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135 GPa, the peridotitic mantle solidus temper-
ature extrapolated from our data set is at 4180 +
150 K. This value is within the range of proposed
temperatures on the core side of the CMB, as cal-
culated from an outer-core adiabat and melting
experiments on iron alloys (26, 27) or as con-
strained by the reverse transition from the CalrOs-
type to the perovskite phase at the base of the D”
layer (28). Partial melting in the deepest part of
the mantle is therefore highly plausible. This
process could therefore explain the presence of
ULVZs. The close match between the average
geotherm and mantle solidus at the CMB may
also explain why ULVZs are not observed as a
continuous layer in the deep mantle, with thick-
nesses of partially molten regions varying dra-
matically from cold to hot mantle areas.

Our results also provide insights in the way an
early magma ocean could have crystallized. Par-
tial melting of mantle material and related frac-
tional crystallization will have important geochemical
implications in terms of trace elements. This ap-
plies for both the inventory of incompatible el-
ements and the isotopic evolution of the Earth.
For instance, the semiquantitative analysis made
on the sample recovered from 61 GPa shows a
clear enrichment of the ferropericlase in iron, and
an ubiquitous iron depletion in Mg-perovskite
(table S1), which is in agreement with observa-
tions made in earlier studies [(26) and references
therein]. Partial melts enriched in Ca-perovskite
and ferropericlase components are thus expected
to be denser than a solid residue of Fe-depleted
Mg-perovskite. These liquids could have seg-
regated downward and remained at least partly
isolated in the lower mantle if mantle convection
was not too vigorous [(29) and references therein)].
Because Ca-perovskite is the major host mineral
for many key trace elements, such as U, Th, and
rare earth elements (30), these liquids could frac-
tionate and host at present many incompatible
elements at the core-mantle boundary, thus offer-
ing an explanation for primordial chemical sig-
natures at the base of the mantle.

The estimated thickness of such a partially
molten layer varies between 0 to 35 km from the
intersection of the modern geotherm shown in
Fig. 3 with the solidus of the mantle silicate ma-
terial obtained in our study; however, this thick-
ness could have been as large as 100 km in the
Archean, assuming a secular cooling proceed-
ing at a maximum rate of 100 K per billion years
(31). These features depend on the estimates of
the geotherm in the CMB region, which depends
on the core thermal profile and temperature. The
extension of such partially molten regions would
also vary with lateral variations of the geotherm
in the lowermost mantle, with the thickest por-
tions occurring at the base of upwelling plumes
and a thin layer elsewhere, which is compatible
with seismic observations of ULVZs. Such a par-
tially molten layer can alter several properties of
the lowermost mantle that could, as proposed
earlier (5), control the convection regime of the
lowermost mantle and the heat transfer between

core and mantle and affect the stability of the ther-
mal boundary layer at the CMB.
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A Test of the Snowball Theory
for the Rate of Evolution of
Hybrid Incompatibilities

Daniel R. Matute, lan A. Butler, David A. Turissini, Jerry A. Coyne

Hybrids between species are often sterile or inviable because the long-diverged genomes of their
parents cause developmental problems when they come together in a single individual. According to
the Dobzhansky-Muller (DM) model, the number of genes involved in these “intrinsic postzygotic
incompatibilities” should increase faster than linearly with the divergence time between species. This
straightforward prediction of the DM model has remained contentious owing to a lack of explicit tests.
Examining two pairs of Drosophila species, we show that the number of genes involved in postzygotic
isolation increases at least as fast as the square of the number of substitutions (an index of divergence
time) between species. This observation verifies a key prediction of the DM model.

iological speciation involves the evolu-
B tion of barriers to gene flow between two
populations (/, 2). One of the most ef-

fective of those barriers, because it is considered
irreversible, is “intrinsic postzygotic isolation,”
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the developmentally based inviability or sterility
of species hybrids. Dobzhansky (/) and Muller
(3) proposed a simple two-locus model showing
how this form of isolation can result from the
accumulation of genes that function normally in a
pure-species genome but produce epistatic inter-
actions in hybrids.

The classic version of the Dobzhansky-Muller
(DM) model, a population-genetics theory for the
evolution of reproductive isolation (2), begins with
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two loci in an ancestral species having geno-
type A1A;B;B; (the model can be expanded to
more than two loci). The ancestral species then
splits into two geographically isolated descend-
ant species that eventually evolve genotypes
A;A BB, and A,A,B;B; through natural selec-
tion, genetic conflict, or sexual selection—or (less
likely) genetic drift—that fixes allele A; in one
species and B; in the other. The DM model posits
that postzygotic isolation arises as a collateral ef-
fect of this evolutionary divergence. In this case,
although species having genotypes A;AB,B,
and A,A,B;B; at two loci are fit, in hybrids,
where the B, and A, alleles first encounter each
other, they interact abnormally, producing steril-
ity or inviability (/-5).

