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Evolutionary conflict can drive rapid adaptive evolution, some-
times called an arms race, because each party needs to respond
continually to the adaptations of the other. Evidence for such arms
races can sometimes be seen in morphology, in behavior, or in the
genes underlying sexual interactions of host−pathogen interac-
tions, but is rarely predicted a priori. Kin selection theory predicts
that conflicts of interest should usually be reduced but not elimi-
nated among genetic relatives, but there is little evidence as to
whether conflict within families can drive rapid adaptation. Here
we test multiple predictions about how conflict over the amount
of resources an offspring receives from its parent would drive
rapid molecular evolution in seed tissues of the flowering plant
Arabidopsis. As predicted, there is more adaptive evolution in
genes expressed in Arabidopsis seeds than in other specialized
organs, more in endosperms and maternal tissues than in em-
bryos, and more in the specific subtissues involved in nutrient
transfer. In the absence of credible alternative hypotheses, these
results suggest that kin selection and conflict are important in
plants, that the conflict includes not just the mother and offspring
but also the triploid endosperm, and that, despite the conflict-
reducing role of kinship, family members can engage in slow but
steady tortoise-like arms races.
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Evolutionary arms races (1, 2) have been documented for
strong conflicts between hosts and pathogens (3, 4) and be-

tween males and females (5). The mother−offspring relationship
is largely amicable, with the mother ensuring the success of her
own genes by helping her offspring. However, some conflict is
predicted (6, 7), although the conflict is reduced by kinship, so it
might be weaker and harder to detect. Mothers are equally re-
lated to all their offspring and should help one of them only
when the benefit to it exceeds the cost to other offspring.
However, each offspring is more related to itself than to its
siblings, so it should therefore try to acquire resources in excess
of the maternal optimum. There is some evidence that genes
expressed in mammalian placentas, which function to provision
embryos and are genetically identical to them, evolve rapidly (8).
Seeds offer a special opportunity to test within-family conflict
theory (9–14). In flowering plants, seeds contain the embryo, a
covering of maternal tissue, and the endosperm (Fig. 1). The
endosperm does most of the acquisition of resources from the
mother and sometimes also stores the resources (15, 16), pre-
sumably allowing the embryo to specialize more in developing
properly. In most angiosperms, the endosperm is triploid, iden-
tical to the embryo but with an extra dose of the maternal alleles,
which gives it its own peculiar relatedness patterns (9–14).
Fig. 2 shows how kin selection is predicted to operate on

mothers, endosperms, and embryo with respect to transfer of
resources to this embryo instead of to other embryos on the same
maternal plant (9, 10). There is a large zone of potential conflict
where an embryo and its endosperm favor this transfer but the
mother does better to provision her other embryos. There is a
much smaller zone of conflict where the endosperm is predicted

to side with the mother against the embryo. Note also that, if two
nonrelatives were selected with respect to providing a benefit to
one at a cost to the other, they would be in conflict over the
entire positive benefit−cost space in Fig. 2, so relatedness is a
moderating factor that reduces conflicts within families.
However, evidence for seed conflict has been indirect. For

example, there are possible morphological features consistent
with conflict, such as invasive haustoria of endosperms and
maternal integumental barriers (9, 11). There is also evidence for
paternal effects on seed size (17). Here we present strong tests of
the prediction that conflict among these tissues in Arabidopsis
will lead to high rates of adaptive evolution.
Conflict-based arms races are most likely to be found in genes

that are specialized for in tissues engaged in conflict. We
therefore first identified sets of Arabidopsis genes specialized for
a focal organ or tissue as those genes that show significantly
higher expression in that organ or tissue compared with other
organs or tissues, using published microarray expression datasets
(18, 19). We then compared rates of adaptive evolution (α) of
these gene sets using α= 1−

