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Abstract: Phylogenomic analyses are recovering previously hidden histories of hybridization,
revealing the genomic consequences of these events on the architecture of extant genomes. We
exploit a suite of genomic resources to show that introgressive hybridization occurred between
close relatives of Arabidopsis, impacting our understanding of species relationships in the group.
We show that cytonuclear discordance arose via massive nuclear, rather than cytoplasmic,
introgression. We develop a divergence-based test to distinguish donor from recipient lineages
and find that selection against epistatic incompatibilities acted to preserve alleles of the recipient
lineage, while neutral processes also contributed to genome composition through the retention of
ancient haplotype blocks.
One Sentence Summary: Introgression of donor and retention of recipient alleles is governed in
part by selection for cytonuclear compatability.
Main Text:
Hybridization is a driving force in plant evolution (1), occurring naturally in ~10% of all
plants, including 22 of the world’s 25 most important crops (2). Botanists have long realized that
through backcrossing to parents, hybrids can serve as bridges for the transfer of genes between
species, a process known as introgression (IG). As more genome sequences become available,
comparative analyses have revealed the watermarks of historical IG events in plant and animal
genomes (3–5). Cytonuclear discordance is a hallmark of many IG events, occurring, in part,
because nuclear and cytoplasmic DNA differ in their mode of inheritance. In plants, this discord
is often referred to as “chloroplast capture,” which has been observed in cases where IG of the
chloroplast genome occurs in the near absence of nuclear IG or via nuclear IG to a maternal
recipient (6). Disentangling IG from speciation is particularly important because IG may
facilitate the transfer of adaptive traits that impact the evolution of the recipient lineage (4, 6).
Moreover, unlinked nuclear and cytoplasmic IG creates an interaction interface for
independently evolving nuclear and cytoplasmic alleles, either of which may have accumulated
mutations that result in incompatibilities with deleterious effects when they are united in hybrids.
Such incompatibilities could exert a selective pressure that influences which hybrid genotypes
are permissible thereby favoring the co-introgression of alleles for interacting genes (7). Here,
we exploit a suite of genomic resources to explore a chloroplast capture event involving
Arabidopsis and its closest relatives. We document cytonuclear discordance and ask if it arose
through IG of organelles or extensive IG of nuclear genes. Further, we develop a method to ask
which lineage was the recipient of introgressed alleles. Finally, we explore the extent to which
neutral processes, such as physical linkage as well as non-neutral processes, such as selection
against incompatible alleles at interacting loci, shaped the recipient genome.
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The wealth of genomic and functional data in Arabidopsis (8), combined with publicly
available genome sequence for 26 species make the plant family Brassicaceae an ideal group for
comparative genomics. Phylogeny of the group has been the focus of numerous studies (9–15),
providing a robust estimate of its evolutionary history. While the genus Arabidopsis is well
circumscribed (12, 16), the identity of its closest relatives remains an open question.
Phylogenetic studies to date recover three monophyletic groups: clade A, including the
sequenced genomes of A. thaliana (8) and A. lyrata (17); clade B, including the B. stricta
genome (18); and clade C, comprising the genomes of Capsella rubella, C. grandiflora (19), and
Camelina sativa (20, 21). Analyses using nuclear markers strongly support A(BC), which is most
often cited as the species tree (9, 11, 13–15). Organellar markers strongly support B(AC) (10, 11,
22, 23) (Fig. 1A and table S1). We explored the processes underlying this incongruence by
inferring gene trees for markers in all three cellular genomes from six available whole genome
sequences.
We searched for incongruent histories present within and among nuclear and organellar
genomes in representative species from each clade. We included Cardamine hirsuta (24) and
Eutrema salsugineum (25) as outgroups. We considered three processes capable of producing
incongruent histories: duplication and loss, incomplete lineage sorting (ILS), and IG. To factor
out the effects of gene duplication followed by differential paralog loss, we focused our analyses
on single copy genes (figs. S1 and S2)(21). In the chloroplast, we found 32 single copy genes,
while in mitochondria we identified eight. Maximum likelihood (ML) analyses of these yielded
well-supported B(AC) trees (Fig. 1A and fig. S3). We identified 10,193 single copy nuclear
genes spanning the eight chromosomes of C. rubella (fig. S2), whose karyotype serves as an
estimate of the common ancestor (26). ML analyses of nuclear genes yielded 8,490 (87.6%)
A(BC), 774 (8.0%) B(AC), and 429 (4.4%) C(AB) trees (Fig. 1, B-F, fig. S3, and table S2). Our
analyses confirm the incongruent histories present in the organellar and nuclear genomes. To
distinguish between IG and ILS, we applied the D-statistic (5, 27) and show that ILS is sufficient
to explain the frequency of C(AB) but not for the observed frequencies of A(BC) and B(AC) in
the nuclear genome (table S3).