Although several studies have identified
genes causing hybrid incompatibilities (4-8), little
is known about the evolutionary rate at which
these incompatibilities arise (9, 10). Mathematical
modeling has shown that the expected number
of two-locus DM incompatibilities should in-
crease as fast as the square of the number of sub-
stitutions between two species, the “snowball
effect” (11, 12). (Three-way interactions should
increase as fast as the cube of the number of
substitutions between two species, and so on.)
This is because DM interactions occur between
two or more genes from different species, and if
individual gene substitutions accumulate at a
constant rate within each species, the number of
negative epistatic interactions involving at least
one gene from each species should grow at least
with the square of time elapsed. Because this pre-
diction requires counting genes causing hybrid
incompatibilities in at least two different hybrid-
izations between taxa of known divergence times,
it cannot be tested in most groups of plants or
animals (2, 13-15).

We took advantage of the fact that Drosophila
melanogaster females (mel) produce hybrid fe-
males when crossed with D. simulans (sim) and
D. santomea (san) males (6, 16-18) to test the
snowball prediction of DM theory. We counted
the number of incompatibilities that evolved
since the divergence of each pair of species; the
two pairs have divergence times differing by
roughly 2.4 [mel-sim: 5.4 million years ago (Ma)
and mel-san: 12.8 Ma (19)].

If we assume that DM interactions occur
between pairs of loci, the snowball hypothesis
leads us to expect at least six (~2.4%) times as
many incompatibilities between the older than
between the younger species pair. We tested this
prediction through fine-scale mapping and count-
ing of the gene regions causing inviability in
hybrid females (the only sex produced by both
the mel x sim and mel x san crosses).

We crossed females from D. melanogaster
stocks containing known genomic deletions, or
“deficiencies” [Bloomington Drosophila Fly
Stock Center (/9)], maintained as heterozygotes
against a balancer (Bal) chromosome carrying a
dominant homozygous lethal mutation, to san
and sim males. We determined the effect of each
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hemizygous region (presumably expressing reces-
sive alleles from san or sim) on the viability of
hybrid female offspring from the two interspe-
cific crosses (Fig. 1). If a D. melanogaster de-
ficiency uncovered a recessive region of the other
species’ genome producing hybrid lethality when
hemizygous in hybrids with D. santomea, this
cross would produce Bal/san but not Dflsan hy-
brid females (or, in hybrids with D. simulans,
Bal/sim but not Df/sim) (Fig. 1) (6, 16). We con-
sidered “inviability regions” to be those yielding
relative viability (i.e., the ratio of hybrid progeny
carrying the chromosome deficiency to the total
number of offspring from that cross) significantly
below 0.5 (¢ test; P < 0.05). This approach de-
tects epistatic interactions between a recessive
allele of D. santomea (exposed when hemizygous)
and a dominant factor in the mel genome. Although
it is not clear whether we uncovered genes directly
involved in speciation—for their divergence may
have occurred after speciation was complete—
they do represent an evolutionary accumulation
of hybrid incompatibilities and thus constitute a
test of the snowball effect.

The mel/san crosses tested about 92.0% of the
D. melanogaster genome (calculated as the pro-
portion of total chromosome bands covered in
our deficiency screening); the mel/sim crosses
tested about 79.4% of D. melanogaster genome.
Finally, to establish whether the deficiencies had
an effect on within-species viability when hetero-
zygous in D. melanogaster females, we measured
the relative viability of deficiency-carrying females
in crosses between D. melanogaster Df/Bal (mel
Df/Bal) females and D. melanogaster ArkLa males
(a stock founded by females from wild popula-
tions collected in Arkansas and Louisiana).

The interspecific deficiency screening in
san/mel hybrids shows 71 nonoverlapping chro-
mosomal regions containing genes involved in
DM incompatibilities (Fig. 2 and table S1). In
contrast, in sim/mel hybrids, we found just 10
regions involved in DM incompatibilities (Fig. 2
and table S2). None of the deficiencies that

Q mel Bal/df
M6 df

arII II

F1 Bal/san

Bar hybrid female

FM6 san

df san

an
F df/san

wild type hybrid female

N
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caused hybrid lethality showed reduced viabil-
ity in intraspecific crosses, suggesting that the
heterozygous-lethal effects are specific to hybrid
backgrounds (table S3).

When possible, we used overlapping defi-
ciencies to further localize inviability genes in
each cross. This also ensured that the inviability
observed with each lethal deficiency could be
reproduced with an independent deficiency in the
same chromosome region. Of the 71 regions that
caused hybrid inviability in mel/san hybrids, 61
had overlapping deficiencies, and for each one of
these 61 regions, at least one overlapping defi-
ciency showed hybrid inviability. This shows that
hybrid inviability is not an artifact of a stock’s
genetic background and allowed us to further
refine the mapping position of each inviability
allele (Fig. 2 and tables S1 and S4).