�
Pn
Ps=

Dn
Ds

�
, where Dn/Ds is the ratio of

nonsynonymous to synonymous substitutions between species
and Pn/Ps is the corresponding ratio for polymorphisms within
species (20–22). This statistic is based on the logic of the
McDonald−Kreitman test (23): The two ratios should be the same
under a combination of neutrality and purifying selection, but
positive selection will elevate Dn/Ds, and therefore α; α provides a
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powerful summary of adaptive evolution averaged over a gene set,
and, when two gene sets share the same population history, a higher
value of α indicates greater adaptive evolution.
We estimated α in two species pairs, (i) Arabidopsis thaliana

populations with an Arabidopsis lyrata outgroup and (ii) A. lyrata
populations with an Arabidopsis halleri outgroup (Fig. 3). The
first pairing is natural because the expression data come from A.
thaliana, but there are two complications which we can remove
with the second test. First, A. thaliana seeds are smaller than those
of A. lyrata [0.3 mm to 0.5 mm vs. 0.8 mm to 1.2 mm (24)], meaning
any excess adaptation observed in seeds could result not just from
conflict but from any factor selecting for seed size. However, this is
not an issue for A. lyrata and A. halleri, which have very similar seed
sizes [both 0.8 mm to 1.2 mm (24)]. Second, A. thaliana is inbred,
which changes the relatedness patterns and should reduce conflict
(9). This should not be a serious problem, because A. thaliana has
been outbred for more than 90% of the time since it diverged from
A. lyrata (25), but the lyrata–halleri pairing provides a check with an
outbred pair. There are polymorphism data from multiple pop-
ulations, from which we selected five A. thaliana populations and
two A. lyrata populations for analysis, allowing seven partially in-
dependent tests of each prediction (independent polymorphism
data but shared outgroup for divergence).

Results
We test conflict predictions at three levels using genes prefer-
entially expressed in organs, in seed tissues, and in seed sub-
tissues (SI Appendix, Table S1). First, if there is sufficient family
conflict in seeds, then genes with specialized expression in seeds
should show more adaptive evolution (higher α) than genes
specialized for other organs that are genetically uniform and
therefore not subject to conflict. This prediction is successful,
with seed genes showing higher α than genes in floral buds, leaf
rosettes, stems, and roots in both species pairs; 25 of the 28
comparisons are statistically significant (Fig. 3; all adaptive
evolution tests in this paper are permutation tests; see Methods).
Second, because the endosperm has taken over the primary nu-

trient acquisition role for the embryo, we test whether the primary

conflict is now between mother and endosperm rather than mother
and embryo. This shift would make sense (9) because the endo-
sperm is far less constrained than the embryo, which has to de-
velop in a precise way, and the two tissues differ little in their
interests [Fig. 2; even this difference disappears for endosperm
genes that are strictly dominant or recessive (10)]. Again, the data
support the prediction. Compared with genes with specialized
expression in the embryo, we see elevated rates of adaptive evo-
lution in genes specialized for maternal seed coat (four of seven
comparisons are significant) and especially for the endosperm
(seven of seven comparisons are significant) (Fig. 4, Left).
Third, even more informative predictions can be tested within

each tissue—maternal, endosperm, and embryo. Genes with
specialized expression in subtissues that are most involved in
nutrient transfers are predicted to be more engaged in conflict
and to have higher α than other subtissues. Most of the actual
conflict between mother and endosperm should occur in their
chalazal regions where more nutrients are transferred (15, 16) so
the conflict hypothesis predicts that these will evolve more rap-
idly than other subtissues in their respective tissues. This pre-
diction is confirmed both for maternal chalazal seed coat versus
the maternal general seed coat (six of seven tests; Fig. 4, Right)
and for endosperm chalazal pad versus cellularized/peripheral
endosperm (seven of seven tests, Fig. 4, Right). Two other sub-
tissues are predicted to evolve rapidly only if the embryo still
participates in some conflict: the embryo suspensor that is ter-
minally differentiated and participates in nutrient transfer (26)
and the micropylar endosperm that surrounds the embryo (15,
16). These predictions are also confirmed, though less strongly,
with somewhat higher adaptive evolution in genes with special-
ized expression in the embryo suspensor versus those in the
embryo proper (four of seven tests) and in genes in the micro-
pylar endosperm versus those in the cellularized/peripheral en-
dosperm (five of seven tests) (Fig. 4, Right).
Gene ontology (GO) analyses show that extracellular and in-

tracellular communication genes figure prominently, as one
might predict under conflict, but a number of other categories
are also significantly enriched (SI Appendix, Tables S2–S6).

