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ABSTRACT 

Eukaryotic genomes are ever-changing mosaics of past evolutionary events. Each site in 

the genome provides information about the evolutionary processes that have shaped its identity. 

Phylogenetics has long used the nucleotide identities at genomic sites as characters with which to 

reconstruct the ‘tree of life’ that unites living organisms. However, it was soon recognized that 

different sites in the genome often evolve independently, and thus each site tells a story of its 

own evolution, which may conflict with the stories told by other sites in the same genome. For 

example, in contradiction to the tidy concept of bifurcating tree-like evolution, we recognize that 

genetic material can be transferred between species, causing independent branches to reunite (i.e. 

reticulate) to form a shape that is more web-like than tree-like, referred to as a phylogenetic 

network. Further, when this type of reticulation occurs, it may only affect a portion of the 

genome, meaning phylogenies from some sites in the genome will reflect a history of reticulation 

while others will reflect a history of simple speciation. Another evolutionary process that can 

affect portions of the genome is gene duplication, which can result in a locus in the genome 

sharing homology with other loci in the same genome. When such multi-copy loci are used to 

infer branching order of several species, it can become very difficult to distinguish orthologs 

from out-paralogs, thus obscuring which nodes on the gene tree correspond with speciation 

events and which correspond with duplication events.  

Both reticulation and gene duplication can result in discordance between phylogenies 

inferred from differing regions in the genome, a condition termed phylogenetic incongruence. In 

plant evolution, reticulation and gene duplication are ubiquitous and a large field of study is 

devoted to the phylogenetic challenges caused by these processes. However, in addition to 

obfuscating species tree inference, these two processes are known to have considerable effects on 
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the functional evolution of species; both can underlie the acquisition of novel adaptive traits. 

Therefore, it is important to identify and characterize these processes in model and crop systems. 

Toward this goal, the ‘challenge’ of phylogenetic incongruence can be turned on its head and 

instead used as a signature that illuminates the genomic watermarks of historical reticulation and 

duplication. 

In this dissertation, I present three studies in which I used genome-wide patterns of 

phylogenetic incongruence to infer evolutionary processes. In Appendix A, my coauthors and I 

describe a reticulation event that occurred more than nine million years ago in Brassicaceae and I 

explore the genomic and functional consequences that are still detectable in extant genomes. In 

Appendix B, I develop a method for determining which species received foreign genetic material 

during introgression events. I explore the versatility of this method by applying it to simulated 

whole genome sequences, as well as empirical genome data from extant and extinct hominins as 

well as mosquitos. Finally, In Appendix C, I infer complex duplication histories of more than 

1,000 non-coding RNAs across the Arabidopsis genome, thereby revealing a mechanism 

underlying diversification in plant transcriptomes. 
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INTRODUCTION 

 

1.1 Literature review 

1.1A: Phylogenetics in the study of genome evolution 

Within an organism’s genome, every nucleotide has an evolutionary history that has 

shaped its identity. A defining feature of this evolutionary history is the series of replication and 

division events during mitotic and meiotic cell cycles that create a kinship between nucleotides. 

This kinship, known as homology, provides a basis for understanding the relationships of 

nucleotides to each other, which is ultimately defined by how long ago they diverged from each 

other in a common ancestor and what types of evolutionary events, such as speciation, 

introgression, and duplication, have occurred since the divergence. The field of molecular 

phylogenetics reconstructs the nucleotides’ diverging paths using mutations as signposts. When 

phylogenetic analyses are applied to nucleotides that have diverged via speciation events, the 

inferred phylogeny reveals the relationship of species to each other. However, if some 

divergence events occurred via alternative processes such as introgression, duplication, or 

ancestral polymorphism, an inferred phylogeny may not accurately represent the species 

branching order. 

A central consideration for my dissertation is that different nucleotides (or sites) in the 

genome evolve independently of one another. Thus, the processes described above may affect 

some loci but not others. This heterogeneity leads to genomes being a palimpsest of historical 

processes. When phylogeny is inferred from different sites in the genome, discordant topologies 

can be recovered. Such instances are termed phylogenetic incongruence. Incongruence has been 

considered a challenge in the field of systematics, especially when the goal is to discover which 
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topology best represents ‘true’ species branching order. However, an enduring theme to this 

dissertation is that rather than treating phylogenetic incongruence across the genome as a 

confounding factor, we can use phylogenetic incongruence as a signal of the processes that have 

shaped the genome1. As more genomes are sequenced2, genome-wide phylogenetic methods3,4 

are becoming increasingly powerful tools for elucidating the historical processes that shape 

genomes5–7. Below, I review the body of work that has advanced the study of genome evolution 

through the lens of phylogenetics. 

 

1.1B: Brassicaceae systematics 

Food and biofuel crops as well as genetic and ecological model species are among the 

roughly 3,700 species of the plant family Brassicaceae8. Arabidopsis thaliana (hereafter, 

Arabidopsis), arguably the most important plant genetic and developmental model, is a member 

of the family and its inclusion has facilitated comparative functional studies4,9. Comparative 

studies rely heavily on a detailed understanding of the evolutionary relationships among species3, 

and given the importance of Arabidopsis, it is not surprising that the family has been the focus of 

considerable phylogenetic work8,10–16. To date, whole genome sequences are available for at least 

26 species from Brassicaceae, spanning roughly 55 million years of evolution 

(www.ncbi.nlm.nih.gov/genome/).  

