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Intrastrand base pairings give ribosomal and other RNA molecules characteristic structures that are important for 
their function. In order to maintain these structures, a substitution at one paired site may have to be compensated 
for by an appropriate substitution at the complementary site. Thus paired sites do not evolve independently of 
one another. Most current methods for inferring phylogeny from molecular sequences assume that the sites are 
independent and will therefore give statistically unreliable and possibly erroneous results when used on structured 
RNA sequences. We analyze a new probabilistic model for the evolution of double-stranded RNA molecules that 
considers substitutions of the base pairs rather than of each of the bases independently. The new model, called the 
double-stranded model, was incorporated into the neighbor-joining distance and maximum likelihood methods. 
Computer simulations show that maximum likelihood is very robust to the violation of the assumption of the 
independence of sites. In contrast, the neighbor-joining method is sensitive to such violations: the double-stranded 
model can provide a significant increase in the chance of obtaining the correct tree topologies with neighbor joining 
when distances are large and the tree is difficult to obtain. The new model also leads to lower but more realistic 
estimates for the statistical confidence in the branch lengths and tree topologies. 

Introduction 

Ribosomal RNA sequences have been extensively 
studied by molecular systematists as they are present in 
all forms of life and are for the most part conserved 
enough to allow the alignment and phylogenetic analysis 
of widely diverse organisms (see Hillis and Dixon [ 199 1 ] 
and Olsen and Woese [ 19931 for review). The evolution 
of the rRNA genes is also thought to accurately reflect 
the evolution of the genome since they are unlikely to 
be subject to processes that can produce discrepancies 
between the phylogeny of the gene and that of the species 
that carries it (see Doyle [ 19921 for review). The large 
size of the large subunit (LSU) and small subunit (SSU) 
rRNA sequences present a large data set of characters 
(the bases in the sequence) that are considered to evolve 
independently. Such a large character set reduces the 
chance of phylogenetic analysis being misled by chance 
homoplasies and increases the reliability of the trees ob- 
tained. 
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The assumption of independence of the characters 
is more for convenience than a true reflection of reality. 
Most methods of phylogenetic analysis assume that 
characters (bases or sites) evolve independently. This is 
deemed necessary as the mathematical formulation of 
the methods would be greatly complicated if the prob- 
ability of a substitution at one site were dependent on 
the identity of a base at another. The assumption of 
independence of characters is most clearly violated by 
RNA sequences, especially rRNA, and also tRNA and 
catalytic RNAs. These molecules form base pairs that 
give them their characteristic secondary and tertiary 
structures. The formation of these structures is necessary 
for the function of the molecule and is, for the most 
part, conserved throughout evolution (see, e.g., Gutell 
et al. 1992). 

The results of phylogenetic sequence comparisons 
show that a large proportion of the sequence in the small 
subunit (SSU) rRNA molecule is base paired. An ex- 
ample of this was shown by Vawter and Brown (1993), 
who found that over 40% of the molecule consists of 
paired sequences. The proportion of paired sequences 
may be underestimated since loops, bulges, and other 
“single-stranded” regions may in fact be involved in ter- 
tiary interactions. Wheeler and Honeycutt (1988) have 
shown that the observed number of compensatory sub- 
stitutions in 5s rRNA sequences was much higher than 
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8 Tillier and Collins 

would be expected if substitutions occurred indepen- 
dently. These authors suggested that the substitutions in 
base-paired regions should be weighted by a factor of 
one-half or be discarded altogether from the data. Since 
a large proportion of the molecule is paired, weighting 
would be preferable, but Dixon and Hillis ( 1993) recently 
argued that a weighting of one-half is too severe and 
showed how to obtain a more accurate weighting factor 
for use with maximum parsimony. Weighting may be 
appropriate when using the maximum parsimony 
method, but weighting is not appropriate when using 
model-based methods (maximum likelihood and some 
distance methods), since weighting does not correct for 
the inadequacies of the model. These methods will give 
statistically unsound and possibly erroneous results when 
the data do not meet the assumptions of the model used. 
All the models of substitutions in current use, such as 
the Kimura (1980) two-parameter model, have in com- 
mon the fact that the probability of a substitution does 
not depend on the occurrence of substitutions at other 
sites in the molecule. Unfortunately, this is surely not a 
valid assumption for base-paired sequences, which 
means that, for these sequences, the current models of 
substitution are incorrect. 

