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ABSTRACT It has often been suggested that the frequently
observed Watson-Crick base-pair compensatory substitutions
in RNA helical structures occur mainly through a slightly
deleterious G'U intermediate state. We have scored base sub-
stitutions in a set of82 related Drosophila species for the D1 and
D2 variable domains ofthe large rRNA subunit. In all locations
where a G-C +- A-U compensatory base change occurred, a
G-U pair has been observed in one or several species. As this
dominant process implies two transitions, their rate was far
higher in paired regions (92%) than in unpaired regions (47%).
The other types of compensation were rarer and no interme-
diate states were observed. Most ofthe GNU base pairs observed
in a species are not slightly deleterious. The rate of evolution of
compensatory substitution is close to that predicted by a simple
model of compensatory substitution through slightly deleteri-
ous or slightly advantageous GNU pairs, although some excep-
tions are presented.

The secondary structure of rRNAs is remarkably uniform
across taxa (1-3). This conservation is ensured by a special
pattern of base change known as compensatory mutation
(although what is observed is a compensatory substitution):
when a substitution has occurred at a given site, the corre-
sponding site, located vis-A-vis in the helical structure formed
by the folding of the single RNA strand, also exhibits a
change that restores the Watson-Crick base complementar-
ity.

This observation is so general for the "stable" RNAs that
the most efficient method used to confirm a secondary
structure inferred from a sequence is based on the observa-
tion in various species of compensatory substitutions in the
putative helices. Biochemical studies (4) or functional studies
ofdouble mutants (5, 6) have confirmed results obtained with
the comparative method.
A simple model assumes that A-U* and G-C are optimal

and stable states and that A-U * G-C compensatory substi-
tutions occur mainly through a slightly deleterious interme-
diate GNU state that is somewhat less stable but retains the
helical structure. This slightly deleterious intermediate would
be short-lived and, therefore, rarely observed. The low
frequency of G-U in RNA sequences is generally explained in
this way (7, 8). However, when only distantly related species
are compared, as usual, there is no evidence that the G-U
pairs effectively observed are deleterious or fugacious (9). In
fact, some of these pairs may be deleterious states whereas
others may be conserved over more or less prolonged times.
The terms fugacious and stable states have a temporal
significance and the time reference will be the average life
span of a neutral pair (see Results).
The recognition of intermediate states per se must be

achieved through comparison of numerous and related se-

quences that have evolved during a short time. This requires
the study in related species of a region of the molecule
variable enough to allow the observation of a sufficient
number of substitutions. For this purpose, we have focused
our study on the sequence of the divergent (or variable)
domains D1 and D2 (10) of the 28S rRNA of 82 species of
Drosophila and related drosophilids. This situation has sev-
eral advantages. (i) The regions studied offer a high number
of mutations in these two divergent domains. (ii) The phy-
logenetic analysis of the substitutions allows the events to be
polarized. (iii) The fact that species are very related allows us
to reconstruct the substitution pattern step by step, with a
good approximation. This is because, in species clusters, the
fixation of compensated stable states may not be achieved in
all species and one or several sequences may still carry
remnants of the deleterious states.

MATERIALS AND METHODS
Species. We have used the D1 and D2 sequences ofthe large

rRNA subunits from 82 Drosophila and related species (Fig.
1), obtained in this laboratory. D1 and D2 domains of
Drosophila (Scaptodrosophila) dimorpha, Chymomyza bi-
color, and 26 cyclorrhaphous Diptera have also been se-
quenced, and 20 additional D2 sequences have been taken
from the literature (11). Sequences of these 48 additional
species have only been used to design secondary structures
but they were not taken into account to establish the pattern
of substitutions.

Sequences. The divergent domains D1 and D2 [sensu (10)]
of the large rRNA subunit (28S), totaling about 545 nucleo-
tides have been sequenced by the direct method, using the
RNA as template (12). Total RNA was extracted by the
lithium chloride method (13).

Sequence Aligment and Secondary Structure. Multiple
alignment was carried out manually as well as automatically
with the Clustal program (14). A very short segment (2-5
bases, positions 218-221 in Fig. 2) in a loop of the D2 domain
has been excluded from the analysis because a high rate of
insertion and deletion in these positions prevented safe
reconstitution of substitution pathways. Secondary struc-
tures were determined using Zuker's algorithm (15). These
structures have been confirmed or corrected through evi-
dence of compensatory base changes from the sequences of
the 130 species listed above.