Discussion
The evidence strongly supports multiple predictions of greater
adaptive evolution expected from conflict in seeds. Alternative
hypotheses cannot account for all of the results. First, the higher
α in seeds could reflect an arms race between the maternal seed
coat on the outside of the seed against evolving seed predators or
soil pathogens and fungi. However, this is not supported by the
similarly high α in the endosperm and especially not by the lower
α in the general seed coat surrounding the seed versus the cha-
lazal seed coat supplying the nutrients (Fig. 4, Right). Second,
imprinted genes, which affect seed nutrition, might add still
another dimension of kin-selected conflict, that between mother
and father (27). We are conducting a separate analysis of
imprinted genes, but they constitute small fractions of our gene
sets and cannot explain all of the patterns observed. Endosperm
tissues show a pattern opposite to an imprinting arms race:
Genes preferentially expressed in the slowly evolving cellular-
ized/peripheral region are more often imprinted (8.1%) than
those expressed in the rapidly evolving micropylar (0.5%) or
chalazal (2.2%) regions [based on 124 stringent, imprinted genes
(28)]. Moreover, in maternal tissues, there should be no im-
printing conflict, so this hypothesis cannot explain either the high
α in the seed coat genes or the higher α in genes in the chalazal
region of the seed coat. Finally, the lyrata−halleri comparison
removes a seed-size selection explanation. However, conflict is
always over something—here provisioning—that might be selected
for nonconflict reasons, so our results are also consistent with a
post hoc hypothesis of nonconflict selection on provisioning.
However, some such post hoc explanation could be posited for any
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Fig. 1. Components of the angiosperm seed. The developing angiosperm
seed, here Arabidopsis, has three distinct genetic parties. The mother con-
tributes the seed coat, with the chalazal region being a portal for nutrients.
The offspring consists of the embryo proper and a temporary suspensor that
may be involved in nutrient acquisition. The endosperm results from a sec-
ond fertilization and is triploid, genetically identical to the embryo except
for an extra set of the maternally derived chromosomes. Nutrients flow to
the endosperm through its chalazal region. ‡, Subtissues most involved in
transfer between genetically distinct parties.
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of the over 600 possible patterns of significance rankings (SI Ap-
pendix, Table S7) of the five plant organs tested (Fig. 3), and more
if we included the patterns of Fig. 4. In contrast, the conflict hy-
pothesis predicted a priori the single pattern actually observed
(seeds show more adaptive evolution than the other four), passing
a severe attempt at falsification.
In the absence of viable alternative explanations, these results

suggest a number of implications. They add support to Hamilton’s
(29) assertion that kin selection is important far beyond its
canonical applications to the evolution of altruism in animals
such as social insects, in this case, to plants (8–14, 30). They also
add support to the idea that kin selection is relevant not just to
driving altruism but also to limiting selfish behavior and conflicts.
Our results—together with parallel ones on rodents (8)—also
provide support for parent−offspring conflict in general and
against the idea (31) that parents should completely win because
they have initial control of the contested resources. If that were
true, there would be no ongoing conflict and elevated rates of
adaptation. Our results suggesting pronounced endosperm con-
flict with the mother and weaker conflict with the embryo pro-
vide support for the idea that the peculiar triploid endosperm,
which never lives independently or reproduces directly, evolves
according to its own relatedness-based interests. They therefore
lend credence to kin-selection theories of the origin and evolution

of the endosperm (9–13, 27, 32). Finally, the idea that some parts
of the seed have evolved to increase seed size and others have
evolved to moderate seed size is likely relevant to strategies for
artificially selecting seeds, such as in the cereals that constitute a
large part of the human diet.
Relatedness is expected to decrease conflict, so it is interesting

that kin interactions nevertheless seem to drive rapid evolution,
consistent with an evolutionary arms race. One reason may be the
constancy of the conflict. In Aesop’s fable, a tortoise raced against
a hare, but arms races can pair two hares or two tortoises. Hosts
and pathogens may be hares, with selection that is strong but ir-
regular because not every host encounters a pathogen and also
because host−pathogen species pairings shift (2). In contrast,
family quarrels may resemble races among tortoises. The pace
may be slower, but it never wanes, because every offspring has a
mother and every evolutionary successful mother has offspring.