To determine whether the accuracy of the distance 
matrix and maximum likelihood methods is affected 
when the assumption of independence is not met by the 
sequences, we developed a model of substitution specific 
for double-stranded regions of RNA sequences that con- 
siders the substitution of base pairs rather than those of 
the individual bases. Distance equations as well as an 
implementation of the maximum likelihood procedure 
were obtained for this new model. This approach allows 
an examination of the accuracy of standard distance and 
maximum likelihood methods in estimating tree topol- 
ogy and branch lengths when the sequences have evolved 
following this “double-stranded” model. When sites do 
not evolve independently, the effect on any statistical 
test could be very serious since the number of indepen- 
dent data elements will be overestimated. Specifically, 
we have investigated the effect on a statistical test for 
the tree topology developed by Tajima (1992) that is 
used with the distance method. In addition, the potential 
effects of base pairing on other statistical tests used with 
maximum parsimony and maximum likelihood are also 
discussed. 

Methods 
The Model 

To determine the effect of base pairing on the ac- 
curacy of the standard models that assume the bases in 
the sequence evolve independently (which we will call 
“single-stranded” models), it was necessary to develop 
a model for the evolution of base pairs in the RNA as 

a standard for comparison and for the evolution of these 
base-paired sequences in computer simulations. If we 
consider only base-paired regions of an RNA molecule, 
each pair can be considered as the evolutionary char- 
acter. If, of all 16 possible base combinations, only Wat- 
son-crick pairings are allowed (A-U and G-C), then the 
bases are 100% dependent on one another (all substi- 
tutions are double-base substitutions), and it would be 
necessary to consider only half of the bases in sequence. 
However, non-Watson-Crick interactions can also form 
in RNA sequences (Chastain and Tinoco 199 1; Gutell 
et al. 1992), and of those, G-U base pairings are by far 
the most common (which make up lo%-25% of the 
base pairs) and also need to be considered. 

A schematic representation of the model of substi- 
tution for paired sequences is shown in figure 1. We call 
this the double-stranded model. Its transition probability 
matrix was described in a previous paper (Tillier 1994b). 
The model allows for only three possible base pairs: 
A-U, G-C, and G-U. All other base combinations are 
considered as single-stranded sites and not considered 
with this model. A more complete model that allows 
other base combinations will be reported later (E. R. M. 
Tillier and R. A. Collins, unpublished data). All trans- 
version substitutions are double-base substitutions oc- 
curring at an instantaneous rate p. We assume that single 
transitions occur to and from the G-U base pair at an 
instantaneous rate a, (only a single base is changed in 
this case). Although G-U base pairs are common in 
rRNA, some positions in the sequence never, or rarely, 
allow a G-U, which suggests a strong selection against 
G-U’s at certain positions. Transition substitutions are, 
however, very common, even at these sites. Conse- 

P .- 

FIG. 1 .-Model of substitution for RNA base pairs. This is a sche- 
matic representation of an instantaneous substitution model. There 
are six possible states for a site: A-U, G-U, G-C, U-A, U-G, and C-G. 
These can be considered in two groups, diagrammed here as the left 
and right columns. Within each group, single-transition substitutions 
occur at a rate a, to or from the G-U base pair, and double-transition 
substitutions occur at a rate a,, from A-U to G-C and vice versa. Trans- 
version substitutions occur between these two groups at rate p. The G, 
Q, and p are the rates of substitutions per unit time. 
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quently, a rate ad of instantaneous double transitions 
(from A-U to G-C and vice versa) is allowed in the 
model. Note that p, &, and od are rates of substitution 
and are not meant to imply anything about mechanisms 
or rates of mutation. The base-pair frequencies are al- 
lowed any value but are assumed at equilibrium. 

