p = 0.26, was used to convert dissimilarities be-
tween SSU rRNA sequences into evolutionary distances.

Evolution of Alveolates and Stramenopiles

Figure 3 shows a neighbor-joining tree of all hitherto
known stramenopile and alveolate SSU rRNA se-
quences, constructed from a matrix of distances com-
puted using equation (5). Bootstrap analysis (Felsenstein
1985), involving the computation of 500 trees from re-
sampled data, was also performed. On the basis of the
presumed sister relationship of stramenopiles and alve-
olates (see Introduction), the root was placed between
these two taxa. This tree will be further referred to as the
“‘calibrated’’ tree. As can be seen, the alveolates are
subdivided into three main groups, viz. the apicomplex-
ans, dinoflagellates, and ciliates. The foraminifer Ammo-
nia forms the fourth evolutionary lineage within the al-
veolates. A study based on the comparison of partial
LSU rRNA sequences (Pawlowski et al. 1994) suggested
that the foraminifers branch closely to plasmodial and
cellular slime molds, thus prior to the divergence of stra-
menopile and alveolate taxa. However, using the com-
plete SSU rRNA sequence of Ammonia, Wray et al.
(1995) decided that the foraminifers most probably are
an ‘‘alveolate’’ lineage, which is consistent with our
findings.

In the calibrated iree, the Apicomplexa are subdivided
into two primary groups, corresponding to two different
classes, viz. Hematozoa and Coccidia (Vivier and Des-
portes 1989). Whereas the monophyly of the Hematozoa
seems rather well established in the calibrated tree, the
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monophyly of the Coccidia is less well supported, which
is demonstrated by the low bootstrap percentage (58%).
Provisionally leaving the foraminifer Ammonia out of
consideration, apicomplexans and dinoflagellates group
together, which is also found in most ‘‘uncalibrated’’
evolutionary trees based on SSU rRNA (Wolters 1991;
Wainright et al. 1993; Van de Peer et al. 1993b, this
study) and LSU rRNA sequences (Van der Auwera et al.
1995). The possibility that dinoflagellates are derived
from apicomplexans as suggested by Goggin and Barker
(1993), is supported: in the calibrated tree, dinoflagel-
lates share a common ancestor with the genus Perkinsus,
which is usually classified as apicomplexan since it
shows some distinguishing features of this taxon. As for
the foraminifer Ammonia, its position in the present tree
is poorly supported, and in trees based on different spe-
cies sets it frequently is found between the ciliates and
the remaining alveolates. This instability may be attrib-
utable to the availability of only one sequence.

Within the stramenopile cluster, the bicosoecid Cafe-
teria and the labyrinthuloids form the first lines of di-
vergence, followed by the comycetes and the hypho-
chytriomycetes. In accordance with a study based on
LSU rRNA (Van der Auwera et al. 1995), the latter two
taxa seem to share a common ancestor, although boot-
strap support for this topology is low. More sequences of
hyphochytriomycetes are probably needed to determine
their exact phylogenetic position. The suggestion that
oomycetes (and hyphochytriomycetes) have diverged
shortly before the radiation of the autofrophic strameno-
pile taxa (Leipe et al. 1994) is also confirmed. The het-
erokont algae form a monophyletic cluster and appar-
ently diverged most recently within the stramenopiles.
Within the heterokont algae, four main clusters can be
discerned. The largest one is formed by the diatoms or
bacillatiophytes. These are further subdivided into cen-
tric and pennate diatoms, both forming monophyletic
clusters. The second main group is formed by the chryso-
phytes, which cluster with the eustigmatophyte Nanno-
chloropsis. The third group is formed by the phaeophytes
and the xanthophyte Tribonema. The fourth group, de-
noted with an (*) in the trees, contains organisms also
classically defined as chrysophytes. However, according
to a recent study by Saunders et al. (1995), these species
should be reclassified, since they do not cluster with the
remaining chrysophytes and are characterized by a re-
duced flagellar apparatus. For a more detailed discussion
we refer to the latter paper. The exact divergence order
among the four main clusters of heterokont algae re-
mains dubious. What appears to be confirmed is the close
evolutionary relationship between xanthophytes and
phaeophytes and between eustigmatophytes and chryso-
phytes (e.g., Leipe et al. 1994; Saunders et al. 1995; Van
der Auwera ef al. 1995), although the latter relationship
is not supported by bootstrap analysis.

