
energy from a volume small enough to give
almost constant ts-p over periods of tens of
minutes or more. We cannot locate all tremor
with this method for two reasons. First, the
stable determination of ts-p depends on tremor
over an extended period coming from only one
place, which is not always the case. Second, our
technique is most sensitive to tremor beneath
each array where the P and S waves are clearly
separated into vertical and horizontal compo-
nents. There are many periods of time, particu-
larly at the Lopez array, in which tremor was
located some distance from an array. In these
cases, there was likely too much S-wave energy
on the vertical component and P energy on the
horizontal to get a strong cross-correlation.
Although we cannot determine the depth of all
observed tremor, the tremor under each array
occurred near the subduction zone interface, and
we see no evidence for shallow tremor, in con-
trast to other studies (11, 12, 16, 17). Our meth-
od is ideally suited to find shallow tremor if it
existed beneath an array.

If our results are representative of most NVT
in Cascadia, then the contemporaneous occur-

rence of Global Positioning System–detected slow
slip (22) indicates that deep tremor and slow slip
are two manifestations of the same source pro-
cess in Cascadia, as has been inferred for Japan
(8, 10, 23). This hypothesis is further supported
by the polarization characteristics of tremor sig-
nals, which are in good agreement with the ex-
pected polarization of signals produced by fault
slip along the subduction megathrust (13).
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Divergent Evolution of Duplicate
Genes Leads to Genetic
Incompatibilities Within A. thaliana
David Bikard,1 Dhaval Patel,2 Claire Le Metté,1 Veronica Giorgi,1 Christine Camilleri,1
Malcolm J. Bennett,2 Olivier Loudet1*

Genetic incompatibilities resulting from interactions between two loci represent a potential
source of postzygotic barriers and may be an important factor in evolution when they impair the
outcome of interspecific crosses. We show that, in crosses between strains of the plant Arabidopsis
thaliana, loci interact epistatically, controlling a recessive embryo lethality. This interaction is
explained by divergent evolution occurring among paralogs of an essential duplicate gene, for
which the functional copy is not located at the same locus in different accessions. These paralogs
demonstrate genetic heterogeneity in their respective evolutionary trajectories, which results in
widespread incompatibility among strains. Our data suggest that these passive mechanisms,
gene duplication and extinction, could represent an important source of genetic incompatibilities
across all taxa.

When crossing individuals from differ-
ent species is feasible, offspring often
have reduced viability or fertility (1, 2).

The Bateson-Dobzhansky-Muller model explains
such incompatibilities on the basis of the syner-
gistic interaction of genes that have functionally
diverged among the respective parents (3–5).
Elucidating the molecular basis of such genetic
incompatibilities is of great importance to the

science of evolution as well as to plant breeding.
Whether these incompatibilities mostly appear
concurrently with speciation (arising, for exam-
ple, in geographically isolated populations) or after
speciation has occurred as a consequence of their
divergence remains a considerable question (4); it
is now known that such incompatibilities can seg-
regate within species first (5, 6). A limited number
of genes interacting to cause hybrid incompati-
bility have been identified at the molecular level,
such as the Lhr/Hmr system responsible for
lethality of male F1s from a cross between two
Drosophila species (7). Recently, an interaction
between zeel-1 and peel-1 loci was discovered
to causewidespread genetic incompatibility among
Caenorhabditis elegans strains (8). Also at the

intraspecific scale, a typical dominant case of in-
compatibility in Arabidopsis thaliana has been
identified that may establish a link between hy-
brid necrosis and the plant immune system (9).

While generating homozygous progeny from
crosses between A. thaliana wild strains, it is fre-
quently witnessed that physically unlinked loci
do not always segregate independently and that,
often, one homozygous allelic combination at two
independent loci is rare or totally absent in the
descendants of a specific cross (10, 11). This phe-
nomenon explains part of the segregation distor-
tion inherited in suchmaterial and is viewed as the
recessive version of Bateson-Dobzhansky-Muller–
type incompatibilities, although other models than
functional divergence could apply (12, 13). Such
epistasis-based recessive incompatibilities could
result in reduced fitness in the progeny and limit
the extent of rearrangements among parental ge-
nomes. Furthermore, if several incompatibilities
were to segregate within a cross they should lead
to conflicts between the genomes of diverged
strains, which could result in isolating barriers
and, ultimately, speciation (14, 15).