We used Orr’s theoretical framework (4) to
determine the existence of the snowball effect
predicted by the DM model, that is, whether the
number of genes causing inviability in these two
pairs of crosses increased quadratically (or even
faster) with their relative divergence times. Be-
cause there is no fossil record for these species,
we estimated relative divergence times using a
genetic proxy: the average number of synony-
mous substitutions per gene (Ks) between each
of the two pairs across the whole genome (20).
Under the assumption of an approximate molec-
ular clock, Ks increases linearly with divergence
time, and, unlike phylogeny-based estimates,
the Ks-based estimates of divergence time need
not be transformed with calibrations from fos-
sils and make no assumptions about generation
times (20).

We estimated Ks by counting the number of
synonymous substitutions for the sim-mel (Ks
sim-mel) and san-mel (Ks san-mel) species pairs
for every sequenced gene shared by these species.
These values were then averaged among genes
to find the overall Ks (and its standard error, or
SEM) for each pair of genomes (Ks sim-mel =
0.101, SEM = 4.03 x 10~ and Ks san-mel =

Fig. 1. Crossing scheme used to produce
two classes of hybrid female offspring, one
of which is hemizygous for a section of
D. santomea genome uncovered by a defi-
ciency from D. melanogaster. This exam-
ple shows the cross of a mel female to a
san male. If the deficiency does not un-
cover any lethal allele, half of the progeny
will carry the FM6 balancer paired with a
san X chromosome; the other half will
carry the deficiency paired with a san X
chromosome. Lethality or semilethality
results in a dearth of deficiency-carrying
offspring.
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0.242, SEM = 8.17 x 10~%). To establish whether
the observed data fulfill theoretical expectations,
we calculated the expected number of incompat-
ibilities under two models: one in which incom-
patibilities accumulated linearly with the number
of substitutions (i.e., absence of a snowball ef-
fect, which could reflect reproductive isolation
caused by nonepistatic factors such as accumu-
lated chromosomal rearrangements), and a model

X = m——— =

in which the expected number of incompatibil-
ities was proportional to the square of the total
number of DNA substitutions (i.e., the presence
of a snowball effect involving two-locus interac-
tions). In these calculations we included viability
data only for deficiency stocks tested in both sets
of crosses (65 incompatibilities in the mel % san
cross and 10 in the mel x sim cross). To determine
which model was more likely to explain the data,

we used the AIC [Akaike Information Criterion
(21)] scores of each model and calculated the
evidence ratio of Akaike weights for the quadratic
model over the linear model. These scores were
then converted to the normalized probability that
the quadratic model is preferred over the linear
model (21).

The Ks values, the observed number of in-
compatibilities, the expected number of incom-
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Fig. 2. Chromosomal locations of hybrid lethal regions (on a D. melano-
gaster cytological map) for D. melanogaster x D. santomea and D. mel-
anogaster x D. simulans crosses. All lethal regions detected contain at
least one gene involved in an epistatic interaction between a recessive

A hybrid viability < 0.5 B hybrid viability < 0.3

element in the D. santomea (or D. simulans) genome and one or more
dominant or semidominant factors in the D. melanogaster genome. Re-
gions reducing viability in mel/san hybrids are shown in blue; those in
mel/sim hybrids in red.
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Fig. 3. Number of observed and expected hybrid incompatibilities in san/mel
and sim/mel F, female hybrids. We fitted the linear and quadratic model that
had lowest AIC values and forced the models through the origin (the assumption
here is that at time zero, when there are no genetic substitutions between
populations, there are no incompatibilities). P values are the normalized prob-
ability that each model is to be preferred over the other one (e.g., the quadratic
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model is to be preferred over the linear model and vice versa) according to the
evidence ratio of Akaike weights. Deviations are highly significant for the linear
model but not for the quadratic model, regardless of how we quantify “viability”;
and in all cases the quadratic model explains the data better than the linear
model. Different panels represent the four different definitions of “inviability”:
(A) Lower than 0.5; (B) lower than 0.3; (C) lower than 0.1; and (D) equal to 0.
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patibilities, and the results for all the model com-
parisons are shown in Fig. 3. These data show
that the number of incompatibilities does not ac-
cumulate linearly with divergence time and is
more consistent with a quadratic increase, as ex-
pected if the evolution of those incompatibilities
obeys the snowball effect. This result holds re-
gardless of which estimate of divergence time we
use (Fig. 1 and figs. S1 to S3). We thus conclude
that hybrid incompatibilities between these spe-
cies accumulate substantially faster than linearly
with respect to their divergence time.