IG produces the observed patterns of unbalanced incongruent trees when it occurs
between non-sister species subsequent to speciation (4, 5, 27). Thus, IG nodes are expected to be
younger than speciation nodes (28, 29), therefore we determined the relative timing of the B(AC)
and A(BC) branching events (Fig. 2A) (28). More specifically, we calculated the depth of T2, the
node uniting clade A with clade C in B(AC) trees from the nucleus, and compared it with the
depth of T2, uniting the B and C clades in A(BC) trees (Fig. 2B). We first smoothed the rates of
evolution across trees using a penalized likelihood approach (30) before calculating median T2
node depths. T2 for A(BC) was significantly shallower than T2 for B(AC) (Fig. 2C, figs. S4 and
S5, and table S4; p<2.2e-16, Wilcoxon), indicating that A(BC) trees are the product of IG rather
than speciation. Hence, A and C diverged from each other prior to the exchange of genes
between clade B and C via IG. This scenario stands in opposition to trees inferred from single or
concatenated nuclear genes, which strongly favor A(BC) (12, 14–16). However, it bolsters the
argument that B(AC) best represents the species branching order despite the low frequency of
these genes in the nucleus, and further suggests that the vast majority of nuclear genes in either B
or C arrived there via IG.
To determine which of the two clade ancestors was the donor and which was the recipient
of introgressed alleles, we developed a divergence based approach to infer the directionality of
IG. First, we calculated rate of pairwise synonymous divergence (dS) for all pairs of species. We
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used these to determine the average dS between pairs of clades (B vs. C = S1; A vs. C = S2; A vs.
B = S3) (fig. S6). dS values are indicated as S1-3SP for B(AC) (the species branching order), and
S1-3IG for A(BC) (IG branching order) (Fig. 2, D and E). We compared S1IG, S2IG, and S3IG to
S1SP, S2SP, and S3SP, respectively, to ask if divergence is consistent with IG from B to C (Fig.
2D) or from C to B (Fig. 2E). We found that S1SP > S1IG (p<2.2e-16, Wilcoxon), S2SP < S2IG
(p=2.365e-12), and S3SP = S3IG (p=0.1056), indicating IG from clade B to clade C. Since
cytoplasmic inheritance is matrilineal in Brassicaceae, we conclude that clade C was the
maternal recipient of paternal clade B nuclear alleles.
The IG that occurred during the evolution of clade C resulted in a genome in which the
majority of maternal nuclear alleles were displaced by paternal alleles from clade B, while native
organellar genomes were maintained. We asked whether we could detect patterns within the set
of nuclear genes that were also maintained alongside organelles during IG. We hypothesized that
during the period of exchange, selection would favor the retention of alleles that maintain
cytonuclear interactions, especially when replacement with the paternal allele is deleterious (7).
Using Arabidopsis Gene Ontology (GO) data (31), we asked if B(AC) nuclear genes were
significantly enriched for chloroplast and mitochondrial-localized GO terms, indicating that
these genes are more likely to be retained than are other maternal genes. We calculated
enrichment (E) for each GO category by comparing the percentage of B(AC) nuclear genes with
a given GO term to the percentage of A(BC) genes with that term (21). Positive E indicates
enrichment among B(AC) genes; negative E indicates enrichment among A(BC) genes. B(AC)
nuclear genes are significantly enriched for chloroplast (E=0.10, p=0.00443, 1-tail Fisher’s) and
mitochondrial localized (E=0.13, p=00250) GO terms (Fig. 3A and table S5). Enrichment was
also detected at the level of organelle-localized processes such as photosynthesis (E=0.29,
p=0.01184), including the light (E=0.44, p=0.00533) and dark (E=0.65, p=0.04469) reactions.
Interestingly, pentatricopeptide repeat-containing (PPR) genes, a large family of nuclear-encoded
genes known to form critical interactions in organelles that mediate cytoplasmic male sterility
(32), are significantly enriched among B(AC) topology genes (E=0.21, p=0.01682). The opposite
enrichment pattern exists for nuclear localized genes (E=-0.06, p=0.00936) (Fig. 3A). Thus, we
find evidence that selection acted during IG, resulting in resistance of organelle interacting
nuclear genes to replacement by paternal alleles. Maternal nuclear alleles that function in
chloroplasts or mitochondria in fundamental processes were not replaced at the same rate as
maternal alleles localized to other areas of the cell or for other functions. These genes may
constitute a core set whose replacement by paternal alleles is deleterious.
We also asked if epistatic interactions between nuclear genes influenced the likelihood of
replacement by paternal alleles. Using Arabidopsis protein-protein interaction data (33), we
constructed an interaction network of our single copy nuclear genes (Fig 3B). To assess whether
genes with shared history are clustered in the network, we calculated its assortativity coefficient
(A) (21). We assessed significance by generating a null distribution for A using 10,000 networks
with randomized topology assignments. In our empirical network, A was significantly positive
(A=0.0885, p=0.00189, Z-test), and hence topologies are clustered (Fig. 3C), indicating that
selection acted against genotypes containing interactions between maternal and paternal alleles.