Phylogeny and Pattern of Substitution. The general phylog-
eny of Drosophilidae has been analyzed by various parsi-
mony and distance methods (M.P. and M.S., unpublished
data). A more detailed analysis of the phylogeny of the

Abbreviation: Myr, million year(s).
*Standard IUB nomenclature for nucleic acids (33) is not used in this
report. Rather, the following nomenclature is used. A hyphen is
used for Watson-Crick base pairs in rRNA helices: G-C and A-U.
A dot is used for G-U base pairs. No punctuation is used for
unpaired nucleotides: A C, A A, and U U.
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D(S.)sturtevanti UA AU UA CG AU GU UA AU UA GC AU GC
D(S.)mrginata UA AU UA CG AU AU UA AU UA GC AU GC
D(S.)prosaltans UA AU UA CG AU AU UA AU UA GC AU AU
D(S.)neocordata UA GU UA CG AU AU UA AU UA GC AU AU
D(S.)wilListoni UA GU UA CG AU CU UA GU UA GC AU CU

D(S.)tropicatis UA GC UA CG GU UA GU UA GC GU
D(S.)nebulosa UA GC UA CG AU GU UA GU UA GC AU GC
D(S.)erecta UG GC UA CG AU GU UA GU CG GC AU GC
D(S.)orena UG GUUA CG AU GU UA GU CG GC AU GC
D(S.)wlanoaster UG GC UA CG AU GU UA G CG GC AU GC

r D(S-)sechella UIG GC UA CG UA GU LA GU CG GC AU GC
DCS.)si.uLans UG GU UA CG UA GU UA GU CG GC AU GC
D(S.)teissieri UG GC UA CG AU AU UA GU CG GC AU GC
D(S.)yakube UG GC UA CG AU AU UA GU CG GC AU GC
D(S.)eugracilis UG GC U CG AU GU UA GU CG GC AU GC
D(S.)takahashii UG GU UA CG AU G UA GU CG GC AU GC
D(S.)mlmtica UG GC U CG AU GU UA GU UG GC AU GC

{ D(S.icus ia UG GC UA CG AU GU U U CG GC UAU
D(S.)eLegare UG GC LA CG AU GU UA GU UG GC LA GC
D(S.)vaLliia UG GC UA UG AU AU UA GU UA GC AU GC
D(S.)varians UG GC UA CG AU AU UA G UA GC AU GC
D(S.)mLerkotliana UG GC UA CG AU GU UA GU UA GC AU GC
D(S.)ananassae UG GC UA CG AU GU UA G UA GC AU GC

IFl D(S.)fim. UG GC CG GU UA GU CG GU GC
D(S.)azteca UG GC UA UG AU AU UA AJ UG GC AU GC
D(S.)peIuoobscura UG GC A UG AU GUUA AU UG GC AU GC
D(S.)gituensis UG GC UA U AU GU UA AU UG GC AU GC
D(S.)guanche UG GC UA UG AU GU UA AU UG GC AU GC

tL D(S.)suobcura UG GCLAUG AIJ GUJ LA AU UIG GC AU GC
D(S.)obscura UG GC UA UG AU GU UA AU UG GC AU GC
D(S.)burlai UG GU UA CG AU GU UA GU CG GC AU GC
D(S.)dossoni UG GU UA CG NU GU UA U CG GU AU NN

_ D(S.)bakoue UGGUUACGAUGUAGUCGGCAUGC
D)(S.)mlagassya UG GU UA CG AU GU UA GU CG GC AU GC
D(S.)vulcana UG CU UA CG AU CU UA GU CG GC AU GC
D(S.)leontia UG GC UA CG AU U UA W CG GC AU GC
D(S.)tsacasi UG U UA CG AU U U CG GC AU GC
D(S.)greeni UG WU ACG GU UA U CG GC AU GC
D(S.)serrata UG GC UA CG AU GU UA CA GC AU GC
D(S.)bocqueti UG GC UA CG AU GU UA GU CG GC AU GC
D(D.)repLetoides UA GC UA UA AU AU UA U CG GC AU AU

D(D.)buzzati UA AU UA CG AU AU UA GU CG GC AU AU
D(D.)camargoi UA GC UA CG AU GU UA AU CG GC AU AU
D(D.)hydei UA GC UA CG AU AU UA GU CG GC AU AU