Since this dissertation predominantly focuses on genome-scale analyses of close relatives 

of Arabidopsis, I will focus my discussion on the systematics of six sequenced species in the 

closely related tribes Camelineae (which contains Arabidopsis) and Boechereae. Considerable 

efforts have been made to develop these genomes as a comparative genetic and genomic system. 

The genus Arabidopsis, as outlined by ref17, is monophyletic and comprises nine species. I will 
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refer to this group as clade A, represented by the genomes of Arabidopsis18 and A. lyrata19. 

Boechereae is a diverse tribe containing eight genera, including Boechera, which comprises 

more than 70 species20. Boechereae is sister to Halimolobeae, which contains five genera and 39 

species21. I refer to species in Boechereae and Halimolobeae as clade B, represented by the 

recently sequenced genome of Boechera stricta22. A third monophyletic clade, referred to as 

clade C, is composed of 15 species in Capsella, Camelina, and Catolobus23,24. Genome sequence 

in this group includes Capsella rubella, Capsella grandiflora25, and the paleohexaploid oil-seed 

crop, Camelina sativa26. 

While clades A, B, and C are well resolved in the literature, their relationship to one 

another differs by molecular marker. To understand incongruence implied by previous analyses, 

here, I review eight phylogenetic studies, paying particular attention to the relative relationships 

of species from clade A, B, and C. I find that phylogenies inferred from organellar 

markers11,12,27,28 are incongruent with those inferred from nuclear markers, or concatenation of 

nuclear and organellar markers8,12,16,29,30. All studies of individual chloroplast (CP) and 

mitochondrial (MT) markers yield the topology, B(AC). On the other hand, all studies that 

include nuclear markers yield A(BC). The statistical support for both of these topologies varies 

by study but each topology is well supported in at least some of the studies, indicating the 

phylogenetic incongruence is not likely to be caused by a lack of phylogenetic resolution or error 

in phylogenetic reconstruction. The observation of phylogenetic incongruence motivated my 

work in Appendix A, in which I explore phylogenetic incongruence using publically available 

whole genomes to determine the evolutionary processes that shaped Brassicaceae genomes. 
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1.1C: Phylogenetic incongruence and its causes 

Phylogenetic incongruence31 across the genome can arise from three major biological 

processes, which I review below. It should be noted however, that even in the absence of these 

processes (i.e., when all loci share a history of simple speciation), gene trees inferred from 

different loci may still differ due to error in model selection during phylogenetic reconstruction 

(i.e., phylogenetic error). Many methods exist for selecting the ‘best’ phylogenetic model32–35 but 

there are conditions under which model selection is error prone. One of the most intuitive causes 

of phylogenetic error is lack of informative variation. Due to variation in rates of evolution 

across the genome, some loci will simply lack adequate variation to accurately infer phylogeny. 

Alternatively, some loci will have elevated variation, including insertions and deletions that 

make accurate sequence alignment difficult, which also impacts the accuracy of phylogenetic 

inference. A second common source of error is the occurrence of parallel mutations in 

independent lineages leading to distantly related species sharing a derived character state by 

convergent processes (homoplasy) rather than by common descent (synapomorphy). This 

process can lead to ‘long branch attraction’ when rates of evolution vary between lineages36, 

leading some methods of tree inference to converge on incorrect topologies even when many 

informative site are sampled (i.e., statistical inconsistency)37. These are just a few examples of 

the causes of phylogenetic error, but because sources of phylogenetic error are not a major focus 

of my dissertation I will not exhaustively review error here. Instead, I will focus my review on 

the sources of phylogenetic incongruence that arise even when gene trees accurately represent 

the evolutionary history of loci.  

There are three major biological processes38 that lead to phylogenetic incongruence: gene 

duplication followed by loss (DFL) leading to phylogenetic reconstruction based on out-paralogs 
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rather than orthologs; incomplete lineage sorting (ILS) of ancestral polymorphism; and reticulate 

evolution or introgression39–47. As I will outline, these three processes are not mutually exclusive 

and all can yield incongruence that is topologically identical, requiring analyses of many loci to 

distinguish among them. 

Plant genome evolution is characterized by frequent whole genome duplication48. In fact, 

the majority of plant nuclear genomes sequenced to date show evidence of ancient duplication, 

most of which involve hybridization49. All Brassicaceae species share at least three whole 

genome duplications/triplications, termed γ,β, and α (chronologically, oldest to youngest)4, and 

likely more48. In addition to whole genome duplication, duplication of individual genes is also 

extremely common in plant genomes50–52. Numerous studies among the ‘Triangle of U’ species 

that form the Brassica crops have demonstrated that duplication is often followed by genome 

fragmentation53,54. When duplicate gene copies are retained through at least two speciation 

events and subsequently lost unequally in diverging lineages, the remaining copies represent out-

paralogs rather than orthologs. When phylogeny is inferred from out-paralogs, the result is 

topologies that are incongruent with the organismal tree55. This type of phylogenetic 

reconstruction error can be avoided by carefully sampling gene families that are rarely 

duplicated, rapidly returned to single copy following duplication, or fully retained following 

duplication56–58. Duplication information across many gene families can also be optimized to 

infer unknown species relationships59. Alternatively, gene trees can be reconciled to the species 

tree to identify the duplication and loss events that occurred in a gene family55,60,61, a technique, 

which I apply in Appendix C to determine the duplication history of long intergenic non-coding 

RNAs (lincRNAs).  
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 ILS of ancestral polymorphism is an additional process with the potential to shape plant 

genomes46,62,63. When multiple alleles persist through at least two speciation events before 

undergoing unequal fixation in diverging lineages, their phylogenetic history reflects the 

divergence of alleles rather than species, resulting in topologies that are potentially incongruent 

with the organismal phylogeny46,62,64–68. Ancestral polymorphism that is maintained through two 

speciation events can fix in three patterns: one that mirrors the organismal phylogeny and two 

that do not (for illustration see refs46,69,70). Importantly, in randomly mating populations71,72 

unequal fixation is a stochastic process31,73, meaning the two incongruent fixation patterns are 

expected in equal frequency across the genome when ILS has occurred. I apply this concept in 

Appendix A to disentangle the phylogenetic effects of ILS and hybridization.  