The equation for the modified distance measure 
between two sequences, separated by the evolutionary 
time 2t is obtained as in Cox and Miller (1977) from 
the transition probability matrix derived elsewhere (Til- 
lier 1994a, 1994b) and is given as 

K(2t) = - i [ 1-27r,,( 1 --n;,,)-27ra,7rIc,] ln( l-2@ 

- 2 [ 7cgu( 1 -X,,)- rr;2;*gu I( In 1-Q 
s 

2xgu( 1 -ngu) 
1 (1) 

w 

_ 2 ‘TCau%u 
l-n: 

tY 

Q, S, and D represent the frequencies of transversions 
and single and double transitions observed between the 
two sequences, respectively, and 7Cau, rc,,, and nn, are the 
equilibrium frequencies of the base pairs. The expression 
for the sampling variance of the distance was obtained 
according to Kimura (1980) from 

0; = E[(oK)2], (2) 

where 6K is a small change in Kgiven by 

(3) 

and where dK/dS, dK/dD, and dK/dQ are the derivatives 
of K with respect to S, D, and Q that can be obtained 
from equation (1). We also have 

JF[(~D)~] = D(l;D), E[6Q6S] = - $, (4) 

E[6Q6D] = - $, E[6D6S] = - $, 

where N is the number of sites. The distance formula is 
used to compute the matrix of pairwise distances for 
input into the neighbor-joining algorithm (Saitou and 
Nei 1987; Studier and Keppler 198’7) to obtain a phe- 
noeram. An implementation of the maximum likelihood 
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procedure for this model has been also described pre- 
viously (Tillier 19943). 

This double-stranded probability model is similar 
to previous single-stranded substitution models (such 
as the Kimura [ 19801 two-parameter model), but it 
considers the base pairs as the characters rather than 
the bases themselves. Otherwise, methods that use the 
double-stranded model will make the same assump- 
tions as with single-stranded models (i.e., the char- 
acters evolve independently and at the same rate ac- 
cording to a stationary Markov process; Cox and 
Miller 1977). 

Simulations 
With a model in place, a possible way to determine 

the effect of pairing could be to consider RNA sequences 
from species with known phylogenies. Such sequences 
could be analyzed with different models and methods 
in order to determine whether the double-stranded 
model gives a better estimate of the known solution than 
single-stranded models. Such an analysis would require 
several independent phylogenies in order to determine 
whether an improvement is statistically significant. Un- 
fortunately, there is no available data set of known phy- 
logenies in which both topologies and branch lengths 
are known. 

We have chosen an alternative approach using 
computer simulations to provide known, testable phy- 
logenies. Computer simulations have been used exten- 
sively to determine the effectiveness of the different tree- 
building algorithms (Sourdis and Nei 1988; Saitou and 
Imanishi 1989; Jin and Nei 1990) and to determine the 
effect of violating the assumptions of models of substi- 
tution (Fukami-Kobayashi and Tateno 1991). This “in 
compute” approach has the advantage that evolution 
can be simulated under different conditions. Different 
values for the parameters in the model of substitution, 
different trees, different lengths of sequences, and other 
factors can be used to determine the robustness of the 
phylogenetic analysis methods to these varying condi- 
tions. 

The evolution of sequences was simulated by 
making substitutions in a completely double-stranded 
random sequence of a given base-pair composition. 
Substitutions in the sequences occurred according to 
their probability, given the double-stranded model of 
substitution (fig. 1) and the known branch lengths of 
the tree in figure 2 rooted in the middle of the interior 
branch (as described in Tillier [1994a, 1994b]). Four 
sequences were thus obtained and then used to infer 
an unrooted phylogeny with both single-stranded and 
double-stranded models using neighbor joining and 
maximum likelihood. For neighbor joining, the Ki- 
mura ( 1980) distance measure was used for the single- 
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10 Tillier and Collins 

FIG. 2.-Generalized tree for four sequences. The nodes are num- 
bered from 0 to 5. The node R, in the middle of the interior branch, 
denotes the placement of the root of the tree, the starting point for the 
simulations. The branch lengths t,-t5 correspond to the time (as mea- 
sured in years or generations) between the two nodes connected by 
that branch. 

stranded distance method, and the modified distance 
equation for the RNA model given by equation (1) 
was used for the double-stranded method. For maxi- 
mum likelihood, the likelihoods of the three possible 
unrooted tree topologies were maximized using the 
EM algorithm, as derived previously (Tillier 1994b) 
for both a two-parameter, single-stranded model 
(Hasegawa et al. 1985) and the RNA double-stranded 
model described here. The single-stranded model al- 
lows different base frequencies and different rates of 
transitions to transversions (which need not be spec- 
ified). When applied to the double-stranded RNA se- 
quences, the single-stranded model is simplified since, 
for these sequences, the frequency of purines neces- 
sarily equals that of pyrimidines. The Hasegawa et al. 
( 1985) single-stranded model was used in comparison 
with our double-stranded model because it most re- 
sembles our double-stranded model in that it makes 
only one additional assumption: that the bases evolve 
independently. 

