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Abstract The evolution of molecules, developmental
circuits, and new species are all characterized by the
accumulation of incompatibilities between ancestors
and descendants. When specific interactions between
components are necessary at any of these levels, this
requires compensatory coevolution. Theoretical treat-
ments of compensatory evolution that only consider the
endpoints predict that it should be rare because inter-
mediate states are deleterious. However, empirical data
suggest that compensatory evolution is common at all
levels of molecular interaction. A general solution to
this paradox is provided by plausible neutral or nearly
neutral intermediates that possess informational
redundancy. These intermediates provide an evolu-
tionary path between coadapted allelic combinations.
Although they allow incompatible end points to evolve,
at no point was a deleterious mutation ever in need of
compensation. As a result, what appears to be com-
pensatory evolution may often actually be ‘““‘pseudo-
compensatory.” Both theoretical and empirical studies
indicate that pseudocompensation can speed the evo-
lution of intergenic incompatibility, especially when
driven by adaptation. However, under strong stabilizing
selection the rate of pseudocompensatory evolution is
still significant. Important examples of this process at
work discussed here include the evolution of rRNA
secondary structures, intra- and inter-protein interac-
tions, and developmental genetic pathways. Future
empirical work in this area should focus on comparing
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the details of intra- and intergenic interactions in
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“Man is a theorizing animal. He is continually
engaged in veiling the austerely beautiful outline of
reality under myths and fancies of his own device.
The truly scientific attitude, which no scientist can
constantly preserve, is a passionate attachment to
reality as such, whether it be bright or dark, mys-
terious or intelligible.”’-JBS Haldane (1932, p170).

Introduction

The last few decades have revealed an important truth
about evolution: it never stops. That this is so underlies
the assumptions of many subfields of evolutionary
biology: Without a reliable correlation, imperfect
though it may be, between time and degree of diver-
gence, phylogenetic systematics, evolutionary popula-
tion genetics, and the emerging comparative genomics
(both functional and informatic) would lose their cen-
tral organizing principle. Kimura’s assertion (e.g. 1983)
that the bulk of sequence evolution is neutral or nearly
so has been widely accepted as the reason for this
crucial correlation at the molecular level. However, the
relationship (or lack thereof) between this incessant
change at the molecular level and the more irregular
pace of morphological change has only recently be-
come a tractable research topic. Writing in 1965, the
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pioneering molecular evolutionist Emile Zuckerkandl
enunciated two reasonable hypotheses:

...It is often said that evolution has been just as
long for organisms that appear to have changed
little as for those that have changed much; conse-
quently it is held that the biochemistry of living
animals is probably very different from that of
their remote ancestors. My own view is that it is
unlikely that selective forces would favor the sta-
bility of morphological characteristics without at
the same time favoring the stability of biochemical
characteristics, which are more fundamental.

Though Zuckerkandl favored the simpler idea of a
direct correlation between molecular and morpholog-
ical change, it now seems that the “‘unlikely” scenario
is closer to the truth. Rather than being isolated from
the constant change swirling around it, developmental
regulatory pathways and their components often
evolve significantly. This is true even in the face of
morphological stasis, a phenomenon termed develop-
mental system drift (DSD, see True and Haag 2001, for
discussion). Though a major goal of evolutionary
developmental biology is to explain the evolution of
form, the adaptive fraction of molecular and develop-
mental change may in fact be troublingly small (Haag
and True 2001). This paper explores the idea that DSD
is generally produced by compensatory evolution
acting at different levels of biological organization.

Not only do molecular sequences change—so do the
interactions between molecules and the organization of
these interactions into higher order pathways. As with
silent mutations in DN A, many of these changes may be
neutral because they provide equally useful alternate
solutions to a common need. But unlike silent mutations,
neutrality is a synthetic feature of two loci. Compensa-
tory changes would seem to require individual mutations
that produce dysfunctional intermediates, classically
envisioned by Sewall Wright as a fitness valley between
adaptive peaks. Such intermediates should greatly
reduce the power of stochastic processes to cause higher-
order drift, and modeling has reinforced this impression
(e.g. Kimura 1985; Barton 1989; Michalakis and Slatkin
1996; Phillips 1996; Stephan 1996).