 Hybridization in plants74 is often discussed in the context of hybrid speciation. However, 

introgressive hybridization (i.e., introgression)46,75–80, characterized by transfer of genetic 

material through repeated backcrossing of hybrids to one of the parental species, is also very 

common in plants47,81–83. IG can result in a portion of the nuclear genome having been 

transferred, known as nuclear mosaicism84,85. IG can also result in transfer of the maternally 

transmitted86,87 organelle genomes by successive rounds of female hybrids backcrossing to the 

paternal population, a process known as organelle capture85,88–90. Organelle capture leads to 

plants with a nuclear genotype largely resembling the paternal species and the cytoplasmic 

genotype of the maternal species, a condition known as cytoplasmic discordance80,91,92. When 

genes that have been acquired through IG are used as phylogenetic markers, it results in trees in 

which hybridizing species are placed sister to each other, sometimes in contrast to the organismal 

phylogeny93. Importantly, only one type of incongruence is expected to result from a single 

introgression event94, as opposed to the expected patterns from ILS. Incongruence between 
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nuclear and organellar genes is a hallmark of introgression-mediated organelle capture89,90,95, 

which I explore in Appendix A. 

  

1.1D: Detecting introgression 

 Detecting the watermarks of historical introgression in modern and archaic genome 

sequences has become a burgeoning field of study55,70,81,94,96–99. Some of the first uses of 

molecular data as evidence for reticulate evolution came from microbes100, where it is recognized 

that horizontal transfer of genetic material between species is rampant101. The evidence of 

horizontal transfer comes from phylogenetic incongruence between different genes in the 

genome (reviewed in the above section). This same type of evidence, based on just two or a 

handful of genes across the nuclear and organellar genomes, was later used to indicate 

hybridization and introgression in eukaryotes. However, as described in the previous section, 

introgression is not the only process that can lead to discordant gene trees. ILS and DFL can also 

yield patterns of phylogenetic incongruence that appear identical to introgression when studying 

a small number of genes. The techniques described below rely on the emergent properties that 

can be detected by studying many genes spanning entire genomes. The primary goal of most 

techniques is to statistically distinguish the signature of historical process of introgression from 

ILS. It should be noted that existing methods tend not to account for DFL, likely owing to the 

animal systems for which they were developed in which such events are less common than they 

are in plants. In plants, care must be taken to select single-copy loci for analysis56,57.  

Divergence-based tests to detect introgression focus on the simple expectation that if a 

suspected introgression event occurred between two species, the putative introgression event will 

have occurred subsequent to the speciation event from which the two species diverged70,98. This 
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assumption leads to the expectation that introgressed loci will have reduced sequence divergence 

compared to non-introgressed loci or loci that experienced ILS. Application of this concept to 

whole genomes involves scanning whole genome alignments and calculating genetic distances 

for each locus. When multiple individuals are available in each population, the concept holds but 

with slightly more complicated assessments of divergence70,98,102. The advantage of these 

methods is that they only require sequence data from the two populations suspected to have 

exchanged genes. However, these techniques face a common challenge, defining a null 

distribution of the genome-wide expectations if no introgression has occurred, which is needed to 

statistically assess the hypotheses. The common solution lies in performing simulations98 to form 

a basis for comparison, which has the downsides of being computationally expensive and relying 

on model assumptions. A second confounding factor is that purifying selection can lead to 

reduced sequence divergence, which can be mistaken for a signal of introgression. One solution 

to this challenge is incorporating a third outgroup taxon and normalizing divergence measures 

for each locus by the average divergence of ingroup taxa to the outgroup98. This method appears 

to work well in the face of purifying selection that is constant across all ingroup and outgroup 

taxa. However, purifying selection can still confound this type of test when it occurs in a lineage 

specific manner (i.e., in the two ingroup taxa but not the outgroup). A common strategy to 

overcome this challenge lies in sampling additional taxa in order to calibrate the occurrence of 

specific nucleotide substitutions, as in the next group of methods. 

Site pattern parsimony-based methods incorporate at least four taxa (three ingroup taxa 

and an outgroup). However, they do not explicitly involve the inference of phylogeny. Instead, 

they rely on scans of whole-genome alignments in search of site patterns that are consistent with 

an introgressed gene tree topology (termed ABBA below) or with site patterns resulting from 
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ILS alone (termed BABA below). The first of these techniques94,96, known as ‘Patterson’s D-

statistic’ or the ‘ABBA-BABA test’ (hereafter referred to as D), asks if ABBA sites are 

significantly more frequent than BABA sites across the genome. D is known to be robust to a 

number of parameters96,103. However, one shortcoming of D is that its application using a sliding 

window approach to scan the genome for specific introgressed loci can lead to false positives at 

regions of low divergence104. To address this shortcoming, related F-statistics were 

developed96,104, which are robust to regions of low divergence. The rational of D- and F- 

statistics was also applied in an expanded statistic, DFOIL, which is able to analyze five-taxon 

trees and has the added benefit of being able to identify three different types of introgression 

events on a five-taxon tree as well as the donor and recipient lineages of transfer (i.e., 

directionality of introgression, discussed further in 1.1E). While D, F, and DFOIL are robust to 

many parameters and have a low error rate, they are confounded by ancestral population 

structure. Ref72 showed that structured (i.e., non-randomly mating) populations can lead to 

significant D results indicating introgression, even in its absence. This result casts some doubt on 

the introgression event between anatomically modern humans and Neanderthals, for which D 

was initially conceived. However, further analysis using models that included population 

structure, supported the introgression hypothesis105, indicating that D remains a valid technique. 

