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many constraints, and a local search algorithm
proceeds by trying to ‘fix’ variable settings
to reduce the number of violations in the
search for a variable setting that satisfies all
constraints.

In tackling the hitting-set problem, Mézard
and Tarzia’ follow a fundamentally different
route. They take advantage of a significant
advance that occurred in the early 1990s, when
computer scientists banded together with phys-
icists to study ensembles of randomly generated
instances of various NP-complete problems”™®.
An ‘instance’ here is simply a particular exam-
ple of the generic problem, defined by a set of
variables, and specific governing constraints;
in our previous example, one specifies a set of
students and the sports they play.

This work revealed that, at certain values
of the ratio of constraints to variables, ensem-
bles of random instances of the same generic
problem underwent a sudden change, dubbed
a phase transition. Below the phase-transi-
tion point, most instances have one or more
solutions that satisfy all constraints; above the
phase transition, most instances do not have
any solution, because there are too many con-
straints to satisfy. The instances that were hard-
est to solve occurred with numbers of variables
and constraints that lay exactly at these phase-
transition boundaries. A natural conclusion
was that tools from statistical physics devel-
oped to study physical phase transitions might
help in developing more efficient algorithms
for solving combinatorial problems.

An example is the ‘survey-propagation
method” used by Mézard and Tarzia’, which
developed from the cavity method used in sta-
tistical physics to calculate ground-state prop-
erties of certain condensed-matter systems.
Survey propagation solves random instances
of the boolean satisfiability problem near
phase transitions with large numbers of vari-
ables (more than 10”), which are beyond the
reach of backtrack and local-search methods.
This archetypal NP-complete problem asks
the question of whether, given a set of logical
statements using boolean variables (variables
that can be either ‘true’ or ‘false’), there is any
assignment of values to those variables that can
satisfy all the statements.

Mézard and Tarzia use the survey-propaga-
tion method to compute statistical properties
of the solutions of instances of the hitting-set
problem. Such a strategy might seem doomed
to fail because it is generally significantly
harder to determine the properties of the set
of solutions of a hard computational problem
than it is to find a single solution. But survey
propagation can efficiently approximate the
requisite statistical information for instances
of various combinatorial problems near phase
boundaries. It does this by iteratively solving a
large set of coupled equations, modelling the
local interactions between variables probabilis-
tically. This solution process can be performed
in a parallel, distributed fashion using many
different processors, and generally converges
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to an answer extremely quickly — in seconds
for equations with thousands of variables.

Survey propagation can be viewed as a gen-
eralization of the ‘belief-propagation method™,
which was discovered independently in several
fields, including information theory and arti-
ficial intelligence. Belief propagation is a way
of approximating the probability (the ‘belief’)
that a variable takes on a particular value in a
randomly sampled solution. This information
can be used to set variables incrementally, thus
simplifying a problem.

The method works well when solutions are
nicely clustered together in the combinatorial
space, which is the case reasonably far from
a phase transition. Near phase boundaries,
however, solutions break up into many smaller,
unconnected clusters in the combinatorial
space''. Conventional combinatorial search
algorithms and standard belief-propagation
techniques become trapped between these
clusters, and cannot effectively search the solu-
tion space. The survey-propagation method,
on the other hand, continues to provide reli-
able statistical information about the solution
space’ ™.

It is this property that allows Mézard and
Tarzia’ to map out for the first time the space
of hitting-set problems, identifying under what
conditions belief- and survey-propagation
methods can solve hard, random instances of
the problem. They also identify regions where
still more complex survey-propagation-style
equations would be required.

Given the ever increasing role of computa-
tional methods in other disciplines, the fact
that those other disciplines are, in turn, start-
ing to contribute new concepts and ideas to the
science of computation is an exciting develop-
ment — one that, as the demands we make on
computational methods continue to grow, we
are sure to hear more of. ]
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EVOLUTIONARY GENETICS

Who shouldn't be your daddy

Patrick C. Phillips

Unusual reproductive incompatibility has been discovered between two
strains of a nematode worm. This finding indicates that natural selection
can generate long-term divergence within self-fertilizing populations.

Reproductive incompatibility is the stuff of
speciation and lies at the heart of the world’s
tremendous biodiversity. It makes little sense
for such incompatibility to be maintained
within a species, however. After all, what
is the advantage of having genes that kill
your offspring? As they report in Science,
Seidel and colleagues' attempt to answer this
question by identifying two genes that medi-
ate reproductive incompatibility between
different populations of the nematode worm
Caenorhabditis elegans.

The authors crossed two evolutionarily diver-
gent worm lines, one from Bristol, UK, and the
other from Hawaii, and analysed the genome of
the resulting offspring for genetic markers —
known DNA sequences that differed between
the two strains. They noticed that, rather
than the expected one-to-one ratio of Bristol
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and Hawaii markers, nearly all of the mark-
ers on one specific region of chromosome I
were of the Bristol type.

To obtain second-generation offspring from
the Bristol-Hawaii hybrid, Seidel et al. crossed
the hybrids with one another and found thata
quarter of the resulting embryos died. Remark-
ably, nearly all of the dead embryos carried
Hawaiian genetic markers in the same region
of chromosome L.