One goal of this paper is to demonstrate that, de-
spite the above theoretical expectation, compensatory
change is rampant at all levels of molecular interaction,
and thus is an important engine of incompatibility.
Another is to suggest that the lack of congruence
between theory and reality is due to an unrealistic
assumption of the dominant models, the existence of
only the endpoint states of the components of each
interaction. Phillips (1996) has suggested that the only
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reasonable way to achieve compensatory evolution is
through the relaxation of selection on intermediates,
because “‘mutations are too rare in small populations,
and selection too effective in large populations.”
Reformulation of the problem in terms of specific
molecular mechanisms often suggests intermediate
states, in many cases transient, that would accomplish
this relaxation of selection and eliminate the fitness
cost of intermediate genotypes. These ‘‘molecular
stepping stones” all have in common an aspect of
excess capacity, an oft-noted facilitator of divergence
(see discussion by Stoltzfus 1999). Where these inter-
mediates are as fit as the incompatible endpoints then
evolution is formally not compensatory, but if the
intermediates are subsequently lost it may appear that
it is. I dub this phenomenon ‘“‘pseudocompensation”
for clarity. This idea is related to Gavrilets’ “holey
landscape” view of adaptation (Gavrilets 1997), in that
“ridges” of high fitness connect incompatible geno-
types, but differs from it in that here the ridges are
based upon transitional alleles of a single pair of
interacting loci rather than the cumulative effect of
many loci. I provide evidence that neutral intermedi-
ates may facilitate many of the apparently compensa-
tory transitions in what Haldane (1931) -called
“metastable systems,” and identify specific research
programs that will test their importance.

Compensatory evolution in the real world

The criteria for a potentially compensatory system are:

(1) Multiple potential sequence or structural solu-
tions for each interacting set of elements, often
inferred from the existence of highly polymorphic
loci within a single species, or from highly diver-
gent orthologous genes of closely related species.

(2) A significant cost of mismatched elements should
be likely or experimentally demonstrable.

Below, examples of compensatory evolution at var-
ious levels are provided, and where possible likely
intermediates between states are described.

Within a molecule

The most studied cases of intramolecular coevolution
are in non-coding RNAs, such as ribosomal RNA,
which nicely satisfy the criteria above. Most compen-
sated variation in base-paired stems (intramolecular
hairpins) is likely to be neutral, but non-complemen-
tary mismatches should be deleterious because they
disrupt the helical structure. The small number of
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available nucleotides makes possible realistic modeling
of mutation and selection in populations (Muse 1995;
Stephan 1996; Higgs 1998). Empirically, compensation
in TRNA is recognized from the combination of sec-
ondary structure models and comparative sequence
data (reviewed by Gutell et al. 2002). Experimental
work with transgenic organisms has demonstrated that
compensated mutations often function nearly as well
the wild-type base pair, and better than mismatches.
The “‘instant evolution” experiment of Morosyuk et al.
(2000) offers an illuminating example (Fig 1).

In this study, pools of TRNA molecules with ran-
domized nucleotides in a single stem-loop region, the
“690 loop,” were screened for biological function
in vivo (Fig 1A, B). In their system, growth depends
upon detoxification of chloramphenicol (an antibiotic)
in the growth medium by expression of the enzyme
chloramphenicol acetyl-transferase (CAT). This in
turn depends on the test rRNA with the randomized
region, because the CAT gene encodes a modified
mRNA with an atypical ribosome binding sequence
that only the plasmid-encoded test rRNA can bind.
This specificity is due to a minor change in a region
distinct from the randomized stem. The test TRNA
cannot translate other cellular mRNA due to the same
modification, thus providing a tightly controlled assay
for its function. The assay is quantified by determining
the lowest concentration of chloramphenicol at which a
plasmid can no longer support growth.