Considering that some of the first molecular evidence of introgression came from gene 

trees89, it is not surprising that statistical frameworks exist for identifying introgression based on 

multiple gene trees spanning the genome, referred to here as gene tree-based methods. Phylonet 

invokes the multispecies coalescent106 under models that either include or exclude introgression. 

Phylonet summarizes the coalescence events63 on all gene trees to infer a ‘population tree’ 

(allows for ILS but not introgression) and a ‘population network’ (allows for ILS and 
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introgression)107 under a maximum likelihood framework. The resulting likelihood scores 

associated with the population tree and the population network can be compared using standard 

methods for model selection32–35, allowing the user to ask if gene tree data ‘fit’ a simple model of 

ILS alone or a more complex model that includes ILS and introgression. The TICR test81 is 

similar in that it uses a population tree as a null hypothesis. To determine whether introgression 

occurred, TICR compares gene trees against the population tree by calculating ‘concordance 

factors’ of all possible quartets of taxa across each gene tree, ultimately asking whether certain 

taxa are frequently part of quartets that are discordant (incongruent) with the population tree, an 

indication that the taxon is involved in an introgression event. Introgression is statistically 

assessed using a c2 test to assess if there are more discordant quartets in gene trees than would be 

expected by chance. 

 Gene tree-based methods are versatile in that they do not require a priori knowledge of 

the species branching order or the taxa potentially involved in introgression. However, these 

methods rely heavily on the inferred population tree, which can lead to issues when the 

frequency of introgression is high (i.e., >50% of the genome). For example, Phylonet was used to 

analyze extensive reticulation in mosquitos108,109. While the networks inferred from Phylonet 

were a natural framework for summarizing the phylogenetic incongruence in the group, they 

could not definitively indicate the specific speciation and introgression events that occurred. An 

ideal method of exploring introgression would be able to indicate when introgression has 

occurred, identify the taxa that exchanged genes during introgression, and infer which taxon was 

donor, and which recipient, of introgressed material. The latter aspect is the subject of the 

following section. 
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1.1E: Polarizing introgression 

As described in the previous section, several methods have been developed to determine 

whether introgression has occurred and to identify the taxa that exchanged genes during 

introgression81,94,96–98,104,110. A large body of theoretical and experimental work has indicated that 

these methods perform well across most biological and experimental scenarios72,96,103,104. 

However, an aspect of introgression that has not been the focus of existing methods is 

determining which taxon serves as donor and which as recipient of genetic material during 

introgression. If hybrids successfully backcrosses to both parents during introgression, the net 

result will be the movement of genetic material in both directions (bidirectional introgression). 

However, if backcrosses with one parent but not the other are favored by physiological89, 

selective111, or biogeographical112 factors, it can lead to asymmetrical113 movement of genetic 

material in one direction but not the other (unidirectional introgression). Since introgression has 

been shown to underlie the transfer of adaptive traits69,114–116, which are acquired by the recipient 

lineage, the ability to polarize the directionality of introgression is essential in order to form 

hypotheses about the functional and adaptive consequences of introgression. The majority of 

tests for introgression do not explicitly polarize introgression and those that do103 rely on the 

availability of more than four taxa94,97 and can only polarize introgression when it occurs 

between certain taxa on the tree (described further below). The fact that there are many methods 

available for identifying introgression events but very few options for polarizing those 

introgression events argues that introgression polarization is a valuable focus of future efforts.  

In the following paragraphs, I review the options available to date. In Appendix B, I 

describe my work to develop a method that is applicable and effective when the conditions 

required by other methods are not met. The group of techniques described as divergence-based 
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techniques in the above section do not offer information regarding the directionality of 

introgression. This is unsurprising because reduced sequence divergence of introgression loci 

between introgression taxa is proportional to the timing of introgression, regardless of the 

directionality. However, as I describe in Appendix B, directionality information can be gleaned 

from the divergence of sister taxa not involved in introgression, indicating that novel insights can 

come from combining aspects of all three groups of methods described above. 

Although standard application of D in a four-taxon context does not provide information 

about directionality, the statistic can be modified to polarize introgression when additional taxa 

beyond the four-taxon sampling scheme are available. Ref94 made use of multiple samples from 

modern African populations (San and Yoroba) to polarize introgression between Neanderthals 

and anatomically modern human populations outside of Africa. It should be noted that this was 

only possible because San and Yoroba populations do not form a clade with each other. Ref97 

expands on this concept by describing the expected topological differences between gene trees 

undergoing introgression in opposite directions and formalizing the statistics used by DFOIL to 

detect those difference. Like ref94, ref97 acknowledges that polarization can be accomplished only 

for certain ‘intergroup’ introgression events but not ‘ancestral’ introgression events. The need for 

additional taxon-sampling to polarize introgression is an example of the value of ‘non-model’ 

genome sequences2. However, there are likely many cases in which additional extant taxa with 

the needed phylogenetic placement simply do not exist (see Appendix A), highlighting the need 

for a more widely-applicable statistical method for polarizing introgression. 