Figure 4 shows an evolutionary tree based on the
same sequences as in Fig. 3, but using the Jukes and

Cantor correction (1969) to convert dissimilarity into
evolutionary distance. Although both trees are similar in
outline, there are notable differences, the most important
of which is the position of the genus Plasmodium. This
genus, which is separated from the other species by an
extremely long branch, does not cluster with the other
Hematozoa, where it should belong on the basis of mor-
phological characteristics (Vivier and Desportes 1989)
and where it is found in Fig. 3. The separation of Plas-
modium from the other Hematozoa, also described else-
where (e.g., Goggin and Barker 1993), is caused by an
underestimation of the evolutionary distance. This is
clearly visible in Fig. 1. The average dissimilarity be-
tween SSU rRNA sequences of the genus Plasmodium
and of the other Hematozoa is .24 (denoted as f,, in Fig.
1). When this dissimilarity is converted into evolutionary
distance on the basis of equation (1) (function *JC*’ in
Fig. 1), a value of d,-=0.29 is obtained. However, when
the dissimilarity is converted on the basis of equation (4)
with p = 0.26 (which is virtually indistinguishable from
curve “‘b”” in Fig. 1), an evolutionary distance d,, = 0.53,
nearly twice as large, is obtained. As a result of the
serious underestimation of the evolutionary distance us-
ing the Jukes and Cantor correction, distant species seem
closer to one another than they actually are, and this
causes artificial clustering of long branches (Olsen
1987). In this respect, it is not unexpected to find the
genus Plasmodium clustered with the foraminifer Ammo-
nia (Fig. 4), which also exhibits a higher evolutionary
rate, compared with the other alveolates. The high boot-
strap value on the branch connecting Ammonia and Plas-
modium (93%) should therefore be put in perspective and
most probably supports an artificial clustering due to
long branches attracting each other. In the calibrated tree
(Fig. 3), this anomaly is not shown, suggesting that the
method developed indeed computes the evolutionary dis-
tance more accurately.

Discussion

When trees are constructed on the basis of distance data,
correct estimation of the evolutionary distance is crucial,
and in most cases even more important than the choice of
the method used to infer the tree topology. Since we do
not have an exact historical record of events that took
place in the evolution of our sequences, correct estima-
tion of the evolutionary distance is not straightforward. It
becomes more and more clear that the use of an unreal-
istic model of evolution can be the cause of serious ar-
tifacts in tree topology (Olsen 1987; Van de Peer et al.
1993a; De Rijk et al. 1995; this study). Therefore, it is
very important to decipher the sequence information
content as accurately as possible. In this paper, we de-
termined the relative substitution rate of each alignment
position on the basis of a large alignment of 750 eukary-
otic SSU rRNA sequences. From the distribution of nu-
cleotide substitution rates in this sequence alignment,
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Fig. 4. Evolutionary tree including the same sequences as in Fig. 3, but using the Jukes and Cantor correction to convert dissimilarity into
evolutionary distance. Conventions are as in Fig. 3.
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equation (4) and the value 0.26 for parameter p could be
derived. This equation gives a relationship between se-
quence dissimilarity and evolutionary distance specific
for eukaryotic SSU rRNA. As can be seen in Fig. 1, this
function deviates considerably from the relationship pre-
dicted for a molecular clock with a purely random be-
havior, especially at great distances. Trees constructed
from distance matrices computed by means of this func-
tion are more reliable and suffer less from anomalies
such as those caused by the presence of high evolution-
ary rates in certain branches. To our knowledge, this is
the first study on ribosomal RNA sequences that takes
into account the actual spectrum of substitution rates of
the individual nucleotides of the molecule rather than
postulating a hypothetical model for this rate spectrum.

Note Added in Proof

After this paper was accepted for publication, we learned from Dr. L.
Pawlowski (personal communication) that the SSU rRNA sequence
published for Ammonia beccarii i3 most probably not that of this
foraminifer, but possibly that of an apicomplexan parasite of this
organism.
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Fig. 5. Hypothetical distributions of relative nucleotide substitution

rates. The black bar denotes the set of nucleotides with a rate equal to
the average rate of the entire molecule. This rate is larger than that of
set 0, the middle set, which has an evolutionary rate which is the
geometric average of the rates of all sets. a Distribution in which all the
sets contain the same number of nucleotides. b Distribution with un-
equal sets of nucleotides.