Besides the simple determination of the number of 
times the correct tree was obtained in the simulations, 
a measure of the discrepancy between the estimated and 
actual pair-wise distances in the tree, S, (Tateno et al. 
1982), was also calculated and given by 

(5) 

where n is the number of sequences (four, in this case), 
dij is the normalized estimated distance between se- 
quences i and j in the calculated tree, and dij is the cor- 
responding normalized distance in the tree used for the 
simulation (the true tree). The distances were normalized 
by dividing them by the estimated distance between se- 

quences 1 and 3, to allow comparisons between models. 
Values for the mean S, and its variance were also ob- 
tained for all these simulations. 

Statistical Test 

Tajima (1992) recently developed a statistical test 
for the tree topology similar to that of Nei et al. (1985) 
except that it did not depend on the assumption of a 
molecular clock. The test considers the quantity t, the 
estimated branch length of the interior branch (et is the 

Table 1 
Performance of the Double- (ds) and Single-Stranded (ss) 
Models in Obtaining the Correct Tree 

ea 

NEIGHBOR MAXIMUM 
JOINING LIKELIHOOD 

f" Kdb K,” ss ds ss ds 

Tree A:’ 
1 . . . 

0 . . . 

Tree B:” 
1 . . 

0 . 

0.10 0.09 172 171 169 177 
0.44 0.40 176 185 176 180 
0.78 0.69 167 173 174 173 
0.10 0.08 180 178 171 173 
0.48 0.40 181 179 182 178 
0.80 0.65 163 162 179 180 
0.10 0.09 166 169 171 176 
0.42 0.37 180 180 188 183 
0.75 0.65 155 164 173 171 
0.10 0.08 174 166 174 168 
0.44 0.33 181 172 183 178 
0.76 0.55 1 66d*e 140 171 172 

0.10 0.09 118 121 107 113 
0.44 0.40 121 126 147 149 
0.78 0.69 121 135 151 148 
0.10 0.08 126 117 107 106 
0.48 0.40 110 126 155 157 
0.80 0.65 107 1 35d 139 146 
0.10 0.09 120 119 98 105 
0.42 0.37 122 134 156 157 
0.75 0.65 102 121 144 139 
0.10 0.08 110 109 104 107 
0.44 0.33 109 116 156 160 
0.76 0.55 95” 114 131 139 

NOTE.-Results are the number of correct trees obtained from 200 simu- 
lations on double-stranded sequences of 300 base pairs. The equilibrium base- 
pair frequencies were set to II., = 0.25, x,, = 0.15, and IC, = 0.60. 

’ The simulations were carried out for various ratios of the values for the 
instantaneous rates in the model of fig. 1: e = ch/a, andf= c@. 

b Kd and KS correspond to the distances (number of substitutions divided 
by the length of the sequence) expected between sequence 1 and the root of the 
tree (R) as calculated with the double-stranded model and the single-stranded 
model, respectively. 

’ Tree A, tl/t2 = 1 and tlJt5 = 5. In Tree B, tlJtz = 10 and tlJts = 25 (see 
fig. 2). 

d Indicates a statistical improvement (increase) in that model over the other 
in obtaining the correct tree topology at the 95% level. 