Methods
Genes Specialized for Particular Organs and Tissues. From two published A.
thaliana microarray expression datasets, we identified genes specialized for
seed tissues (19) (series GSE12404; SI Appendix, Table S1), as well as for seeds
and the following nonseed organs: floral bud, leaf rosette, stem, and root
(18) (series GSE680; SI Appendix, Table S1). The seed expression dataset (19)
(series GSE12404) includes time series Affymetrix ATH1 microarray data
across six developmental stages from microdissected seed tissues and from

Fig. 2. Conflict in seeds. Suppose an allele is expressed in tissue x (x = embryo, endosperm, mother) of a focal seed. It increases nutrient flow to the embryo of
this seed, increasing its fitness by b (y axis) and decreasing the total fitness of its current or future maternal half siblings by c (x axis). Hamilton’s kin selection
rule (29) states that this allele will be favored when rembryo-xb – rsibling-xc > 0, where the two rs are the relatednesses of tissue x to the focal embryo and to half-
sibling embryos (9). Therefore, each party should favor this transfer (+) when b > c*rsibling-x/rembryo-x, and disfavor it (−) when this inequality is reversed. If b/c is
high enough (white), all parties favor the focal embryo, and, if it is low enough, none do (dark gray). In between, there are zones of potential conflict where
some tissues would gain from the transfer and others would lose from it.
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two to three biological replicates. The life stages expression dataset [GSE680
(18)] includes time series ATH1 microarray data from seeds across the same
six developmental stages, as well as mature plant organs at single time
points. For each microarray experiment, we extracted normalized log2-
transformed expression values for each mRNA sequence with the Robust
Multiarray Average preprocessing approach (33) using the Affy package (34)
in Bioconductor v.2.12 (35) implemented in R v.2.15 (36).

We used the limma package (37) to identify which RNA sequences were
significantly enriched in each organ or tissue that we used in subsequent
analyses. We performed pairwise contrasts of a focal tissue against other
tissue(s), as specified in the next three paragraphs, with t tests moderated by
an empirical Bayes function, because there were few replicates available for
each microarray experiment. The mRNA transcripts with a Benjamini−
Hochberg (38) adjusted P value less than 0.01 were considered enriched for
a focal tissue. We assigned gene identities to mRNA transcripts using a
reannotated array based on the TAIR10 A. thaliana genome release (https://
www.arabidopsis.org). Transcripts that mapped to more than one sequence
were excluded from further analyses. When multiple transcripts mapped to
the same gene, we required all of them to be significantly enriched in the
focal tissue.

We applied these procedures to perform contrasts to identify gene sets
specialized for particular organs or tissues at three different levels. First, to
identify genes specialized for particular organs, we performedpairwise contrasts
to identify genes encoding mRNAs enriched in each of the following organs:
seed, floral bud, leaf rosette, stem, and root [data from series GSE680 (18)]. For
the seed genes in this analysis, expression data were averaged across ontogeny.

Second, to identify genes specialized for particular seed tissues, we
identified genes significantly enriched in mRNA expression, in at least one
developmental stage, in each of the three seed tissues (maternal seed coat,
endosperm, and embryo) relative to the other two tissues [data from series
GSE12404 (19)]. From these gene sets, we deleted any genes previously
found to have significantly enriched expression in floral bud, leaf, stem, or

root organs to limit any effects of selection on genes during those stages of
the plant life cycle.

Third, to identify genes specialized for particular subtissues, we identified
genes with significantly enriched mRNA expression in each of the seed
subtissues within the seed coat, embryo, and endosperm tissues. We com-
pared subtissues within a given tissue only. For example, genes specialized for
chalazal endosperm were those with significantly enriched expression in the
chalazal region of the endosperm, relative to the other three endosperm
regions. Again, genes were chosen when their expression was enriched in at
least one developmental stage of the focal subtissue but not in any other
subtissue. We again deleted any genes in the set previously found to have
enriched expression in floral bud, leaf, stem, or root organs. Because of small
sample sizes, limited presence in stages, shared ontogenetic origins (16), and
shared predictions, we combined the gene sets for “cellularized” and
“peripheral” endosperms.