 Gene tree-based methods, such as Phylonet, are also able to polarize introgression. 

Support for alternative models of the direction of transfer during introgression comes from the 

coalescence information in gene trees. This is intuitive for intergroup introgression events as 
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described above. However, it is not clear from my review of the literature how Phylonet 

distinguishes between alternative directionalities for introgression events in which each direction 

yields topologically identical gene trees. Further, Phylonet was applied by two different 

groups108,109 to the same genomic data from mosquitos, yielding opposite directionalities for an 

inferred introgression event. These contradictory results indicate that further work is needed to 

assess the performance of Phylonet in polarizing introgression. 

 In general, there is room for improvement in introgression polarization methods. The 

ability to easily and accurately infer the direction of transfer for introgressed loci will expand our 

ability to probe the functional impact of obtaining foreign alleles. My work in Appendix B helps 

bridge the gap between our ability to infer introgression events and our ability to polarize them. 

 

1.1F: Gene duplication  

Duplication is known to play an extremely important role in the origin of novel gene 

functions39,117–119. Plant genomes undergo frequent gene50–52 and genome48,120–124 duplication. 

For example, Arabidopsis has undergone at least five whole-genome duplication or triplication 

events in its evolutionary history48. Crops in Brassicaceae26,53,125 and in other families121,126 have 

undergone further polyploidy, potentially contributing to the evolution of desirable crop 

traits121,122. Like the processes of ILS and introgression, DFL presents a challenge to inferring 

species relationships, although duplication signatures can be harnessed to glean the species 

tree59. In that spirit, the incongruence caused by gene duplication can also be harnessed to infer 

the duplication events that led to diverse gene families. This is accomplished through 

reconciliation55,127 of gene trees with a previously accepted species tree. Reconciliation methods 

employ the principle of parsimony to infer the most parsimonious duplication and loss events 
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that led to a gene tree given the species tree. In addition to revealing duplication events, these 

techniques provide information about the timing of duplication events, which can be extremely 

useful when forming hypotheses about the evolution of new gene functions52,128. In Appendix C, 

I use genome-scale phylogenetic inference to identify duplication events in >1,000 long 

intergenic non-coding RNAs (lincRNAs) in Brassicaceae, providing some of the first evidence of 

the role duplication has played in driving diversity of these important genetic elements in 

Arabidopsis. 

 

1.2 Explanation of dissertation format 

 The unifying concept in this dissertation is that phylogenetic trees can reveal emergent 

properties when genomes are treated as mosaic rather than uniform entities. I include three 

papers (Appendices A-C), in which I explore genome-wide patterns of phylogenetic 

incongruence to elucidate ancient histories of hybridization (Appendix A), directional transfer of 

genetic material via introgression (Appendix B), and duplication of lincRNAs (Appendix C). 

Each paper either has been published or is intended for publication. Papers are formatted 

according to the requirements of the journal for which they have been prepared. The paper 

presented in Appendix A is formatted for Proceedings of the National Academy of Sciences of 

the United States of America. The paper presented in Appendix B is in the preparation phase for 

eventual submission to Systematic Biology. The paper presented in Appendix C was published in 

G3:Genes, Genomes, Genetics in September of 2016129. I am the first author of the first two 

papers (Appendix A and B) and the second author of the third paper (Appendix C). I will provide 

summaries of the most important findings and future directions from each paper in the 

‘PRESENT STUDY’ section of this dissertation. Because I am not the first author of the paper in 
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Appendix C, my summary of that paper will be expanded to provide a full description of my 

individual contribution to the conception of the project, design/implementation of experiments, 

and interpretation of results. 
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PRESENT STUDY 

 

2.1 Epistatic interactions drive biased gene retention in the face of massive nuclear 

introgression 

2.1A: Project summary 

Hybridization is a driving force in plant evolution. Hybridization can lead to the transfer 

of genes across species boundaries, impacting the evolution of the recipient species through a 

process known as introgression. Introgression can occur at different rates for organellar vs. 

nuclear genes or for different regions of the nuclear genome, resulting in recipient species’ 

genome being a mosaic of introgressed and non-introgressed loci. This genetic mosaicism can 

result in deleterious combinations of incompatible foreign alleles (i.e., epistatic incompatibility). 

How hybrids overcome these epistatic hurdles remains an open question. In Appendix A, I apply 

phylogenomic analyses to explore patterns of phylogenetic incongruence across nuclear and 

organellar genomes in Brassicaceae. Together with my colleagues, I show that cytonuclear 

discordance arose via massive nuclear, rather than cytoplasmic, introgression. This surprising 

result impacts our understanding of species relationships in the group. I also develop a 

divergence-based approach to distinguish donor from recipient lineages and use this new 

approach to determine the donor and recipients of introgression alleles. Further, I examine 

subcellular localization and protein-protein interaction partners of introgressed and non-

introgressed genes to determine that selection against epistatic incompatibilities influence the 

genetic composition of the recipient lineage. Finally, I mapped introgressed and non-introgressed 

genes to the nuclear genome to determine that neutral processes also contributed to genome 

composition through the retention of ancient haplotype blocks. 
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2.1B: Future directions 

 In Appendix A, I showed that genome-scale comparative analyses reveal emergent 

properties. The analyses were made possible by the high-quality genomes available in 

Brassicaceae, which make it a premiere comparative evolutionary system. However, next 

generation sequencing technologies are quickly making it possible to perform similar analyses in 

many groups of plants that previously were not considered comparative genomic model systems. 