A cross between the Arabidopsis reference
accession Columbia-0 (Col) and the Cape Verde
Island accession Cvi-0 (Cvi) was generated, and
367 F6 recombinant inbred lines (RILs) were
genotyped, revealing that two pairs of unlinked
loci did not segregate independently from each
other (10). For both of these pairs, a specific com-
bination of Col and Cvi alleles was not found in
the RIL set, resulting in a transchromosomal link-
age disequilibrium pattern (pseudo-LD) and ex-
hibiting segregation distortion (fig. S1). By
focusing on one of these two-locus interactions
(labeled LD1 in fig. S1), we realized that a homo-
zygous combination of the Col allele at the LD1.1
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locus (bottom of chromosome 1) and the Cvi
allele at the LD1.5 locus (top of chromosome 5)
caused arrested embryo development, resulting
in seed abortion (Fig. 1 arrows). A large F2 pop-
ulation generated from the same cross recapitu-
lated this recessive incompatibility (Fig. 1) and
showed complete penetrance. We also noted that,
in one intermediate heterozygous combination,
the embryo developed normally but the primary
root of the resulting seedling was shortened to
~one-third of its regular size, adding a quantita-
tive phenotype we named “weak root” to the
complexity of this epistasis. Taking advantage
of heterogeneous inbred families [HIFs; (16)] de-
rived from F6 RILs segregating for each locus
while being fixed for the appropriate (incompat-
ible) genotype at the other locus, we fine-mapped
the LD1 epistatic interaction (17), reducing the
candidate intervals of LD1.1 and LD1.5 to 65 and
15 kb, containing 11 and 4 annotated genes,
respectively.

Gene annotation within these intervals revealed
a candidate gene pair; the histidinol-phosphate
amino-transferase gene codes for a protein (HPA)
that catalyzes an important step in the biosyn-
thetic pathway leading to histidine (His), an
essential amino acid incorporated into proteins
and hence required in many aspects of plant
growth and development (18). Two paralogous
copies of this gene are found in the Col ge-
nome; one (HPA1/HISN6A/At5g10330) lies with-
in the LD1.5 candidate interval, and the other
(HPA2/HISN6B/At1g71920) lies within the LD1.1
candidate interval. These paralogs appear to have

arisen from a recent single gene duplication event
resulting in a dispersed duplicate pair, a mode of
gene duplication that typically affects fewer genes
than tandem or segmental duplication events in
A. thaliana (19). InCol,At1g71920 andAt5g10330
coding sequences differ by two synonymous sin-
gle nucleotide polymorphisms (SNPs). Intraspe-
cific sequence analyses and comparison to A. lyrata
show that the ancestral locus is represented by
At1g71920 (19) and that At5g10330 arose from
a 3.3-kb duplication centered on At1g71920. In
the Col background, transferred DNA (T-DNA)–
insertion mutants in At5g10330 are embryo-lethal
at the homozygous state [emb2196; (20)], and we
have confirmed this result in other mutant lines,
including SALK_089516. Recently, a weak point
mutation allele of At5g10330 (hpa1) was shown
to affect the maintenance of the root meristem
and primary root elongation (21), an effect typ-
ically associated with the lack of free His in the
plant. Both arrested embryo development and
root growth impairment have been comple-
mented by supplying emb2196 and hpa1 plants
with exogenous histidine (18, 21).

The SNPs in the coding sequence were used
to distinguish between the two paralogs’mRNA,
confirming that there is no detectable transcrip-
tional activity from At1g71920 in Col, whereas
At5g10330 is expressed in both shoot and root
[fig. S2; (19)]. Sequence and reverse transcrip-
tion polymerase chain reaction (RT-PCR) analy-
ses in Cvi showed that the gene at LD1.1
(At1g71920) was expressed, whereas there were
no traces of an HPA coding sequence at LD1.5 in

this background (fig. S2). Instead, according to
sequence results, a 6.4-kb region appears to be
deleted in Cvi (compared with the Col sequence)
that encompasses the entire Col duplication stretch-
ing to 3 kb beyond the Col duplicated region on
one side. Furthermore, the borders of this addi-
tional 3-kb deletion contained traces of transpos-
able elements: ATGP9-LTR andVANDAL-18NA.
The region homologous to LD1.5 inA. lyrata lacks
a HPA gene but is also slightly different from Cvi,
with deletions and insertions of hundreds of base
pairs at the locus. Then, the possibility that the
LD1.5 locus might have undergone multiple re-
arrangements makes it difficult to determine
whether the HPA gene was deleted in Cvi or
whether it was ever present in this background.