Tests for Molecular Signatures of Positive Selection in Tissue-Specific Genes.
We used both interspecific and intraspecific sequence comparisons to test for
positive selection in plant organs, seed tissues, and subtissues. For the gene
sets specialized in each, we estimated the proportion of adaptive substitu-

tions as α= 1−
�
Pn
Ps=

Dn
Ds

�
, where Pn and Ps are the numbers of nonsynonymous

and synonymous polymorphisms within species, respectively, and Dn and Ds
are the numbers of nonsynonymous and synonymous differences between
species (21, 39). The metric α is an extension of the McDonald−Kreitman test
(23), which assumes that, if an adaptive mutation arises, it is swept to fixa-
tion quickly, contributing to between-species divergence but not within-
species polymorphism. Thus, if Dn/Ds > Pn/Ps, the sequence is thought to
be under strong positive selection. The McDonald−Kreitman test typically looks
at a single gene, limiting sample size and power, but α is calculated cumula-
tively across a class of genes. Thus, no single gene in the set need be significant
under the McDonald−Kreitman criteria to detect adaptation. We first esti-
mated α with polymorphism counts from A. thaliana and with divergences

Fig. 3. Adaptive evolution α is higher for genes up-
regulated in seeds compared with other organs. Each
panel shows seven estimates of the rate of adaptive
evolution, α, for five A. thaliana populations with an
A. lyrata outgroup, as well as two A. lyrata pop-
ulations with an A. halleri outgroup. For floral buds,
stems, leaf rosettes, and roots, asterisks show signifi-
cant differences from the corresponding seed (per-
mutation tests; *P < 0.05; **P < 0.01; ***P < 0.001).
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from its sister species, A. lyrata. We also estimated α for a pair of two closely
related outbred species, A. lyrata and A. halleri, for which we obtained publicly
available polymorphism data for A. lyrata (40).
Pairwise divergence estimates. To estimate divergence between A. thaliana and
A. lyrata, or between A. lyrata and A. halleri, we first identified whole-
genome orthologs using our version of standalone InParanoid v.4 (41),
which we updated to work with BLAST+ (42). This gave us reciprocal BLAST
comparisons of A. thaliana, A. lyrata (v. 1.0) (43), and A. halleri (v. 1.0) (44)
protein sequences. With the 1:1 orthologs, we performed pairwise global
alignments of A. thaliana, A. lyrata, and A. halleri proteins using MUSCLE
(45), which were again back-translated and trimmed using PAL2NAL v. 14
(46) and trimAl v. 1.2 (47), respectively. We then used the Nei and Gojobori
method (48) implemented in the codeml package of PAML 4.0 (run-
mode = −2, CodonFreq = 2) (49) to estimate the numbers of non-
synonymous and synonymous sites and substitutions per gene between
each species pair. We excluded all genes with saturated divergence (dS ≥ 1;
A. thaliana–A. lyrata, 61 genes; A. lyrata–A. halleri, 37 genes) from future tests.
Polymorphism estimates of A. thaliana and A. lyrata. To reduce the chance of
unusual results owing to an unusual recent population history, we estimated
within-species polymorphism for five populations of A. thaliana and two
populations of A. lyrata. To obtain Pn and Ps for A. thaliana, we used SNP
data from resequenced A. thaliana genomes as part of the 1,001 Genomes
Project (www.1001genomes.org, SI Appendix, Table S2). We chose five pop-
ulations, each consisting of geographically clustered accessions, to minimize
any effects of population structure: Germany (n = 43), Czech (n = 17), Russia
(n = 21), E. Spain (n = 18), and W. Spain (n = 23). We converted the variant call
format (VCF) files for each A. thaliana individual in each population into a
variant FASTA sequence file of the A. thaliana reference genome (TAIR10,
downloaded May 7, 2012) with a custom Perl script. We used BEDTools (50) to
extract the coding sequences for each gene and translated these to amino acids
with a custom Perl script. We aligned, back-translated, and trimmedmisaligned
regions using the same methods described for estimating divergence. We

analyzed the coding alignments with PolyMORPHOrama without a minor
allele frequency cutoff.