Figure 1B shows the minimum concentration of
Cam required to stop growth of cells bearing plamids
with the indicated base pair at positions 688/699.
While presumably unpaired bases support some via-
bility (e.g. A:C; gray bars), only the four canonical
Watson—Crick base pairs and one particular non-
canonical pair—G:U—were found in the most active
subset (black bars). The unique capacity of the G:U
pair seen in this assay has long been recognized, and
indeed is present elsewhere in the natural sequence of
the 690 loop (Fig 1A) and other rRNAs (Fig 1C). The
partial function of completely mismatched bases is most
likely explained by the simultaneous presence of other,
second-site compensatory changes in the randomized
part of these molecules. That the wild-type base pair
often functions slightly better than alternative canoni-
cal base pairs in these systems implies that more subtle
forms of compensation, such as those involving hydro-
phobic stacking interactions between adjacent base
pairs, also play a role in allowing sequence change.

Theory suggests that direct compensation from one
canonical base pair to another through a mispaired
intermediate would be facilitated by tight linkage and
the shielding from selection provided by the high copy

number of rRNA genes (Kimura 1985; Higgs 1998). In
addition, a relatively small number of mutational
options are open to a base-paired ribonucleotide.
Nevertheless, a plausible intermediate between
Watson and Crick base pairs still exists. The study of
Morosyuk et al. (2000) discussed above shows that the
non-canonical G:U base pair is capable of substituting
for canonical pairs with near-normal function in stems
(Fig 1A, B). Comparative studies have shown very
similar results, with the G:U pair being found as a
common substitute for canonical pairs in closely re-
lated species (Fig 1C; Rousset et al. 1991; Hickson
et al. 1996). Therefore, even in the best conditions
imaginable for direct compensation, an intermediate
state is nevertheless commonly used.

Intramolecular compensation in protein evolution
will generally be more difficult to detect because of the
diversity of amino acids and the lack of reliable ab
initio structural predictions. However, progress has
been made through both bioinformatic and experi-
mental approaches. An example of the first is the
application of the information theory concept of mu-
tual information (MI) to detect significant levels of
covariation in amino acids (Wollenberg and Atchley
2000). Where a three-dimensional structural model
exists, sites with high degrees of MI are frequently
packed near each other (Wollenberg and Atchley 2000;
Atchley et al. 2000). A second, especially clever in-
formatic approach has been to study cases where mis-
sense mutations that cause disease in humans are fixed
in the wild-type sequence of other animals, known as
“compensated  pathogenic  deviations”  (CPDs;
Kondrashov et al. 2002). CPDs are surprisingly com-
mon even within the mammals (Waterston et al. 2002),
and have been estimated to comprise roughly 10% of
deviations from the orthologous human sequence
(Kondrashov et al. 2002). The inferred compensation is
not necessarily intramolecular, but in several cases
specific candidates can be found with the aid of a
crystal structure (see Fig 2). MI and CPDs are thus
useful tools to predict intra-protein interactions be-
tween amino acids that vary between homologs. The
extent to which the imperfect covariation seen in
interacting amino acids is due to alternate ‘‘interme-
diates” will require solution of structures of closely
related homologs, which has not generally been a pri-
ority for crystallographers. Such studies will be moti-
vated by interest in determining the variations in
sequence-structure relationships that allow protein
divergence to occur.