To narrow this effect down, the authors
again constructed hybrids between the two
strains and then crossed them back to the
Hawaiian strain (Fig. 1). The mating system
of C. elegans is unusual in that this worm
can occur as a male or as a self-fertilizing her-
maphrodite. The authors found that when eggs
of Hawaiian worms were fertilized by sperm
from a Hawaii-Bristol hybrid (either a male
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Figure 1| Worms like to keep it in the family. a, Seidel et al.’ crossed strains
of Caenorhabditis elegans from Bristol and Hawaii. They then mated the
hybrid male offspring of this cross with the Hawaiian strain. This led to

a high proportion of embryonic lethality (50%) in the second-generation
offspring. If, however, the sperm donor was a worm of the Hawaiian strain
crossed with a Bristol-Hawaii hermaphrodite, no lethality was observed.

b, Two genes are responsible for reproductive incompatibility between
these divergent strains. The first, peel-1, is a paternally acting factor and

or a hermaphrodite), the embryos died. But if
the Hawaii-Bristol offspring was the ‘mother’
(or egg donor) and a Hawaiian worm donated
the sperm, the embryos survived (Fig. 1a). The
authors therefore speculated that the first-
generation Hawaii-Bristol offspring must
carry a paternally acting gene in the Bristol-
type genomic region of chromosome I — what
they call the incompatibility region — that is
responsible for embryonic lethality.

Post-fertilization effects of paternally
expressed genes are quite rare because the
sperm is thought to primarily transfer only
its DNA to the developing embryo and few
products originating from gene expression
within the father (such as proteins or messen-
ger RNA). Therefore, to test their hypothesis,
Seidel et al. carried out further crossing of the
inbred worm lines and narrowed down the
incompatibility region to a 62-kilobase seg-
ment of nucleotides. Here they identified two
new genes — zeel-1, which acts in the one-cell
embryo, and peel-1, which is the paternal-effect
factor from the sperm.

The locus (position) in which zeel-I occurs is
missing in the Hawaiian strain. So the authors
suggest that the incompatibility between
Hawaii-Bristol hybrids and Hawaiian worms
must be due to the action of the product of the
paternal, Bristol peel-I in the absence of ‘mater-
nal’ zeel-1 (which would otherwise counteract
the lethal effects of peel-1)(Fig. 1b).

Next, to gain insight into possible specia-
tion in C. elegans, Seidel et al." investigated the
worldwide distribution of zeel-1 and peel-1 in
natural isolates of this nematode. They found
that both of these genes seem to be widely dis-
tributed, and can even occur in the same popu-
lation. This is no way for an incompatibility
system to behave! A possible explanation for
this pattern could be recent, possibly human-
assisted, broad-scale migration® of C. elegans
populations. Consequently, variation in the
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geographical distribution of zeel-1 alleles (cop-
ies) could be due to mixing between previously
isolated strains. Seidel and colleagues, however,
provide strong evidence against this view.

If this sort of mixing were to have occurred
recently, we should see co-inheritance of large
blocks of the genome in different strains.
Instead, the authors find that, outside the
incompatibility region, the Hawaiian and
Bristol strains are genetically almost identical,
and only within this region are there large dif-
ferences in nucleotide sequence — differences
that are more than 50-fold greater than usually
found among C. elegans isolates. Seidel et al.
take this high degree of polymorphism to mean
that the zeel-1 and peel-1 loci are quite ancient
and predate the divergence times of the sur-
rounding genomic regions. This indicates that
the incompatibility region has introgressed —
infiltrated through repeated mating between
different strains — into the genomes of many
strains, and that this introgression has presum-
ably been occurring on a worldwide scale for
along time.

What evolutionary forces might generate
such a pattern? The authors offer two possi-
bilities. First, because of the lethality induced
by peel-1in worms not also carrying zeel-1, the
Bristol zeel-1 allele has a strong transmission
advantage from the death of embryos with a
Hawaiian background. The close proximity of
zeel-1 and peel-1 loci is reminiscent of simi-
lar systems seen in the fruitfly Drosophila and
other organisms’ that allow, for instance, sperm
of one type to prevent fertilization by sperm
of another type. But alleles with this kind of
advantage are thought to become quickly fixed
within populations and not to result in the form
of ancient polymorphism seen here.

Although it is possible that selection for the
Bristol zeel-1 allele is precisely counterbalanced
by selection operating in the opposite direc-
tion on the Hawaiian allele, Seidel et al. dismiss
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the second is zeel-1, the expression of which is necessary in the embryo

to counteract the lethal effects of Bristol peel-1 product (PEEL-1). In

the Hawaiian strain, zeel-1 is missing entirely (zeel-1A). Here PEEL-1,
expressed by sperm precursor cells is transferred to the sperm containing
the Hawaii copy of the incompatibility region (zeel-1A, peel-1y;). The lethal
outcome is observed when an embryo with the zeel-1A locus is generated
from a sperm containing PEEL-15. It is not known whether PEEL-1; acts
within or outside the embryo.

this as highly unlikely. Instead, they favour the
interpretation that polymorphism in these two
genomic regions is maintained by balancing
selection, which favours allele diversity, with
the incompatibility that arises as a by-product
of the long-term divergence generated by this
selection. The most likely form of balancing
selection in this case would be some kind of
frequency-dependent selection in which rare
variants are favoured, as is commonly observed
in pathogen-resistance systems.

Why the incompatibility, then? This is
where the unusual mating system of C. elegans
(males and hermaphrodites) comes into play.
Hermaphrodites can only self-fertilize, and so
inter-crossing of animals of different strains
occurs only through males, which are thought
to be quite rare in many natural populations™**.
If most individuals are self-fertilizing, these
divergent alleles can be maintained for a long
time with little threat from induced lethality
because the alleles would come into contact
only infrequently.

Seidel and colleagues’ work' is important
because it is one of the few examples in which a
specific incompatibility system has been iden-
tified at the molecular level. But it is perplexing
because what one might have expected to be
an elegant case of incipient speciation is some-
thing quite different. At the veryleast, this work
highlights the emerging picture that genomic
evolution in C. elegans is strongly dominated
by its self-fertilizing mode of reproduction. m
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