For A. lyrata, we obtained pooled resequenced genome data and genotype-
by-sequencing (GBS) data for the two available populations, one collected from
Erie, PA (n = 14), and the other from Jamesville, NY (n = 25) (40). To obtain our
polymorphism counts for the two available populations of A. lyrata, we began
with all GBS and pooled-sequencing FASTQ files (European Nucleotide Archive:
https://www.ebi.ac.uk/ena, accession PRJEB8335). These FASTQ were dein-
terleaved and had been demultiplexed (GBS) and trimmed to a minimum PHRED
quality score of 20 before they were added to the repository. We merged the
FASTQ sequence quality files from multiple lanes of pooled sequence for the
New York population to increase coverage. We then mapped all paired end
reads to version 1.0 of the A. lyrata reference genome (43) with sampe in
the Burrows−Wheeler Aligner v. 0.7.15 (51). We sorted and indexed the
alignment files with SAMTOOLS v. 1.3 (51–53), and then realigned inser-
tions/deletions with the Genome Analysis ToolKit v.3.3.0 (54), removed low-
quality reads (<20) and those that failed to map with SAMTOOLS, and re-
moved duplicate reads with Picard (v. 1.128; broadinstitute.github.io/picard/).
Because we were only interested in polymorphism in coding sequence, we
called variants using the primary coding sequence of A. lyrata with Genome
Analysis Toolkit HaplotypeCaller (54) with a quality score of >25 and filtered for
SNPs only. To ensure optimal coverage across all coding sequence genome-wide,
we merged all resulting VCF files by population with the vcf-merge tool of
VCFTOOLS v. 1.14 (55). Our same custom Perl script converted the merged VCF
files to a variant FASTA, which we then used to extract the coding sequences
for each gene and calculate nonsynonymous and synonymous polymorphism
counts as described for the A. thaliana populations.
The proportion of adaptive substitutions as estimated by α. We estimated the
proportion (α) and rate (ωa) of adaptive substitutions and the proportion of
nonsynonymous mutations that are deleterious (1 − f) for our different gene
sets using the standalone version of the Distribution of Fitness Effects (DFE)-α
program v. 2.15 (22). Using a custom Perl wrapper that sums and formats the
nonsynonymous and synonymous polymorphism frequency spectra provided

Fig. 4. Adaptive evolution α in genes specialized for
different seed tissues and subtissues. (Left) Adaptive
evolution in the genes specialized for maternal seed
coat and endosperm is higher than in those special-
ized for embryo, supporting the hypothesis that
most of the conflict is between mother and endo-
sperm. Asterisks indicate significance relative to the
same-population embryo α. (Right) Within each of the
maternal, endosperm, and embryo tissues, adaptive
evolution is higher in genes specialized for subtissues
more directly involved in nutrient transfers. Asterisks
indicate significant differences relative to same-
population α of the subtissue(s) less involved in nu-
trient transfer (maternal general seed coat, peripheral
and cellularized endosperm, embryo proper). The
seven populations in each panel are as in Fig. 3 (per-
mutation tests; *P < 0.05; **P < 0.01; ***P < 0.001).
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by PolyMORPHOrama creates all necessary run files, incorporates divergence
information, and performs either permutations or bootstrapping. In DFE-α, we
used default parameters, except that we used a two-epoch model without
folded site-frequency spectra and a Jukes−Cantor correction when calculating
nucleotide divergence. Results are shown in SI Appendix, Table S1.

Statistics. For each focal gene set, we generated confidence intervals for α,ωa,
and 1 − f by bootstrapping across loci 1,000 times. For each parameter X, i
genes in the focal set were randomly drawn with replacement 1,000 times,
from which we reran DFE-α for each resample, recomputed X. These data
were used for a 95% confidence interval.

To ask whether focal gene sets differed from each other, we employed
permutations to test for differences between two samples. To test for a dif-
ference between the statistics of two gene sets, X1 and X2 with i and j numbers
of genes, we randomly drew without replacement i and j genes from com-
bined sets of genes, reran DFE-α, and recalculated X1 − X2. We calculated the P
value as the proportion of times the permuted difference was greater than
zero in the direction predicted. All P values reported are one-tailed.

GO. We performed a GO analysis to rudimentarily examine the functions of
the genes in our focal tissues. We used the DAVID Functional Annotation Clus-
tering Tool (56, 57) to obtain clusters of significantly enriched GO terms with a
stringency setting of “High” for all gene sets, using the A. thaliana genome as
background. Clusters for each gene set are given in SI Appendix, Tables S2–S6.

Data and Code Availability. Data and authored programs have been archived
at https://github.com/ksgeist/adaptation-in-arabidopsis-seeds (58). We include
gene lists for each category along with a measure of each gene’s degree of
adaptive evolution, as well as summary statistics computed for each gene set.
We also provide the Perl wrapper we authored that performs bootstrapping
and permutation tests on gene sets using DFE-α (21).
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