Experimental work is uncovering compensatory
changes in proteins over both laboratory and phyloge-
netic time scales. Over 40 years ago, Crick et al. (1961)
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Fig. 1 Compensatory changes in RNA secondary structure
mediated by G:U intermediates. (A) The 690 hairpin of the
Escherichia coli 16S RNA. The 688/699 base pair appears in
bold. (B) Data from the “instant evolution” experiment of
Morosyuk et al. (2000), in which pools of molecules with
randomized nucleotides in a normally base-paired region were
screened for biological function by their ability to support growth
in the presence of chloramphenicol. The assay relies on the
plasmid-encoded rRNA being alone capable of translating a
mutant chloramphenicol acetyl-transferase (Cam) mRNA bear-
ing an atypical ribosome binding sequence. The chart shows the
minimum concentration of Cam required to stop growth of cells
bearing clones with the indicated base pair at positions 688/699.
While unpaired bases support some viability (e.g. A:C; gray

used intragenic suppressors of mutations in phage T4 to
discover the triplet basis for genetic code. Although
these suppressors were small indels that corrected
reading frame shifts, since then examples of intragenic
suppressors of missense mutations have been found, for
example in the T4 lysozyme and in E. coli enzymes (e.g.
Poteete et al. 1991; Chen et al. 1996). These studies
were based on experimentally induced mutations, but
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bars), only canonical and the G:U base pairs were found in the
most active subset (black bars). The partial function of
mismatched bases is most likely explained by the simultaneous
presence of other, second-site compensatory changes in these
molecules. (C) A portion of the secondary structure for the D2
region of the large subunit rRNA of Drosophila studied by
Rousset et al. (1991), in which they examined 82 drosophilid
species. Rectangles indicate base pairs exhibiting compensatory
changes between different canonical Watson—Crick pairs. Circled
numbers point to the number of taxa in which a G:U base pair is
seen at a given position. The two uncircled numbers at the left
are nucleotide positions. Note that in several cases the G:U pair
is apparently a transient state, while in others it is the most
common

comparative methods are also proving informative. For
example, Zhang and Rosenberg (2002) examined the
recently duplicated eosinphil-derived neurotoxin
(EDN) ribonuclease of humans and old world mon-
keys. By combining phylogeny-based ancestral se-
quence reconstructions with ribonuclease activity
assays, they showed that two derived EDN residues
function synergistically to boost the ribonuclease
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human
Fig. 2 A likely compensated pathogenic deviation at positions
20 and 69 of f-hemoglobin in humans and horses. The wild-type
human amino acids are Val20, Gly69, and the mutation

Val20Glu is pathogenic. Glu20 is the wild-type amino acid in
the horse, presumably because it is accompanied by a compen-

activity of the inferred ancestor by over an order of
magnitude. The side chains of these residues interact in
the EDN tertiary structure, which suggests that they
represent an example of adaptive, compensatory,
intramolecular evolution.

Another, more explicitly developmentally relevant
context in which intramolecular compensatory evolu-
tion is important is in cis-regulatory DNA sequences
that govern temporal and spatial patterns of gene
expression. The details of regulatory DNA evolution
have recently been reviewed by Wray et al. (2003), and
the accompanying paper by Hahn further explores this
subject in detail. Here I will focus on how compensatory
change might work in a promoter. Compared to RNA
secondary structure the situation is more fluid, because
compensation is not localized to a particular nucleotide.
In principle, this could greatly speed sequence evolution
by offering many more routes to successful compensa-
tion, and in practice it appears that this is the case. Even
closely related species can have essentially unalignable
cis-regulatory DNA that nevertheless drives conserved
expression patterns (Tamarina et al. 1997; Ludwig et al.
1998; Romano and Wray 2003). This effect is especially
pronounced in organisms with large population sizes,
which is predicted to facilitate the evolution of adaptive
compensated genotypes (Carter and Wagner 2002).