’ Indicates a statistical improvement (reduction) in that model over the other 
in the mean S, value at the 95% level (data not shown). 
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Table 2 
Performance of the Double- (ds) and Single-Stranded (ss) 
Models in Obtaining the Correct Tree When Base-Pair 
Frequencies Are Equal 

NEIGHBOR MAXIMUM 
JOINING LIKELIHOOD 

4 f & KS SS ds ss ds 

l...... 1 0.10 0.08 121 123 100 108 
0.48 0.41 125 142 146 149 
0.7 1 0.61 123 142a 152 153 

3 0.10 0.08 116 120 109 105 
0.50 0.38 129 139 150 156 
0.75 0.56 123 127 139 141 

o...... I 0.10 0.08 122 119 102 112 
0.48 0.40 130 138 161 161 
0.72 0.60 105 131aqb 154 154 

3 0.10 0.07 126 125 103 110 
0.47 0.32 139 141 161 159 
0.78 0.53 llOb 123 142 145 

NOTE.-simulations were obtained with Tree B as in table 1, but with equi- 
librium base-pair frequencies x,, = lcgU = rrgc = I/?. 

a Indicates a statistical improvement (increase) in that model over the other 
in obtaining the correct tree topology at the 95% level. 

b Indicates a statistical improvement (reduction) in that model over the other 
in the mean .S, value at the 95% level (data not shown). 

estimate of the branch length t5 in fig. 2) of a four-species 
tree, divided by the standard deviation of the estimate: 

The variance of tyt is a maximum approximation since 
an estimate of its actual value can only be derived for a 
very simple one-parameter model. This variance is ap- 
proximated as 

d- 
Vma,( ty”‘) = f .i ,i V(dij) - $ 3 

1=1 J=l 

j-3 

(7) 

where dijis the estimated distance between the sequences 
i and j, and V(dij) is the estimated variance of that quan- 
tity derived from equation (2) for the double-stranded 
model and given by Kimura (1980) for the single- 
stranded model. The number of sites is indicated by N. 
Since t should be zero or negative for the wrong tree 
topology, the greater the value oft, the greater the con- 
fidence in the tree. To apply the test, the value for t is 
determined and declared significant if it is greater than 
a value c, which will depend on the desired level of con- 
fidence. An approximation to the distribution of c for 

the Kimura two-parameter model (Kimura 1980) was 
obtained by Tajima (1992) using simulations. 

Results 
Tree Topology and Branch Lengths 

To determine the extent to which the standard 
methods of neighbor joining and maximum likelihood 
were affected in the accuracy of their estimates when 
their assumption that the bases in the sequence evolve 
independently was violated, we investigated the behavior 
of these methods on double-stranded sequences under 
various conditions. Several values for the relative branch 
lengths in the tree, the length of the sequences, the base- 
pair frequencies, and other parameters in the model such 
as the transition-to-transversion ratios were set in the 
simulations to generate sequences. 

Two hundred simulations were carried out for each 
set of parameters and for several trees. The results of the 
simulations are given in tables 1-3, which show the 
number of correct tree topologies obtained with the sin- 
gle-stranded and double-stranded methods. The tables 
also show whether there was any significant difference 
between the calculated mean S, values for the two meth- 
ods. These quantities give a measure of the accuracy in 
the estimates of branch lengths. In table 1, the result is 
shown for Tree A and Tree B. These trees differ in their 
relative branch lengths tl/t5 and t2/t5 (see fig. 2). Also, 
Kd, the expected proportion of base-pair substitutions 

Table 3 
Performance of the Double- (ds) and Single-Stranded (ss) 
Models in Obtaining the Correct Tree with 1,000 
Base-Paired Sites 

NEIGHBOR MAXIMUM 
JOINING LIKELIHOOD 

e f & K ss ds ss ds 

1 . 1 0.10 0.09 165 162 165 166 
0.44 0.40 161 174 185 183 
0.78 0.69 142 173” 190 190 

3 0.10 0.08 165 166 170 172 
0.48 0.40 146 165” 182 184 
0.80 0.65 128 1 63”*b 188 188 

o...... 1 0.10 0.09 152 157 168 169 
0.42 0.37 154 163 186 186 
0.75 0.65 138 1 64b 185 179 

3 0.10 0.08 152 153 159 166 
0.44 0.33 159 168 184 192 
0.76 0.55 143b 157 178 187 

NOTE.-simulations were obtained with Tree B as in table I, but with 1,000 
paired sites. 