In addition to fitting the linear and quadratic
models to regions that caused a relative viability
lower than 0.5, we used more stringent criteria for
inviability, fitting the two models to regions that
showed relative viabilities lower than 0.3, 0.1, and
0. The results were similar in all cases (Fig. 1 and
figs. S1 to S3) and revealed that, regardless of their
size, deleterious epistatic interactions accumulate
faster than linearly with divergence time.

Besides counting incompatibilities, our results
can be used to identify and isolate genes causing
reproductive isolation between species. Deletion
mapping in D. melanogaster/D. simulans hybrids
has identified two “hybrid inviability” genes with

function in nuclear transport and whose diver-
gence occurred via natural selection (6, 8, 22).
By confirming a key prediction of the DM the-
ory and showing a snowball effect of the accu-
mulation of genetic incompatibilities causing
reproductive isolation, we support the view that
postzygotic reproductive isolation often results
from deleterious interactions in hybrids between
genes that behave normally within species.
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Hybrid Incompatibility “Snowballs”
Between Solanum Species

Leonie C. Moyle® and Takuya Nakazato™?

Among the reproductive barriers that can isolate species, hybrid sterility is frequently

due to dysfunctional interactions between loci that accumulate between differentiating lineages.
Theory describing the evolution of these incompatibilities has generated the prediction, still
empirically untested, that loci underlying hybrid incompatibility should accumulate faster than
linearly with time—the “snowball effect.” We evaluated the accumulation of quantitative trait
loci (QTL) between species in the plant group Solanum and found evidence for a faster-than-linear
accumulation of hybrid seed sterility QTL, thus empirically evaluating and confirming this
theoretical prediction. In comparison, loci underlying traits unrelated to hybrid sterility show
no evidence for an accelerating rate of accumulation between species.

incompatibility [after (/, 2)] proposes

that hybrid sterility and inviability are
due to negative genetic interactions between two
or more loci [commonly called “Dobzhansky-
Muller incompatibilities” (DMIs)] that have
accumulated substitutions in diverging lineages.
When brought together in hybrids, alleles in
each divergent lineage interact dysfunctionally,
which results in reduced hybrid fitness (3). The
action of DMIs is supported by empirical ob-
servation of the segregation of sterility in recom-
binant populations, and the molecular genetic

The Dobzhansky-Muller model of hybrid
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description of individual interacting loci under-
lying hybrid incompatibility phenotypes (4, 3).
The Dobzhansky-Muller model (3, 6-9) has
produced empirically testable predictions includ-
ing the “snowball effect”—the number of DMIs
accumulating between lineages is expected to
“snowball” (increase faster than linearly) with
increasing time since lineage divergence (3, 6).
Formally, because DMIs are due to gene interac-
tions (epistasis), the number of expected DMIs
increases with the square of the number of substi-
tutions differentiating two lineages, when DMIs
are due to pairwise epistasis; DMIs due to in-
teractions among more than two loci are ex-
pected to accumulate even faster (6). Previous
attempts to detect the snowball effect by mea-
suring the strength of reproductive isolation be-
tween lineages, rather than the number of genes
involved, have failed to find a greater-than-linear

increase in sterility over time (/0—12). However,
testing this theoretical prediction requires infor-
mation on the number of DMIs contributing to
specific isolating barriers among multiple closely
related species, rather than simply their pheno-
typic effects on hybrid sterility (3, 6).

To evaluate the expected snowball of DMIs,
we used data from three quantitative trait loci
(QTL) mapping experiments among species in
the plant genus Solanum (13—15). Each QTL ex-
periment used a unique library of hybrid intro-
gression lines [near-isogenic lines (NILs)] in
which all or most of the genome of a wild (un-
domesticated) Solanum species (Solanum pennelli,
Solanum habrochaites, or Solanum lycopersicoides)
was represented as short individual chromosom-
al regions serially introgressed into the genetic
background of domesticated tomato (Solanum
lycopersicum). These three experiments are com-
parable in the mean and distribution of hetero-
specific introgression sizes and the generations
of crossing used to create the lines, and they have
similar statistical power for detecting pollen and
seed sterility QTL (Table 1) (/5). Each experi-
ment identified the number, genomic location, and
phenotypic effect-size of chromosomal regions
associated with two separate postzygotic sterility
phenotypes (pollen sterility and seed sterility) acting
between two species (/5). In each population, we
also analyzed morphological traits unrelated to
hybrid sterility (fruit shape and size of fertile seeds)
as an internal control. As a proxy for time since
lineage splitting, we estimated pairwise species mo-
lecular divergence as the number of synonymous
substitutions per synonymous site (K) at six un-
linked loci distributed throughout the genome (75).
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