The work of Ludwig et al. (2000) with the Drosophila
evenskipped stripe 2 enhancer showed that compensa-
tion acts over distances large enough to be disrupted
through the production of chimaeric promoter con-
structs assembled from divergent, but homologous,
sequences. Thus, functionally equivalent modules seem
to “move” over time. A simple mechanism for this

horse

satory change of residue 69 to histidine (Kondrashov et al. 2002).
In the image, the two residues in question are in yellow, with
position 69 towards the top. In surrounding residues, black
represents carbon atoms, blue nitrogen, and red oxygen

apparent movement is via an intermediate state in which
redundant transcription factor binding sites accumulate
and are subsequently lost differentially between lin-
eages. This implies that population-level variation in
enhancers should exist, and a recent study of Rockman
and Wray (2002) has identified it in a large set of human
genes. Although these variants are circulating in viable
people,in many cases they are associated with significant
differences in transcription levels. Enhancer polymor-
phisms that alter a gene’s ancestral expression level may
be mildly deleterious or truly neutral, and which is true
may frequently depend on genetic context. In either
case, they could represent as-yet-uncompensated first
steps towards fixed divergence in enhancer architecture.
Comparisons with the promoters of chimpanzee ortho-
logues may provide a valuable perspective on these
polymorphisms.

Between products encoded by linked genes

Much of the business of cells and tissues requires the
specific binding of one gene product by another.
Compensatory change in binding partners has been
encountered here as well, most notably in reproduc-
tion-related proteins that are diverging at rates much
higher than the norm. These represent the most ex-
treme examples of intermolecular compensatory evo-
lution, and thus hold unique promise as systems in
which to analyze how interacting molecules can
maintain their essential interactions with a constantly
changing sequence. It should be noted that how this
occurs is a fundamental problem that will greatly im-
pact structural biology per se.

@ Springer



50

Genetica (2007) 129:45-55

Theoretical studies agree that tight linkage greatly
facilitates compensatory evolution (e.g. Kimura 1985;
Phillips 1996). It may not be surprising, then, that one of
the most spectacular intermolecular examples occurs in
the two tightly linked genes of the Brassica self-incom-
patibility (SI) locus, termed S (Kachroo et al. 2002).
Each S haplotype encodes one receptor serine/threonine
kinase (SRK), expressed in the stigma, and one cysteine-
rich ligand (SCR) for SRK, which is expressed only in
anthers. Each of the more than 50 haplotypes encode
divergent receptor-ligand pairs that interact with tight
specificity (Watanabe et al. 2000; Kachroo et al. 2001).

In a two-component SI system, linkage is clearly
crucial to prevent selfing or inappropriate rejection of
unrelated pollen, and this constraint must contribute to
the rapid compensatory evolution of haplotypes. How-
ever, the great allelic diversity also suggests that new
alleles are produced frequently from old ones. One
proposal for how this might work in the solonaceae
(Matton et al. 1999) is a stepping stone-type model, in
which the stigma component first evolves dual specificity
for both its ancestral partner allele and a potential new
derivative. A subsequent mutation in the pollen com-
ponent could then take advantage of this excess capacity,
after which subsequent loss of the ancestral compati-
bility of the stigma component would complete the
generation of a novel haplotype.

The simple model of Matton et al. (1999) preserves
functional SI throughout the generation of new alleles,
which would seem a virtue. However, it was criticized
by Charlesworth (2000) because it required a poten-
tially slow succession of mutations, and by Uyenoyama
and Newbigin (2000) because deterministic modeling
suggested that nonreciprocal rejection of intermediate
genotypes would tend to block the increase in haplo-
type diversity. More recently, Uyenoyama et al. (2001)
proposed a different scenario, in which the first step is a
mutation disabling pollen recognition entirely, fol-
lowed by reestablishment of SI with altered specificity.
However, this route also tends to replace an old allele
with a new one unless population subdivision shelters
the former. Resolution of this interesting question will
require further experimental work to determine which
model’s assumptions are closest to reality. For exam-
ple, it may now be possible to measure the extent of
inbreeding depression in wild isolates of self-incom-
patible model plants through the direct disabling of SI
with mutations or transgenes.