Appendix

Consider two nucleic acid sequences that have diverged from a com-
mon ancestral sequence and have reached, relative to gach other, an
evolutionary distance resulting from d substitutions per nucleotide. If
the four nucleotides occur in approximately the same amounts and all
substitutions are equally probable, then the expected dissimilarity f is
given by the expression:

3 4
f:Z[l_exp (‘Edﬂ (AD

The inverse function of (Al) is the well-known equation of Jukes and
Cantor (1969), often used to convert sequence dissimilarity into evo-
lutionary distance. However, this equation is only applicable if the
substitution rate of all nucleotides in the sequence is approximately the
same. It has been estimated, though (Van de Peer et al. 1993a), that
nucleotides in SSU rRNAs have substitution rates varying by a factor
of more than 1,000 from the most conservative to the most variable. In
order to derive an equation for dissimilarity as a function of distance for
such a molecule, we first consider the following model illustrated in
Fig. 5a.

A molecule contains n sets of nucleotides, each characterized by a
different substitution rate. All sets are equally numerous and their
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substitution rates form a geometric series with a ratio (1 + a) where a
is a positive number much smaller than 1. The middle set (set 0 in Fig.
5a) has a substitution rate which is the geometric average of the rates
of all sets. The ratio of the substitution rate in set i to the substitution
rate in the middle set is:

(1 +a) (A2)

When the middle sets in two diverging sequences have covered an
evolutionary distance x, the i™ sets in the two sequences will have
acquired a dissimilarity ]

3 4 )
ﬁzg[l —exp(—g(l +a)x)]

and the complete molecules will have acquired a dissimilarity

32 4 ‘
&l o) w

i=—m L

where m is the number of sets with a lower and the number of sets with
a higher substitution rate than the middle set, so n = 2m + 1.
However, during evolution the distance between the complete mol-
ecules, i.e., the total number of substitutions that have taken place
divided by their chain length, increases more rapidly than the distance
between the middle sets. Indeed, since the rates form a geometric
series, the excess of substitutions in the sets with higher rates is larger
than the deficit of substitutions in the sets with lower rates. As a
consequence, the average distance, d, covered by the complete mol-
ecules is larger than the distance covered by the middle sets, x:

i
x .
== > (+a)
n =
The following explicit expression for d as a function of x can be found:

d=5(1+a)’"“—(1+a>‘m (A2)

n a

From (A3) and (A4) we get dissimilarity as a function of distance
for the complete molecules:

na (1+a)

3 +m 4
_ i- ———— AS
4n§n[ exp( 3<1+a>'"“—<1+a>‘”‘dﬂ “

We now consider a model that reflects more closely the actual
situation in SSU rRNA illustrated schematically in Fig. 5b. The sets of
nucleotides with increasing substitution rates are not equally numerous
but follow a distribution that can be estimated experimentally (Van de
Peer et al. 1993a) provided that an extensive collection of well-aligned
SSU rRNA sequences is available. Let L be the chain length of the
molecule and let there be n sets of different substitution rates, /; being
the number of nucleotides in set i. As in the previous model, the ratio
of substitution rates of two successive sets is (1 + a). In this case, the
dissimilarity acquired by the molecules, as a function of the distance
covered by the middle sets, is:
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3 -+ 4 )
f=4—LZz,{1-exp<—§(1+a)xﬂ (A6)

=

The average distance between the complete molecules, as a function of
the distance between the middle sets x, is:

X & N
=7 2 h(+a) (A7)

eyt

From (A6) and (A7) we get dissimilarity as a function of distance for
the complete molecules:

3 & 4 A
= A1 . ! AB
4L21,[1 exp< 3(1+a)Rd” (A8)

where

__ L (A9)

+m

> +ay

ot

Actually, R is the ratio of the evolutionary rate in the middle set to the
average rate of the entire molecule.

According to equation (A2), the evolutionary rates of all sets were
expressed relative to the rate of the middle set, i.e., the one with the
geometric average of rates. Alternatively, one can express all rates

relatively to an arbitrarily chosen set different from the middie set.
Equation (A8) can then be rewritten as follows:

3 & 4 ,
f=ig; li[l ~exp(—§(1 +a)’Rd” (A10)

where j is the number of sets with a rate lower, and & the number of sets
with a rate higher, than the rate of the reference set. The expression for
R becomes:

L
P (ALD)
D +ay

fmf

If the set chosen as reference set has the same evolutionary rate as the
complete molecnle, R acquires the value 1.

Expressions (AS5), (A8), and (A 10) can be well approximated by the
explicit equation

r=3{1-en] 315

if the parameter p is given an appropriate value, which depends on the
number of sets of different substitution rate, the distribution of the
number of residues over the sets (i.e., the series 1), and the ratio (1 +
a) of substitution rates between successive sets. In the case of eukary-
otic SSU rRNAs, a value of p = 0.26 was derived as described in the
Results section.

(A12)