L D(D.)repLeta UA GC UG CG AU AUUA U CG GC AU AU
D(D.)gaucha UA GC UA CG AU GU UA GU CG AU AU
D(D.)gibberosa UA GC UA CG AU W UA U CG GC AU AU
D(D.)tatamnncana UA GC UA CG AU GU UA GU CG GC AU AU
D(D.)arecatacas UA GC UA CG AU GU UA GU CG GC AU AU
D(D.)viritis UA GC UA UG AU CU UA GU CG GC AU AU
Scap.pallida UA GC AU UG AU GU UA GU UA GC AU AU

rSa.leonensis UA GC UA CG AU UA GU UG AU AU AC
D(D.)lineosa UAGCUACGAUWUAWCGGCCAUAU
D(D.)buskii UA GC UA CG AU W UA GU CG AU AU AU

L -L D(L.)andalousiaca CG GC UA CG AU GU AU UA UG GC AU AN
D(D.)fraburu UA GC UA CG AU GC UA AU CG GC AU AU

D(D.)potychaeta UA GC UA CG AU AU UA GU UG GC AU AU

D(D.)iri UA UA CG AU AU UA GU CG GC AU AU
D(D.)metzei UA GC UA CG AU UA GU CG AU AU

Z.guesquieri UA GC UA CG AU W UA U CG GU AU AU
Z.inermis UA GC UA CG AUWUUA W CG AU AU AU
Z.tubercutatus UA GC UA CG AU GU UA W CG AU AU AU
Z.sepsoides UAGCUACGAUCUUACUCGAUAUAU
Z.koLodkineae UA GC UA CG AU GUA CG AU AU AU
Z.koroleu UA GC UA CG AU U UA U CG AU AU AU
Z.indianus UA GC UA CG AU CU UA GC CG AU AU AU
Z.capensis UA GC UA CG AU GU UA GC CGAAUAU
D(D.)peLLidipennis UA GC UA CG AU GU AAU CG GU AU AU
D(D.)guaranum UA GC UA CG AU CUUA GU CG AU AU

D(D.)mediopictoides UA GC UA CG AU CU UA CU CG CU AU AU
D(D.)9uarani UA GC UA CG AU GU UA GU CG GU AU AU

D(D.)funebris UA GC UA UG AU U UA U CG GU AU AU
D(D.)phaterata UA GC UA CG AU GU UA GU CG CU AU AU
D(D.)arawakana UA GC UA CG AU CU UA CG CU AU AU
D(D.)kuntzei UA GC UA CG AU CU UA GU CA GU AU AU
D(D.)aLbirostris UG GC UA CG AU AU UA CU CG AU AU
D(D.)imigrans UG GC UA CG AU CU UA GU CG GC AU AU
D(D.)rubida UG GC UA UG AU CU UA GC CG GC AU AU
D(D.)aracea UA GC UG UA AU CU UA AU CG AU AU AU
D(D.)sternopLeuratisUA GC UA UA AU CU UA AU CG CU AU AU
D(D.)robusta UA GC UA CG AU CU UA CU CG GC GU AU

D(D.)meLanica UA GC UA CG AU AU UA GU CG GC AU AU

FIG. 1. Working phylogeny and sequences of the 12 compensat-
ing base pairs. The tree was obtained using the neighbor-joining
method and rooted with Leucophenga maculata. Dotted lines cor-
respond to the deepest branches of the phylogeny, which were not
taken into account in the analysis. D., Drosophila; S., Sophophora;
L., Lordiphosa; Scap., Scaptomyza; Sam., Samoaia. Letters a to I
at the top identify the base pairs on Fig. 2.

subgenus Sophophora is presented elsewhere (16). The tree
has been rooted using outgroups progressively closer to the

set of species analyzed. A reliable and closely related out-
group, Leucophenga maculata (Drosophilidae, Steganinae),
has thus been finally retained. The phylogenetic tree pres-
ently used (Fig. 1) has been established using the neighbor-
joining distance method (17). The genera Zaprionus, Scap-
tomyza, and Samoaia are clustered within the subgenus
Drosophila, in agreement with Throckmorton (18).
We have plotted on the tree, for each site, the substitution

pathways compatible with the general topology, retaining the
most parsimonious one(s). Substitutions were polarized
(e.g., A -k U and U -* A substitutions were distinguished).
When alternative substitutions were possible, we did not
attempt to chose between them. So, about 10%o of substitu-
tions were not included in the analysis (they did not appear
to be of a particular type). Moreover, no substitutions were
inferred for the deepest branches of the phylogeny (dotted
lines in Fig. 1) because such data would have been unreliable.
The variability has been estimated for each site by the
minimum number of substitutions (including the 10% men-
tioned above not used for substitution nature) required to
explain the distribution of nucleotide states across species.