Between products of unlinked genes

Proteins encoded by unlinked genes can also undergo
rapid compensatory evolution. Now-classic examples
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include interacting fertilization-related proteins
expressed in the sperm and eggs of marine invertebrates,
which have recently been reviewed by Swanson and
Vacquier (2002). In these cases there is evidence
that positive selection is driving the sequence change
(e.g. Swanson and Vacquier 1995; Hellberg et al. 2000),
presumably due to either sexual selection within species
or reinforcement of isolation between sympatric species.
The end result is a system that seems to be engaged in
pointless divergence from a biochemical point of view,
but which is in fact at the front lines of adaptation.

Another class of unlinked genes whose products show
rapid compensatory evolution has emerged in the signal
transduction pathway mediating sex determination in
nematodes. The membrane receptor TRA-2 promotes
female cell fates in all species of Caenorhabditis sur-
veyed thus far (Hodgkin and Brenner 1977; Kuwabara
1996; Haag and Kimble 2000). Crucial to its function are
physical interactions with another female-promoting
protein, the transcription factor TRA-1 (Wang and
Kimble 2001; Lum et al. 2000), and the male-promoting
cytoplasmic protein FEM-3 (Mehra et al. 1999). When
the homologues of TRA-2 from C. elegans, C. briggsae,
and C. remanei were aligned (Haag and Kimble 2000),
the region defined as the minimal FEM-3-binding
domain coincided almost perfectly with a region of
marked hypervariability. This included substantial
length differences and frequent substitutions.

The spotlight thus turned to FEM-3, which had
eluded cloning by hybridization-based approaches in
non-elegans species because of poor sequence conser-
vation. The C. elegans genome sequence opened a
synteny-based strategy (Kuwabara and Shah 1994),
which was used to clone fem-3 homologs from
C. briggsae and C. remanei (Haag et al. 2002). Align-
ment of FEM-3 homologs showed that approximately
2/3 of its amino acids differed in each pairwise
comparison, with frequent indels as well. Thus, FEM-3
behaves similarly to the hypervariable portion of
TRA-2c along its entire length. Despite this diver-
gence, all three TRA-2¢c/FEM-3 pairs interact strongly
within a species. Importantly, though, no cross-species
interaction is seen, which demonstrates that compen-
satory evolution, and not a complete lack of constraint,
is at work. A similar species-specific conservation of
interaction has also been found for the TRA-2¢/TRA-1
interaction in C. briggsae and C. elegans (Wang and
Kimble 2001).

Given the importance of these protein—protein
interactions to development and reproduction, how
and why are they evolving so quickly? Two broad
explanations have been invoked: positive selection
and relaxed constraint (Stothard and Pilgrim 2003).
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The case of fertilization proteins discussed above
seems to be a case of the former, while for sex
determination it is still unclear. However, the peculiar
epistasis characterizing the population-level evolution
of interacting gene products must also be addressed in
either case. Haag and Molla (2005) have used popu-
lation simulations to model the allele substitutions
that occur during the evolution of incompatibilities
via compensation. Much like the SI model of
described above (Matton et al. 1999), their model
invokes a ‘‘no-cost half-site” scenario, in which
polymorphisms that could eventually participate in a
novel interaction are essentially neutral (Fig 3). Evo-
lution of second, matching site might then make any
one of the ancestral bonds expendable, and soon an
incompatibility between ancestor and descendant may
result. Such intermediate-facilitated compensation can
occur in both neutral and adaptive forms, but adap-
tation (also called ‘‘supercompensation,” Phillips
et al. (2000)) speeds evolution in all cases. Interest-
ingly, the simulations show that the intermediate
alleles actually slow down the adaptive evolution of

incompatibility (relative to the no-intermediate, two-
allele case) if the increased fitness of the derived,
compensated genotype is derived solely from gain of a
new bond. This is because the intermediates them-
selves have high fitness in this case.