Soon it will be possible to gain a more complete view of the role introgression has played in 

shaping genomes throughout plant evolution, including at ancient branches in the plant tree of 

life. The increasingly rapid accumulation of plant genome sequences create a situation where our 

ability to detect introgression is limited not by the availability of genome sequences but rather by 

the ability to efficiently perform phylogenomic analyses. As a future direction, I would like to 

continue to develop tools that can be used by the genomic community to investigate 

introgression events. My work in Appendix B represents a step in that direction. 

 Another important finding from Appendix A is that epistatic incompatibilities exerted 

selective pressure during introgression. Understanding the impact of these types of 

incompatibilities is an important field of study with relevance to plant breeding. My findings in 

Brassicaceae indicate that the family serves as a valuable system for studying the evolutionary 

mechanisms for overcoming epistatic incompatibilities during introgression. As a future 

direction, I would like to use species in Brassicaceae to further probe these mechanisms by 

looking for evidence of compensatory mutations and genetic hitchhiking as additional indicators 

of selection that acted during introgression. I have plans to follow this future direction as part of 

my postdoctoral research. 
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2.2 Polarization of introgression using genome-wide divergence patterns 

2.2A: Project summary 

Robust statistical techniques have been developed to detect the signatures of historical 

introgression in genomic data. While existing techniques are able to identify the taxa that 

exchanged genes during introgression, most methods do not explicitly distinguish which taxon 

served as donor and which as recipient (i.e., polarization of introgression directionality). The 

existing methods that do polarize introgression are only able to do so under limited 

circumstances, meaning that existing methods leave a gap between our ability to identify 

introgression and our ability to determine its directionality. In Appendix B, I attempt to fill that 

gap by developing a method for polarizing introgression using patterns of sequence divergence 

across whole genomes. The method is applicable under circumstances in which other methods 

are not. We use simulations to show that we can successfully polarize introgression across a 

range of dataset sizes, introgression proportions, and introgression times. I also use the method to 

reanalyze genomic data from hominins and mosquitos, recapitulating some but not all previous 

results and contributing to the conversation regarding these important, well-studied introgression 

events. 

 

2.2B: Future directions 

 In Appendix B, I explore a divergence-based approach to polarizing introgression. Our 

analyses of simulated and empirical data indicate that our approach shows promise as a versatile 

tool for studying introgression. However, as described in Appendix B, I am only able to explore 

some of the biological and experimental factors that could influence the strength and sensitivity 
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of the approach. Thus, an important future direction is to explore the robustness of the approach 

to additional factors/parameters. Further, we describe how our approach, in its current state, is 

best used as qualitative evidence. Another important future direction will be derive the statistics 

underlying the approach so that it can be used in a more quantitative manner. Finally, in order to 

make this method widely accessible, I plan to develop the test into an R function that can be 

easily used to analyze diverse genomic data. 

 

2.3 A genomic analysis of factors driving lincRNA diversification: lessons from plants 

2.3A: Introduction 

 Long intergenic noncoding RNAs (lincRNAs) are defined as transcripts that are at least 

200 nucleotides in length and are not predicted to encode a protein or overlap a region of the 

genome from which a protein is encoded130. While genome-wide lincRNA datasets have been 

identified from several plant131,132 and animal133 genomes, functions have been ascribed to 

relatively few lincRNAs. Among the most well-characterized are the telomerase RNA (TER)134, 

Xist135 (responsible for X chromosome inactivation in mammals), and MALAT136 (involved in 

the regulation of gene expression and alternative splicing in human cancer). In plants, the most 

comprehensive dataset of lincRNAs exists for Arabidopsis thaliana (hereafter Arabidopsis). 

Ref130 employed hundreds of tiling array and RNA-seq experiments from Arabidopsis to identify 

6,480 lincRNAs. While subsets of these lincRNAs show tissue-specific expression as well as 

responsiveness to biotic and/or abiotic stressors, specific cellular functions have yet to be 

assigned for the vast majority of these transcripts. Further, very little is known about their 

evolution. Understanding the evolution of lincRNA encoding loci, including the factors driving 

their diversity, could shed light on lincRNA function. One type of evidence that could be applied 
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to understand the diversity of Arabidopsis lincRNAs is the homology of lincRNAs with other 

loci. Identification of homologous loci in related genomes as well as within the Arabidopsis 

genome permits application of evolutionary analyses to reveal the origins of new lincRNAs. One 

potential mechanism through which new lincRNAs can arise is duplication of previously single-

copy loci (see Appendix C and refs137,138 for discussion of other potential mechanisms). 

Duplication is known to play an extremely important role in the origin of novel functions in 

protein-coding genes39,117,118. However, this mechanism is not thought to play a large role in 

lincRNA evolution based on studies in animals137, though there are exceptions139. It should be 

noted that the identification of gene duplication in animals was based on demographic analyses 

of lincRNAs (i.e., presence vs. absence of multi-copy lincRNAs)137,140, which can be misleading 

in regard to the full extent and timing of duplication events that occurred (e.g., ref52) (see 

Discussion below). Further, plant genomes are known to undergo frequent gene and genome 

duplication. For example, Arabidopsis has undergone at least five whole genome duplication or 

triplication events in its evolutionary history48, the most recent of which is termed α whole 

genome duplication4, meaning that generalizations about lincRNA duplication (or lack thereof) 

from animal models may not hold in plants. Given the important role that gene duplication plays 

in generation of functional novelty, a fundamental aspect of understanding the diversity of 

transcriptomes is the recovery of the history of duplication at lincRNA encoding loci. Thus, 

comparative genomic and phylogenetic analyses are a powerful tool in understanding lincRNA 

duplication3. 