RESULTS
Secondary Structure. The secondary structures of the D1

and D2 domains are presented in Fig. 2. These structures
illustrate a specific type of interaction between bases, the one
that usually emerges from compensatory mutation studies.
They are neither a record of all possible interactions between
bases nor do they show the folding of naked rRNA deduced
from a specific sequence.
Time Scale. The total length of the tree, estimated by the

sum of the length of its internal and terminal branches (the
deepest ones have been discarded), has been converted into
absolute time. We have used divergence time estimates
available in the literature for some species pairs [subgenus
Drosophila-subgenus Sophophora, 50 million years (Myr)
(19); Drosophila willistoni-Drosophila melanogaster, 50 Myr
(19); Drosophila obscura-D. melanogaster, 45 Myr (19, 20);
D. melanogaster-Drosophila orena, 6 Myr (21)] and their
corresponding patristic distances (data not shown) to extrap-
olate time calculations to the total set of species used. An
estimate of 1-2 billion years was obtained for the whole tree.
The most variable sites experienced 14 (3 sites) and 16 (1 site)
substitutions within the unpaired regions. So, the corre-
sponding evolutionary rate (10-8 per site per year if the total
time is 1.5 billion years) of these rDNA sites is slightly under
the Drosophila neutral rate equal to 1.8 x 10-8 (20).

Substitutions. Substitutions were inferred separately for
nonpaired and paired positions and, for the latter, were also
classified as a function of the vis-a-vis nucleotide. Their
location and number are plotted on secondary structures in
Fig. 2. The overall substitution rate is higher in unpaired
regions (412 substitutions for 275 nucleotide positions) than
in paired ones (144 substitutions for 133 pairs, i.e., 266
nucleotide positions). Sequences of pairs where compensa-
tion occurs are given in Fig. 1.

If we consider now the nature of substitutions (they were
not determined for about 10% of the substitutions), we found
for nonpaired regions, a total of 176 transitions and 201
transversions, 140 of the latter being A + U. This bias
persists in the relative rates, when the number of substitu-
tions is weighted by the frequency of the nucleotide consid-
ered. By contrast, there are only 11 transversions for 123
transitions in paired regions (Fig. 3).

Evidence for Compensatory Substitutions and Intermediate
States. The pathways ofpolarized substitutions from one type
of pair to others inferred in helices are given in Fig. 3. By far,
the most common pathway is G-C +- GNU + A-U; although
not oriented 5' -- 3' in the figure, these compensations

Evolution: Rousset et al.
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always appeared as the result of two transitions, G * A and

C U, never of two transversions, G + U and C * A. The

distribution of GNU among base pairs and among species is
detailed in Table 1. The potential intermediate pair COA,
which also allows compensation through two transitions, was
very scarce in the sequences and was observed only three
times (Fig. 1).
The only other compensation observed was A-U +- U-A

(four observations, Fig. 3) but no intermediate states (A A or

U U) are known in these positions.

FIG. 3. Substitution pathways in paired regions. In the hexagonal
boxes are indicated the average numbers of the types of pairs
observed in the sequences of the 82 Drosophila species over 133
positions. The total number of polarized substitutions observed from
one pair to another is indicated on the arrows; the relative substi-
tution rate (number of substitutions divided by the number of pairs)
is indicated for the four higher rates by smaller italic numbers.
Open-shafted arrows correspond to the pathways requiring two
substitutions. In addition to the ways indicated, a change, A C
U'A (two transversions, no intermediate), was observed once.

A Substitution Model. The more deleterious a GNU is, the
rarer it is because, when generated by a mutation, it rarely
reaches fixation and if it does, it is rapidly replaced by an
advantageous mutant. So, we may expect some relationship
between the frequency of G-U among species and the sub-
stitution rate. The relation between these two parameters can
be established from a Markovian model-i.e., by assuming
that probabilities of change between different pair states are
constant over evolutionary time, for the main pathway of
compensatory substitution:

r1 r3
A-U GNU = G-C

r2 r4

where the ri values are the substitution rates (all substitutions
in this scheme are transitions) between corresponding pairs.
These substitution rates are defined as the product of the
mutation rate (in fact transition rate u) by the population size
2N and the probability of fixation of a mutant k(N, s) = 2s/[1

Table 1. Distribution of GNU pairs among base pairs and species
Type of No. of G-U in indicated type of
position positions position, average no. per species
A 8 2.61
B 12 0.66
C 10 1.24
D 4 4
E 4 0.04

Total 38 8.55

A, positions where A-U + G-C substitutions occur in the analyzed
drosophilids; B, positions where A-U + G-C substitutions occur
among other dipteran species; C, variable positions where no com-
pensatory substitutions are known; D, GNU present in all analyzed
drosophilids; E, position where only A-U *- U-A compensatory
substitutions are observed among the analyzed drosophilids.