The above model predicts that neutral or nearly
neutral polymorphisms must exist at or near the inter-
face between interacting proteins. In addition, while the
posited initial, neutral mutation facilitating compensa-
tion may be polymorphic for long periods, when the
compensatory change arises both will rapidly reach
fixation. To examine whether such polymorphisms ex-
ist, Haag and Ackerman (2005) examined fem-3 in 11
wild isolates of the outcrossing species C. remanei,
which is known to harbor more intraspecies variation
than its selfing congeners (Graustein et al. 2002). They
found that Cr-FEM-3 harbors an unusually large
amount of amino acid polymorphism along its entire
length, mirroring (albeit to a lesser degree) its variation
between species. It is reasonable to suppose that at least
some of the polymorphic residues are at or near the
dimerization interface, but structural characterization

A o]
/ A1 B3
’:(g:| mismatched i:g:‘
A1 BT \ / A3 B3
functional i:ié:‘ functional
A3 B1
B
-
’:g:‘/Azm\E(gj/AzBs\i:g:‘
A1 B1 \ / A2 B2 \ / A3 B3
o] & 3 I8
A1 B2 A3 B2

Fig. 3 Models for compensatory evolution in interacting gene
products. (A) The traditional model, in which only alleles of the
ancestral and compensated descendant states are included. At
left is a cartoon of two interacting gene products, A and B, which
have the potential to interact productively using any two of the
three possible bonds. Considering only the A1B1 and A3B3
endpoint alleles predicts the need for either mismatched

intermediates or simultaneous double mutation. (B) The neutral
intermediates model analyzed by Haag and Molla (2005). In this
model, an intermediate allele type, A2/B2, is posited that can
interact productively with both ancestral and descendant alleles.
Use of such intermediates requires more mutational steps to
move from the A1B1 to A3B3, but in most cases the avoidance
of mismatched genotypes more than makes up for it
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of the FEM-3/TRA-2c complex is clearly needed clarify
the situation. No evidence of local adaptation or
extensive linkage disequilibrium was found in geo-
graphically distant isolates, so lack of constraint may
explain the bulk of FEM-3 sequence divergence be-
tween taxa. Sites constrained by their interaction with
TRA-2c may therefore be crucial, but yet relatively few
in number.

Although the cases discussed above show that pro-
tein—protein interfaces can readily evolve, and in some
cases do so more rapidly than neighboring non-inter-
acting domains, it still presumably requires very par-
ticular mutations. It would therefore seem that in
general the evolution of molecules participating in
many interactions would be slowed, at least at the key
interacting sites. Fraser et al. (2002) have presented
evidence of exactly this in a comparison of yeast and
C. elegans proteins. However, the magnitude of the
effect is surprisingly small, and based on an extremely
divergent set of homologs. A more recent analysis of a
Saccharomyces—Schizosaccharomyces comparison
(both yeasts) found a similarly weak correlation in all
but the most extremely interactive proteins (Jordan
et al. 2003). This can be explained in two ways, which
are not mutually exclusive. First, compensatory chan-
ges in interacting proteins may not be much slower
than other sorts of changes. For example, sites required
for intra-molecular structure are similarly constrained.
Alternatively, sites mediating inter-molecular interac-
tions may indeed be relatively slow to evolve, but these
sites are a tiny fraction of total sites.

Informational compensation: the modification of
developmental pathways

The importance of molecular-level interaction in
developmental biology has been nicely summarized by
Johnson and Porter (2000):

The overriding principle arising from the study of
gene regulation during development is that gene
interaction is of essence: the phenotype is created
not only from the structural properties of the
individual genes but also in very large part by the
interactions among them.

There is ample evidence that particular regulatory
connections, and even whole genes, can come in or
out of the networks of interacting genes that form
developmental pathways (reviewed by True and
Haag 2001; Wilkins 2002). Similar to the intermo-
lecular interactions, there cannot be any possibility
for dysfunction at any point along a species’ history.
It therefore seems reasonable to again posit the
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establishment of redundancy as a necessary first step,
followed by differential loss in isolated lineages. In
general form this can be summarized as:

A—-A+B—B

Such redundancy could come from two broad sour-
ces. One is the duplication of genes, in which case A
and B above would be paralogs. The differential par-
titioning of functions between paralogs or differential
loss of copies can facilitate divergence between taxa
without loss of function at any point (Force et al. 1999;
Lynch and Force 2000). Given the consistent function
of homologous genes in the pathway, this latter process
may often go unrecognized, appearing instead to be a
“simple” movement of genes from syntenic to novel
locations in the genome (Lynch et al. 2001).