Ref130 searched the genomes of poplar soybean, grape, and rice for sequence similarity to 

Arabidopsis lincRNAs and returned sequence homologs for < 1% of Arabidopsis lincRNAs, 

suggesting comparative analyses with genomes that are > 100 million years diverged are not 
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informative for identifying lincRNA homologs in plants. In Appendix C, my coauthors and I 

made use of whole genome sequences available for nine relatives of Arabidopsis in Brassicaceae 

and a member of the sister family, Cleomaceae, to probe the evolution of lincRNAs. I applied 

phylogenetic methods to lincRNA loci to infer gene duplication events based on reconciliation127 

to the accepted organismal tree8,11,12. These methods provide enhanced sensitivity as well as the 

ability to infer the timing of specific duplication events, which was not possible with previous 

methods applied to detect duplication in lincRNAs. 

 

2.3B: Methods 

 In order to determine the role that gene duplication played in lincRNA diversification, my 

coauthors and I developed a phylogenetic pipeline for studying the evolution of lincRNA loci. 

My contribution was the development of the components depicted in Fig. 1C of Appendix C. 

The starting point for my analyses was 1,180 aligned lincRNA families, which had been filtered 

to include only families that contained enough taxa for phylogenetic analysis and did not show 

protein-coding potential (see Materials and Methods in Appendix C). For these lincRNA 

families, I inferred maximum likelihood phylogeny with RAxML141 and used Notung55,142 to infer 

gene duplication and loss events for each family, in a high-throughput format, as described in 

Appendix C.  

One major challenge to performing genome-scale gene tree analyses is that the proper 

choice of root is not always clear, especially in families for which a lincRNA homolog was not 

identified in the earliest diverging members of the sampled set of taxa – Aethionema arabicum 

and Tarenaya hassleriana. I overcame this challenge using the Notung root function to root each 

tree along the branch that minimized duplication events according to gene tree parsimony127, 
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thereby minimizing false duplication inference caused by incorrect rooting . A second challenge 

was dealing with poorly resolved gene trees. As I show in Appendix C, lincRNAs are not as 

highly conserved at the primary sequence level as protein-coding genes, which can present 

challenges to sequence alignment. Errors in sequence alignment (i.e., inaccurate homology 

assessment) can reduce phylogenetic resolution, sometimes leading to gene trees that may not 

accurately reflect history. When these inaccurately inferred trees differ from the accepted 

organismal tree reconciliation methods recover a history of duplication, thereby inflating the 

signal of duplication and loss. Thus, it is important to remove these gene trees from 

reconciliation analyses to preclude bias in the impact of duplication on the evolution of lincRNA 

loci. My solution to this challenge was to consider bootstrap support values on gene trees during 

gene tree - species tree reconciliation using the Notung rearrange function. I tuned the rearrange 

function to only infer duplication events that were supported by at least 70% of bootstrap 

replicates, thereby focusing on gene trees in which the inferred incongruence was only 

considered if the node establishing it was well-supported (i.e., high-confidence duplication 

events). 

I used Notung output to date duplication events and superimpose duplication events to 

specific branches on the species tree (Appendix C, Fig. 5). Since the primary goal of this study 

was to use comparative genomic approaches to build our understanding of lincRNAs in 

Arabidopsis, I treated Arabidopsis as a focal group and used the related genomes to calibrate the 

timing of duplication that occurred in the lineage that led to Arabidopsis (i.e., ‘backbone 

branches’; blue branches, Appendix C, Fig. 5). 

 

2.3C: Results 
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 In Appendix C, I explore the role that gene duplication played to influence the diversity 

of lincRNAs observed in Arabidopsis. I inferred gene duplication events that occurred along the 

backbone branches leading to Arabidopsis (Appendix C, Fig. 5). I found that 29% of lincRNA 

families showed evidence of at least one duplication event along backbone branches, indicating 

that gene duplication plays a role in generating the Arabidopsis lincRNA repertoire. I found that 

in general gene duplication events were distributed throughout backbone branches, indicating 

that the process occurred throughout the evolution of the lineage leading to Arabidopsis. 

Surprisingly, only three of the 396 inferred duplication events (<1%) coincided with the α whole 

genome duplication event. 391 (~99%) inferred duplication events occurred more recently than 

α, suggesting that lincRNA duplication occurred through small-scale or ‘local’ duplication 

events rather than global events such as whole genome duplication. 

 

2.3D: Discussion 

My finding that duplication has occurred in 29% of Arabidopsis lincRNA families 

provides a measure of the role of duplication in lincRNA evolution. It seems that duplication 

plays a much larger role in plants than in animals. For example, ref140 found that only 6.7% of 

lincRNAs in zebrafish underwent gene duplication. It should be noted that the results in 

zebrafish were obtained by ‘demographic’ evidence, rather than phylogenetic evidence, meaning 

that the study was blind to duplication if one of the resulting paralogs was lost or not sampled. In 

any case, the elevated signature of gene duplication is consistent with duplication of other 

components of plant genomes143.  