10034 Evolution: Rousset et al.
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- exp(-4Ns)], dependent on the selective pressure s and on

N (22). So ri = 2Nuk(N, s). From basic Markov chain theory
(23), the equilibrium frequency of G'U at a base pair (f&u) in
the sequences is:

fG.u = [1 + (r2/rl) + (r3/r4)]7'. [1]

Homozygotes for A-U and G-C are considered to be selec-
tively equivalent, homozygotes for GNU have a fitness of 1 +
2s and we suppose semidominance. If we assume that all
transition rates are identical, then

fG.u = [1 + 2(1-e-4Ns)/(e4Ns 1)]--

= (1 - 1/X)/(2X- 1/X- 1), [2]

where X = e-4Ns. Conversely,

X = (1 -fGu)/(2fG-U) [3]

So Ns can easily be estimated from fG u.

For a given paired position in helices, the average substi-
tution rate, denoted Sr and corresponding to the sum for the
two bases of the pair, is the sum of the ri weighted by the
frequency of the starting state. If equilibrium is assumed,
then its value in such a three-state model is necessarily twice
the rate of substitution of the obligate intermediate state
toward the two others:

Sr = 2fG.u(r2 + r3) = 4fG.u[2Nu2s/(1 - e4Ns)]

= 4ufG.u(l -fG.u)ln[l -fG-U)/2fG.UI/(1 - 3fG.U)

(from Eq. 3). [4]

This gives the shape of the theoretical curve (Fig. 4). To
draw this curve, we need the total time (1.5 billion years, see
above) and the transition rate u. The value of u has been

substitution number

15-

10-

5-

k

6-

4-
96

7+

/

/
b

* /!
,, 0

dc o
JAA

0-2
9-A
to

0 0.33

A

Oh \

0

0.66

frequency of G-U

FIG. 4. Relationship between the observed frequency of G-U at
a given pair position in helices among species and the inferred
number of substitutions for the two paired sites, as compared to the
Markovian model (see Results). Others symbols are as in Fig. 2,
except *, positions where A-U ++ G-C substitutions occur; *,

constant Watson-Crick base pairs; and cl, positions where A-U +-

U-A, but no A-U +- G-C, substitutions occur (attributable to two

transversions, given only for indication). Italic numbers are the
number of points. Letters a to I are as in Figs. 1 and 2. The curve was

drawn as described in Results. +, Neutrality point; *, category D in
Table 1.

estimated from the highest synonymous substitution rate Ks
of Sharp and Li (20) (1.8 x 10-8), the approximation Ks = 3(u
+ v)/2 [from equation 7 of Li et al. (24)], and u/(2v) =
176/201 as inferred from unpaired positions of the D1 and D2
domains, where v is the transversion rate. From these
relationships, u = 0.75 x 10-8. In this case, a neutral
transition occurs every 1/u and the life span of a neutral G-U
will be half this time, 1/(2u) = 66.5 Myr (a transition on either
nucleotide restoring a Watson-Crick pair). This time can be
taken as an objective boundary between fugacious (delete-
rious) and stable (advantageous) states.

In such a model, iffG.u = 1/6, then s is approximately equal
to -0.9/(4N) (from Eq. 3), and the mean life span of G-U
pairs will be [2u2Nk(N,-s)]-1 = 43.5 Myr. This is also the time
during which the base pair was in the state G U, divided by
half the number of substitutions: so it is inversely propor-
tional to the slope of the line joining the origin to the
corresponding point on the curve. The value ofN is unknown
but s is obviously very small.

Points for individual base pairs are plotted on the same
figure, their coordinates being observed G-U frequency and
inferred substitution numbers. The curve closely approxi-
mates the points for the most variable positions.