’ Indicates a statistical improvement (increase) in that model over the other 
in obtaining the correct tree topology at the 95% level. 

b Indicates a statistical improvement (reduction) in that model over the other 
in the mean S, value at the 95% level (data not shown). 
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(distance) between sequence 1 and the sequence at the Maximum-Likelihood Neighbor-Joining 
root of the tree was varied. For comparison purposes, 25.0 
K,, the corresponding distance in terms of expected sin- 

25.0 

20.0 20.0 
gle-base substitutions, is also given. The values for Kd 

15.0 
and K, were chosen so as to cover the range of variation g 

~ 15.0 

2 ‘z 
E 

in the sequences that is observed in SSU rRNA (E. R. 
2 10.0 al r 

M. Tillier and R. A. Collins, unpublished observation). z o’o 
‘e 5.0 be 0.0 

* The values for all the parameters were chosen in most -5.0 -5.0 

cases to approximate what they appear to be in the cur- -10.0 -10.0 

rent SSU rRNA database (as will be shown in a later 0.10 0.48 0.80 0.10 0.48 0.80 

paw-). Distance Distance 

Simulations were carried out for various ratios of q Equalbase-pair q Uncqualbm-pair H 1OOOsites 

the values for the instantaneous rates in the model of frequencies flkqmcic-s 

figure 1: e = ad/a, andf= o&L The number of sites for FIG. 4.-Difference in the ability of the double- and single-stranded 
these simulations was 300. and the base-oair freauencies methods of obtaining the correct tree from double-stranded sequences. 

were n,, = 0.25, z,, = 0. l;, x,, = 0.60 in tables-1 and 3 The percentage difference between the number of correct trees obtained 

or were all equal (nau = rcsu = nTc,, = l/3) in table 2. In with the double- and single-stranded models relative to the double- 

order to determine the effect of the base-pair composi- 
stranded results for both the maximum likelihood and neighbor-joining 
methods is shown. Tree B was used for the simulations, and the dif- 

tion, we performed simulations for one of the trees in ference is plotted against an increasing amount of expected divergence 
which all base pairs were given equal frequencies (table (distance) between the sequences. These are results selected from table 

2). The base and base-pair compositions were estimated 1 (unequal base-pair frequencies: x~, = 0.25, rrg,, = 0.15, x, = 0.60; 

from the empirical frequencies when estimating the trees. 300 paired sites), table 2 (equal base-pair frequencies: rrau = rcg,, = rrgc 

To determine the effect of sequence length, simulations 
= l/3; 300 paired sites), and table 3 (unequal base frequencies: rrau 
= 0.25, x,, = 0.15, rrgc = 0.60; 1,000 paired sites) with e = 1 andf= 3 

were also done with 1,000 base-pair sequences (table 3). in all cases. 

A selection of these simulation results are presented 
graphically in figures 3 and 4. These figures show the 

Bfrl ( yT,-; 
. 

0.10 0.48 0.80 

Distance 

25.0 n TreeB-ML q TreeB-NJ 

- 

0.10 0.48 0.80 

Distance 

reduction in the single-stranded models’ ability to obtain 
the correct tree compared to that of the double-stranded 
model (with which the sequences were actually evolved 
and therefore expected to do better). A wider selection 
of trees and of parameter values have been explored 
(Tillier 1994a). 

In most cases, there is no statistically significant 
difference in the observed mean S, values between the 
single-stranded and double-stranded approaches with 
both the neighbor-joining and maximum likelihood 
methods. However, the results with the neighbor-joining 
method clearly show that there can be a significant re- 
duction in the ability to obtain the correct tree with the 
single-stranded approach at higher sequence divergence 
(high &) and when the tree topology is “difficult” owing 
to a short interior branch length (small ts) or some long 
exterior branches (high tl). Tree A is not “difficult,” and 
the single-stranded and double-stranded models perform 
just as well. However, in Tree B (table 1 and fig. 3), in 
which t5 is 25 times shorter than tl, there can be a re- 
duction of up to 20% in the number of correct trees FIG. 3.-An example of the difference between the single- and . . . . . . . . - _ . _ _ . . . 