Thus, it appears that selection against epistatic conflicts also contributed to the composition of
maternal alleles retained in the nucleus during IG.
While gene function and epistatic interactions exerted influence on nuclear IG, we also
wondered whether blocks of genes with similar histories were physically clustered on
chromosomes. We looked for evidence of haplotype blocks using the C. rubella genome map
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(Fig. 3D). Previous studies in this group estimate linkage disequilibrium to decay within 10kb
(34, 35), creating blocks of paternal or maternal genes around that size. We assessed the physical
clustering of genes with shared history by two measures: 1) number of instances in which genes
with the same topology are located within 10kb of each other (fig. S7A), and 2) number of
instances in which neighboring genes share topology, regardless of distance (fig. S7B). We
compared both measures to a null distribution generated from 10,000 randomized chromosome
maps. By both measures, we found significant clustering of A(BC) (measure 1: p=3.022e-8;
measure 2: p=1.41364e-10, Z-test) and B(AC) (measure 1: p=0.003645; measure 2: p=1.7169e11) genes (fig. S7, C-H). The observed clustering indicates that haplotype blocks of cotransferred and un-transferred genes are detectable in extant genomes, pointing to physical
linkage as a factor influencing whether genes are transferred or retained.
In summary, our comparative genomic analyses revealed massive unidirectional nuclear
IG driven by selection and influenced by linkage, thereby refining our understanding of the
processes that can lead to an observation of “chloroplast capture.” The species branching order in
this group is more accurately reflected by B(AC), and thus similar to the findings of (28), nuclear
IG obscured speciation such that the latter was only recoverable from extensive genomic data.
What makes IG here particularly interesting is that its impact on the genome is evident despite
the fact that it must have occurred prior to the radiation of clade A 13 – 9 million years ago (12,
14). Hence, it’s likely that, as additional high-quality genomes become available, comparative
analyses will reveal histories that include nuclear IG, even when the genomes considered are
more distantly related. We show that once identified these cases permit the development of
analytical tools to infer the details of IG, such as its directionality. Our results from this test are
consistent with massive unidirectional IG from clade B to C. During this onslaught, a core set of
nuclear genes resisted displacement by exogenous alleles; purifying selection removed genotypes
with chimeric epistatic combinations that were deleterious, just as Bateson-Dobzhansky-Muller
first described (7, 36). Will other IG events reveal similar selective constraints as those we
detail? If so, it could point us toward key interactions between cytoplasmic and nuclear genomes
that lead to successful IG, thereby refining our understanding of the factors governing the
movement of genes among species.
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Fig. 2. Extensive introgression led to transfer of nuclear genes from clade B to clade C. (A)
Model depicting expected T1 and T2 node depths for genes undergoing IG (left) or speciation
(right). Speciation history is represented by thick grey bars. Individual gene histories are
represented by black branches. Blunt ended branches represents native allele that was replaced
by IG allele. Vertical arrow indicates expected difference in T2 node depth. (B) T1 and T2 node
depths on A(BC)and B(AC) trees. (C) Observed T1 and T2 node depths. (D-E) Model depicting
pairwise dS distances between clades A, B, and C. Arrows indicate distances defined as S1, S2,
and S3 on the species tree (B(AC)) and the IG tree (A(BC)) indicated with SP and IG subscripts,
respectively. Expected node depths under IG from clade B to clade C (D) or from clade C to B
(E). Vertical arrows depict expected differences between gene trees representing speciation and
IG. (F) Observed dS distances on speciation gene trees (orange boxes; S1SP, S2SP, and S3SP) and
IG gene trees (green boxes; S1IG, S2IG, and S3IG). Arrows indicate observed differences between
SP and IG for S1, S2, and S3 comparisons. Horizontal bars above boxes in C and F represent
distribution comparisons. **p<0.01, NS p>0.05.
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Fig. 3. The genomic consequences of epistasis and genetic linkage during IG.
(A) Enrichment (E) for GO terms = (% B(AC) genes – % A(BC) genes) / (% B(AC) + A(BC)
genes). (B) Protein-protein interaction network for Arabidopsis protein complexes. Node fill,
gene tree topology; node diameters proportional to bootstrap support (Fig. S3A-C). (C)
Assortativity coefficient (A) of the network. Null distribution of A (grey curve); dotted line,
observed A. (D) Nuclear genes mapped to C. rubella. Vertical lines, genes (colored by topology).
Line heights proportional to bootstrap support (Fig. S3A-C). **p<0.01, *p<0.05, NS p>0.05.

Supplementary Materials:
Materials and Methods
Figures S1-S7
Tables S1-S5
Topology_results.xlsx
References (1-62)

bioRxiv preprint first posted online Oct. 2, 2017; doi: http://dx.doi.org/10.1101/197087. The copyright holder for this preprint (which
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