The situation at each paralog is summarized
in Fig. 1, with Col and Cvi retaining alternate
functional copies of the essential HPA gene. The
combination of the two silenced copies in a prog-
eny homozygous for the Col allele at LD1.1 and
the Cvi allele at LD1.5 leads to arrested seed
development, presumably because the embryo
is unable to synthesize His. Similarly, the limited
primary root growth in weak-root plants could be
explained by a reducedHis quantity in these plants
because they have a single functional HPA copy
originating from the Col LD1.5 locus (Fig. 1).
Given that the Col LD1.5 allele is less expressed
than the Cvi LD1.1 allele (fig. S2), this allelic
combination may be specifically limiting for the
root, an organ particularly sensitive to a shortage
in His (21). All other genotypes should result in
greater HPA activity, enough to sustain normal

Fig. 1. Geneticmechanism underlying
LD1 interaction and incompatibility. All
combinations of alleles at LD1.5 and its
interactor LD1.1 result in phenotypical-
ly normal plants, except for the combi-
nation Col at LD1.1/Heterozygous (Het)
at LD1.5, which shows a reduced pri-
mary root length (weak-root pheno-
type), and another combination (Col
at LD1.1/Cvi at LD1.5), which shows
embryo lethality at an early stage in
the silique (seeds under development
containing lethal embryos are indicated
by arrows). Fine-mapping identified a
duplicate gene for which Col and Cvi
show reciprocal gene loss explaining
the interaction and incompatibility.
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embryo and root development.Moreover, limited
root growth in weak-root individuals can be ex-
plained by an alteration of the cell production rate
because cell elongation remains normal in these
plants (fig. S3), which is consistent with the lack
of His and its associated defect in root meristem
maintenance (21).

One way to prove the link between LD1
and HPA genes is to show that LD1 can be

complemented by adding exogenous His. Weak-
root plants were gradually and quantitatively res-
cued to the phenotype of the control by growing
the plants on increasing concentrations of His in
vitro (Fig. 2). Furthermore, watering heterozygous
plants from the bolting stage with sufficient
amounts of His restored the viability of embryos
with incompatible allelic combinations (17), pro-
viding complementation of the embryo lethality

phenotype as well. From these experiments, we
concluded that the LD1 incompatibility results
from a shortage of His in certain genotypes.

To prove the causative role of HPA genes
on LD1, we performed an allelic (quantitative)
complementation test by combining different al-
leles at LD1.5 and At5g10330 in an identical F1
background. Crossing segregating HIF lines to
different mutants (hpa1 and emb2196) revealed
how the different alleles at the two duplicate genes
interact to qualitatively control embryo develop-
ment and quantitatively limit primary root growth
(Fig. 3). From crosses with the hpa1mutant (Fig.
3A), we observed that a Cvi allele at LD1.5 is
unable to complement the EMS mutant allele at
At5g10330 (whereas a Col allele does). This geno-
type (Cvi/hpa1) leads to embryo lethality, a pheno-
type even stronger than homozygous hpa1mutants
(these embryos survive), indicating that the caus-
ative Cvi allele at LD1.5 is more deleterious than
the EMS mutation (which fits well with the gene
being completely deleted in Cvi). The significant
interaction between the LD1.5 alleles and HPA
genotypes argues that HPA is involved in LD1
epistasis. Crosses to the emb2196 mutant led to
the same conclusion when Col and Cvi alleles
were compared versus the stronger emb2196 al-
lele (Fig. 3B). However, a heterozygous seed-
ling for emb2196 mutation (Col/emb2196 at
At5g10330) had a significantly (P < 0.01) longer
primary root than a heterozygous seedling with a
Cvi/Col genotype at LD1.5 (Fig. 3B). This, to-
gether with the fact that another T-DNA line in
the same gene (SALK_089516) has a shorter root
than emb2196 in the heterozygous state (similar
to weak-root plants), indicated that the emb2196
T-DNA insertion is probably not a complete null
allele (in contrast to SALK_089516). From these
experiments, we concluded that epistasis at LD1
is most likely explained by allelic variation at
HPA genes as depicted in Fig. 1 and that the in-
compatibility observed between Col and Cvi rep-
resents an example of intraspecific divergence of
a duplicate gene pair.

Similar patterns of segregation distortion
involving regions at the bottom of chromo-
some 1 and top of chromosome 5 were detected
in a RIL set derived from the cross between
Cvi and Landsberg erecta (Ler), indicating
that there may be a similar interaction between
these loci (22). Nearly isogenic lines derived
from this population (23) confirmed epistasis
and incompatibility by showing a specific pat-
tern of segregation and the weak-root pheno-
type. Both HPA genes were expressed in Ler;
however, the chromosome 1 paralog contains
a premature stop codon (Fig. 4). This encour-
aged us to analyze the extent of functional
natural variation at those loci and further char-
acterize intraspecific evolution of these genes
in A. thaliana.