DISCUSSION
Reliability of the Substitution Record. The secondary struc-

ture of the D1 domain is the one found for the mouse (10) and
for various eukaryotes, including D. melanogaster (25), by
thermodynamic, comparative, and chemical analyses. The
general outline of the D2 domain, with the relative position of
its three arms, is similar to the one established for several
eukaryotes by Michot and Bachellerie (26). The comparison
of 130 dipteran sequences rendered the secondary structures
established unambiguous.
The estimations of number of substitutions appear robust

with regard to other possible phylogenies. The record of
substitutions would not be significantly modified if, in some
branches, an alternative topology had been used: the substi-
tutions inferred often correspond to nucleotides singular to a
given species or common to a group of species; whatever the
real local topology, the nucleotide change inferred would
have been the same. This can be checked for positions where
compensatory substitutions occur from Fig. 1.
The high density of closely related species used allows us

to detect most of the intermediate states. However, by
application of the parsimony criterion, there is a risk of bias
in the substitution record ensuing from the fact that unde-
tected substitutions belong preferentially to the types occur-
ring faster (positively selected). This may explain why the
number of substitutions from G&U to Watson-Crick is appar-
ently lower than the reverse (Fig. 3).
The Multiple Nature of G-U States. The frequency of G-U

pairs is low in the sequences (8.6/133). This is expected if
G-U pairs are deleterious. However, when a G-U pair is
conserved in all species, it is clear evidence of selection in
favor of GU in that position. We have observed four such
pairs in our sequences (three in D1 and one in D2, this last one
being well conserved in other Diptera). Such situations are
also known elsewhere: in 16S rRNA (27), 5S rRNA (28), 23S
rRNA (29, 30), self-splicing introns (31), and many other
RNAs.

Positions where compensation occurs correspond to pairs
with high G*U frequency as well as pairs with low G-U
frequency. In some positions, G U pairs are more frequent
than expected under neutrality (Fig. 4) and thus these long-
lived pairs are, at least most of the time, at selective advan-
tage. Only in the remaining base pairs, where G-U pairs are
rare and thus contribute only a small part of the G'U pairs

Evolution: Rousset et al.
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encountered in a sequence, may these G-U pairs be effec-
tively deleterious.

Relation Between GNU Frequency and Nucleotide Variability.
The overall frequency of G&U in sequences (8.6/133) is not
appropriate information to elucidate the constraints on the
evolution of compensatory substitutions, since the nature of
G-U pairs is variable from position to position. More generally,
it is unsafe to conclude from data pooled from various posi-
tions under different constraints (such as Fig. 3). It is better to
investigate each base pair separately, as in Fig. 4. Although the
frequency of G'U pairs is an observation from sequences that
are not independent, the comparison of data to expectations
from the Markovian model yields some clear results.
The rarest GNU pairs are found in sites where the substi-

tution rate is lowest. An exception is the isolated group of
three points (circled in Fig. 4). It corresponds to three sites
located near the stem of the D1 domain that exhibit parallel
patterns of substitution: two GNU pairs were conserved in the
Sophophora subgenus and were variable in the other species.
The reverse is true for the third pair. This observation is best
explained if the selective value of these G-U pairs was
changed in the course of evolution within the genus Dro-
sophila, perhaps through the exchange ofthe positions where
GNU occur. Their intermediate position on Fig. 4 should
reflect this change.
The absence of compensation in some positions where the

frequency of GNU is relatively high and substitutions are
numerous suggests that in these positions only one paired
state is admissible within the set of drosophilid species
considered. The large excess of GNU <* A-U substitutions
(Fig. 3) comes from these positions. It is however remarkable
that compensatory substitutions were observed for most of
these positions in the D2 domain of some distantly related
cyclorrhaphous Diptera. Some change of selective con-
straints may also be involved here.
The few compensatory substitutions of the type A-U .- U-A

we have observed, always without intermediate states, may
have evolved through the compensation pathway suggested by
Kimura (32): ifthe intermediate state is fairly deleterious, it does
not reach fixation but it can be maintained at low frequency by
the rather high A + U transversion rate, "waiting" for a
compensatory mutation, the latter then being fixed.
A direct extrapolation of the results obtained from rapidly

evolving regions in related species to slowly evolving regions
in distant species is assuredly incorrect. The D2 domain is
highly variable; in more strongly constrained regions, GNU
pairs may be more deleterious, but many G-U pairs may also
be advantageous. The empirical foundations of the current
model for compensatory substitution (7, 8) were based upon
the occasional observation of G-U pairs in tRNAs. Paradox-
ically, most are probably not deleterious states, but the model
of compensation through these pairs is probably yet correct.
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