two trees (A and B) and with both the maximum likelihood (ML) and 
double-stranded methods in their abilitv to obtain the correct tree. For 

neighbor-joining (NJ) tree-building algorithms, the differences between 
method relative to the double-stranded neighbor-joining 
obtained with the single-stranded neighbor-joining 

method. 
the number of correct trees found by the double- and single-stranded 
methods normalized as a percentage of the double-stranded results (% 

The maximum likelihood method performs gen- 

difference) is plotted against an increasing amount of expected diver- erally better than the neighbor-joining method, but, 
gence (distance) between the sequences. These results correspond to e more important, it appears to be very robust toward the 
= 1 and f = 3 in table 1. violation of the assumption that sites evolve indepen- 
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dently. As is readily evident in the examples of figures 
3 and 4, there is no significant reduction in the accuracy 
of the single-stranded maximum likelihood when used 
on double-stranded sequences compared to when the 
correct double-stranded model of substitution was used 
to estimate the tree. This finding was surprising since 
the likelihood of the tree is taken to be the product of 
the likelihoods at every site (Felsenstein 198 I), which 
would, of course, only be true if the sites were indepen- 
dent. 

Table 1 presents one case in which the double- 
stranded neighbor-joining method appeared to perform 
significantly worse than the single-stranded neighbor- 
joining method (Tree A, e = O,f= 3) when the distance 
and the transition-to-transversion ratio were high. This 
was probably due to an overestimation of the rate of 
double transitions by the double-stranded model because 
a very high frequency of single transitions will lead to 
many apparent double transitions. In five of the 200 
simulations, the tree was not even estimated as it was 
not possible to calculate at least one of the pairwise dis- 
tances between the sequences, because a negative quan- 
tity was obtained in a term for which the logarithm is 
needed in the distance equation ( 1). 

Tajima Test 

To determine the difference in the behavior of the 
test statistic t in Tajima’s test, 1,000 simulations were 
run with both the double-stranded and single-stranded 
neighbor-joining methods. For each tree estimated, it 
was determined whether it had the correct topology (i.e., 
the same as that used to obtain the sequences), and the 
value of the statistic t was calculated. Figure 5 shows the 
percentage of trees for which t was greater than a given 
value c. The top graph considers all the trees that were 
obtained with the incorrect topology, and the bottom 
graph shows this for those trees obtained with the correct 
tree topology. These graphs show that the distribution 
of c is wider for the double-stranded model than for the 
single-stranded model. For example, if c = 1, that is, if 
the tree topology is accepted as the correct one when t 
> 1, we will in fact accept the wrong tree a few times 
(-0%) with the double-stranded method, but more often 
(> 10%) with the single-stranded method (see fig. 54; c 
= 1). The single-stranded method thus has a greater 
probability of committing a Type I error (rejecting the 
correct tree topology and accepting an incorrect tree to- 
pology) than the double-stranded method. The right tree 
would also be accepted as correct more often with the 
single-stranded method (see fig. 5B; c = 1) so that the 
single-stranded method gives more confidence in the tree 
obtained, whether the topology was correct or incorrect. 
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1.5 2 2.5 3 

C 

Right Tree 

n ss right 

0 ds right 

0 0.5 1 1.5 2 2.5 3 

C 

FIG. 5.-Distribution of Tajima’s statistic with the single- and 
double-stranded models. The graphs show the percentage of correct 
and incorrect trees obtained with the double-stranded (ds) and single- 
stranded (ss) methods, out of 1,000 simulations, for which Tajima’s 
statistic t (see text) was found to be greater than the value of c, plotted 
against increasing values of c. A, The percentage of those trees that 
had the incorrect tree topology is shown; B. the percentage of the trees 
obtained with the correct topology is shown. Tree B (see table 1) was 
used for these simulations, and the expected value for the distance in 
the interior branch t5 was 0.02. Other values for the simulation were 
UP = %/S = 3, 763” = 0.25, rrpU = 0.15, and rc, = 0.60 over 300 sites. 