We analyzed 30 accessions derived from
distinct natural populations representing most
known variation in Arabidopsis (24) for the
expression of each gene copy, potential deletions,

Fig. 2. The weak-root phenotype is quantitatively complemented by exogenous His. Typical
phenotypes of descendants from a plant segregating at the LD1.5 locus when grown on media
supplemented with different histidine concentrations. Plants were identified on the basis of their
genotype at the LD1.5 locus. The complementation of the expected weak-root phenotype was
complete when supplied with 10−2 mM His.

Fig. 3. Allelic complementation of LD1 interaction. Quantitative complementation tests were performed
by combining different alleles at LD1 loci in F1 backgrounds. The relative complementation of either (A)
an EMS mutant allele (hpa1) or (B) a T-DNA insertion mutant allele (emb2196) at At5g10330 by a Col or
Cvi allele at LD1.5 was measured through both the length of the primary root (shown in mm) and embryo
lethality. Individuals with a phenotype depicted on the x axis (null) underwent seed abortion. All plants are
Col at LD1.1. Arrows along the y axis represent the typical root length of control genotypes [WT indicates
wild-type Col plants; hpa1 (Hom), homozygous hpa1 mutant plants; and emb2196 (Het), heterozygous
individuals for the emb2196mutation]. Each data point represents the mean T standard error of about 40
plants. The LD1.5 allele × HPA1 genotype interaction term as tested by analysis of variance is significant
in crosses to hpa1 (P < 0.0001) and crosses to emb2196 (P < 0.05).
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and deleterious mutations. We also looked for
LD1.1/LD1.5 genetic incompatibilities (accom-
panied by segregation of the weak-root pheno-
type) in 28 of the possible crosses to Col or Cvi
(either in RIL sets or F2 populations) to confirm
the relevance of variation detected at the nucleo-
tide and/or expression level. Divergent evolution
of the HPA gene pair was dramatic and wide-
spread (Fig. 4 and table S1) because most (22/30)
of the accessions tested have silenced one or the
other copy in at least six different ways (early
stop, no expression, a combination of both, and
different deletions). Cvi- and Col-incompatible
groups represent 14 and 8 accessions, respective-
ly, and, on the basis of these data, we estimate
that at least one-fourth of all possible crosses
among these 30 strains would show HPA in-
compatibility. We observed no particular correla-
tion with geographical population structure (25).
Most of the four structure groups defined pre-
viously (26) included strains belonging to the
two incompatibility groups as well as compatible
accessions.

We confirmed that the rapid and common
evolution of duplicate genes provides an impor-
tant source of Bateson-Dobzhansky-Muller–like
epistatic interactions after paralogs have been re-
ciprocally silenced or lost in diverged strains, as
proposed (27, 28). Depending on the function
and essential nature of the gene, this may result
in hybrid and/or F2 defective fitness in the de-
scendants of certain intraspecific crosses and
could contribute to reproductive isolation (29).
Passive gene loss is recognized as the most prob-
able fate of duplicate genes and is especially
likely at early stages after small-scale duplica-
tion events (12, 30). However, direct evidence
of gene loss as a neutral mechanism generating
postzygotic isolating barriers within existing spe-

cies with no prior fitness consequences in the
parental strains (because only the location of
the functional copy changes) has been lacking
(4, 31, 32). Staal et al. (33) described how a
transposition of a resistance gene found in the
Ler strain of Arabidopsis was responsible for var-
iation in disease susceptibility in crosses to Col.
Similarly, transposition of an essential gene has
recently been associated with the sterility of a hy-
brid between two Drosophila species (29), and
descriptive work on three related yeast species
indicated that divergent resolution events after
whole-genome duplication may have contributed
to their speciation (34). Our study extends these
observations in demonstrating the link between
gene duplication and genetic incompatibility.
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Fig. 4. Divergent evolution of du-
plicate genes among A. thaliana
accessions. Groups of accessions are
presented according to At5g10330
and/or At1g71920 genotypes and
transcript accumulation pheno-
types. Accessions (underlined) from
each group were crossed to Col
and/or Cvi and tested for LD1
incompatibility and compatibility
to confirm the loss of function of
one or the other duplicate gene.
Dash-underlined accessions show
conditional incompatibility (table
S1). The incompatible groups are
circled: green-circled genotypes are
incompatible with Cvi; purple-circled
genotypes are incompatible with
Col. Genotypes not circled are fully
compatible with both Col and Cvi.
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