Another source of redundancy can come from par-
allel pathways, which in turn may have been generated
by a cooption of a gene or set of genes into a new
function. In this case, A and B represent distinct, non-
homologous gene networks that, perhaps through the
regulation of common target genes, come to promote
the same developmental fate. Evidence of such
redundancy comes from enhancer or synthetic lethal
screens. While such screens are commonplace in yeast
and bacteria, they can also find unexpected new
developmental functions for well-studied pathways in
animals (e.g. Fay et al. 2003).

Recently, Johnson and Porter (2000; this volume)
have modeled how networks of genes that regulate the
quantitative output of a target gene evolve under
directional selection. Their models include multiple,
largely redundant regulators that act in series, as with
transcription factors that regulate other transcription
factors. The mathematical product of the gene prod-
ucts’ activities determines the ‘‘phenotype.” Their
simulations demonstrate how isolated populations with
identical starting genotypes can respond to directional
selection in different ways, eventually producing hy-
brid incompatibilities. The key to this process is that
the initial redundancy can be shed in any number of
ways that are unconstrained even under selection. Al-
though there is especially rapid divergence in pathways
under directional selection, when a pleiotropic regu-
lator affects both a directionally selected trait and an-
other under stabilizing selection, the genetic control of
the latter often diverges as well (Johnson and Porter
2005). This result therefore provides the first theoreti-
cal basis for the consistent evolution of DSD in gene
regulatory networks, and suggests that the role of
pleiotropy should feature prominently in future
empirical studies.
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Conclusions

An attempt has been made in this paper to make the
point that, at the molecular level anyway, we may not
need to wring our hands over the difficulty of com-
pensatory mutation. The availability of low-cost
molecular stepping stones may allow relatively easy,
pseudocompensatory divergence of interacting genetic
elements, even without tight linkage or strong selec-
tion. But with linkage and/or selection the process can
go even faster, and this may explain why some of the
most impressive cases of compensatory evolution in-
volve linked and/or reproduction-related loci. If
pseudocompensatory change is so widespread, then
documenting the molecular and biochemical details of
how it works will be of great interest to all biologists.
Two related priorities for future work include:

Evolutionary structural biology

The complementary information provided by structure
and variation has been used to great effect in the RNA
field. Less has been done with the more challenging
cases of proteins. Within species and between closely
related species, some progress has been made through
mapping variable residues onto a single representative
structure. In some of the most interesting and extreme
cases, however, it will be necessary to determine
structures independently for each taxon, as has been
done for abalone sperm lysins (Kresge et al. 2001).
This will provide an exciting way to study the rules of
protein higher-order structure, as well as give us some
important insight into how compensation and pseudo-
compensation occur.

Comparative developmental genetics in sister
species

We need to untangle the details of developmental ge-
netic pathways in closely related species. Only through
such an approach will we discover the ‘“quanta” of
change that compose larger leaps in developmental
evolution. A large number of sister species pairs are
being investigated, but often primarily through studies
of gene expression or with transient assays for gene
function, such as RNA interference. A more complete
view of how development evolves will require the
development of satellite models that have bona fide
genetic tools that can match the rigor of their more
famous relatives. This work has begun in earnest for a
number of sister species of genetic model organisms,
such as Xenopus tropicalis (Hirsch et al. 2002),
Caenorhabditis briggsae (e.g. LaMunyon and Ward

1997; Hill et al. 2006), the more distant C. elegans
relative Pristionchus pacificus (Srinivasan et al. 2003),
Arabidopsis lyrata (Schierup et al. 2001), and Dro-
sophila simulans (Sturtevant 1929; Barker and Moth
2001).
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