Discussion 

Previous model-based phylogenetic analyses of 
structured RNA sequences have assumed that all sites 
evolve independently of one another, an assumption 
clearly violated by conserved base pairings in these se- 
quences. We have developed a model for the base-paired 
regions of RNA that takes into account the observed 
intersite dependence due to the maintenance of base 
pairing. The model allowed us to investigate by computer 
simulation the accuracy of the standard maximum like- 
lihood and neighbor-joining methods in their ability to 
estimate the tree topology, branch lengths, and a measure 
of statistical confidence in the trees obtained when used 
with base-paired sequences. The accuracy of the standard 
neighbor-joining and maximum likelihood methods was 
compared to the accuracy of the corresponding methods 
that used the substitution model we derived for the evo- 
lution of the base pairs. This allowed us to determine 
the reduction in accuracy of the phylogenetic inference 
methods attributable to using the wrong model of sub- 
stitution, as opposed to that expected from the greater 
sampling error that is inevitable because of the reduced 
number of independent characters. 
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Our simulations have shown that the maximum 
likelihood method is very robust toward the violation 
of the assumption that sites evolve independently made 
by the model of substitution. On the other hand, the 
simulations show that the neighbor-joining distance 
method can be sensitive to such violations, and its ability 
to obtain the correct tree topology can be significantly 
reduced because the sites are not evolving independently. 
This case results particularly when the tree is difficult 
and contains long branches. An investigation of the test 
statistic developed by Tajima (1992) reveals that the dis- 
tance method will also overestimate the statistical con- 
fidence in the estimates of tree topology. 

Actual RNA sequences will have a mixture of dou- 
ble- and single-stranded sites; therefore, the error ex- 
pected from an inappropriate application of the single- 
stranded method will be reduced by the proportion of 
actually independent, single-stranded bases in the se- 
quences. To combine both double- and single-stranded 
sites, it is necessary to know the structure in advance 
and for the two models to be applied separately to the 
appropriate sites. A combined likelihood function would 
simply be the product of the likelihoods at the two types 
of sites, while a combined distance measure would be 
the weighted average of the two distances. A difficulty 
would arise in such a combined analysis, since the dou- 
ble-stranded model of substitution proposed here allows 
only A-U, G-U, and G-C base pairs in the double- 
stranded regions. As shown by the SSU rRNA data set, 
many sites may sometimes have other base combinations 
even though there may be strong selection against un- 
paired bases in those regions. A more accurate and com- 
plete model that allows for other base combinations in 
double-stranded regions has been developed (E. R. M. 
Tillier and R. A. Collins, unpublished data). 

The study of Tajima’s ( 1992) test for tree topology 
led us to the observation that single-stranded methods 
give overestimates of the statistical confidence in the trees 
obtained from base-paired sequences. This result was 
expected since, in considering those double-stranded 
sites, the number of independent sites is reduced by one- 
half from the number of single-stranded sites, which 
thereby increases the variance of any estimate obtained 
from the sequences. This overestimation of the number 
of independent data will also affect statistical procedures 
that do not use a parametric formula for the variance 
of estimates, such as the bootstrap and the jackknife (see 
Felsenstein [ 19851 for review) or the one developed by 
Kishino and Hasegawa (1989) for use with maximum 
likelihood. A second, related reason for an unjustifiable 
increase in confidence is that, when a phylogenetic in- 
ference is made from an analysis of sequences containing 
both unpaired and paired sites, the patterns of substi- 

tution observed at the paired sites will be over-represented 
in the data (and therefore in the bootstrap samples, for 
example). To apply statistical procedures to sequences 
containing both single- and double-stranded sites, it is 
therefore necessary to have an appropriate weighting 
factor for the double-stranded sites. A weighting scheme 
could be obtained by the method of Dixon and Hillis 
(1993). A weighting scheme based on probability models 
of substitution will be presented elsewhere (E. R. M. 
Tillier and R. A. Collins, unpublished data). 

Our finding that the maximum likelihood method 
is robust to violation of independence of characters was 
a surprising and welcome result since it implies that, as 
long as single- and double-stranded sites are treated as 
separate categories, currently available implementations 
of maximum likelihood (DNAML and fastDNAML) 
will not be adversely affected (although confidence es- 
timates will be overestimated). The neighbor-joining 
method is not robust, however, particularly when con- 
sidering highly diverged sequences. The final outcome 
is that, when compared to a purely single-stranded anal- 
ysis, taking base pairing into account can improve the 
chance of obtaining the correct tree but with a lower, 
more realistic confidence in the tree obtained. 
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