My finding that gene duplication occurred relatively steadily across backbone branches 

was surprising; we initially expected that the majority of duplication events would coincide with 
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whole genome duplication. Instead, we find that whole genome duplication is instead correlated 

with lincRNA loss (Appendix C, Figure 6). It should be noted that some of the 106 duplication 

events that I dated to the ancestor of lineage I and II could potentially be associated with whole 

genome duplication, due to the low number of identifiable homologs in A. arabicum and T. 

hassleriana preventing us from dating duplication events to the deepest branches for many 

families. However, our gene family filtering steps ensured that homologs from at least one 

Lineage II species were present (see Appendix C, Materials and Methods), meaning that our 

inference of duplication events on the four shallowest backbone branches are unlikely to 

coincide with α. Taken together, I can conservatively say that the majority of duplication events 

did not coincide with whole genome duplication. This result is of interest considering that many 

(if not all) crops are paleopolyploids122 and whole genome duplication is thought to underlie the 

evolution of novel traits during crop domestication121, motivating the future question: do 

polyploidy events in crop lineages lead to increases or reductions in lincRNA repertoires?  
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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.  

Significance: Hybridization can lead to the transfer of genes across species boundaries, 

impacting the evolution of the recipient species through a process known as introgression (IG). 

IG can facilitate sharing of adaptive alleles but can also result in deleterious combinations of 

incompatible foreign alleles (i.e., epistatic incompatibility). How hybrids overcome these 

epistatic hurdles remains an open question. Here, we characterize IG in Arabidopsis and its 

closest relatives. We show that the vast majority of nuclear genes were displaced by foreign 

alleles during the evolution of Capsella and Camelina, obscuring species relationships. 

Moreover, a subset of nuclear genes resisted displacement, thereby minimizing epistatic 

incompatibilities between the organellar and nuclear genomes, and suggesting one potentially 

fundamental mechanism for overcoming barriers to hybridization. 

Main Text:  

Hybridization is a driving force in plant evolution76, occurring naturally in ~10% of all 

plants, including 22 of the world’s 25 most important crops77. Botanists have long realized that 

through backcrossing to parents, hybrids can serve as bridges for the transfer of genes between 
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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 

genomes69,90,94. 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 

recipient89. Disentangling IG from speciation is particularly important because IG may facilitate 

the transfer of adaptive traits that impact the evolution of the recipient lineage69,89. 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 genes144. 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. 

The wealth of genomic and functional data in Arabidopsis18, 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 studies8,10–

12,16,29,30, providing a robust estimate of its evolutionary history. While the genus Arabidopsis is 



 47 

well circumscribed10,17, 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. thaliana18 and A. lyrata19; clade B, including the B. stricta genome22; 

and clade C, comprising the genomes of Capsella rubella, C. grandiflora25, and Camelina 

sativa26 (Supplementary Information). Analyses using nuclear markers strongly support A(BC), 

which is most often cited as the species tree8,12,16,29,30. Organellar markers strongly support 

B(AC)11,12,27,28 (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 hirsuta145 and 

Eutrema salsugineum146 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 (Fig. S1). 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. S2d-g). We identified 10,193 single copy nuclear genes 

spanning the eight chromosomes of C. rubella (Fig. S1), whose karyotype serves as an estimate 

of the common ancestor147. 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. 1b-f, Fig. S2h and Table S2). Our analyses 

confirm the incongruent histories present in the organellar and nuclear genomes.  

  A number of approaches have been developed to determine the relative contributions of 

ILS and IG to gene tree incongruence. Comparative genomic approaches are based on the D-
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statistic94,96, which is typically applied to whole genome alignments and is calculated by 

determining the frequency of site patterns. It was not feasible to construct accurate whole 

genome alignments among our taxa, and thus we used gene tree topologies as proxies for site 

patterns. Results from these analyses indicated that ILS is sufficient to explain the frequency of 

C(AB) but not the observed frequencies of A(BC) and B(AC) in the nuclear genome (Table S3). 

Coalescent based approaches81,110 use gene trees to distinguish between organismal histories that 

are tree-like (incongruencies among trees arise from ILS) and network-like (incongruencies 

result from ILS + IG). We analyzed our gene tree data in PhyloNet110 and found that reticulate 

networks were favored over tree-like evolution (Fig. S2k-r; ΔAIC ≥ 87.80 and ΔBIC ≥ 73.50). 

Similarly, Tree Incongruence Checking in R (TICR)81 indicated that a simple tree-like history fit 

the data poorly because the concordance factors for a significant proportion of quartets departed 

from expectation (Fig. S2s-v; p = 0.00058; c2 test). In sum, both comparative genomic and 

coalescent based approaches support an evolutionary history that includes IG.  

 To uncover which lineages were affected by IG, we determined the relative timing of the 

B(AC) and A(BC) branching events (Fig. 2a)109. IG nodes are expected to be younger than 

speciation nodes98,109 because IG produces incongruent trees when it occurs between non-sister 

species subsequent to speciation69,94,96. Therefore, 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 approach148 before calculating median T2 node depths. 

T2 for A(BC) was significantly shallower than T2 for B(AC) (Fig. 2c, and Fig. S3 and Table S4; 

p<2.2e-16, Wilcoxon), indicating that A(BC) trees are the product of IG rather than speciation. 

This result is insensitive to the removal of the deepest nodes in both A(BC) and B(AC) bins (Fig. 
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S3o-t), and the use of synonymous divergence rather than rate smoothed branch length to 

calculate depth (Fig. 2f; S1IG vs. S2SP; p < 2.2e-16). 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 previously published trees inferred from single or concatenated nuclear genes, which strongly 

favor A(BC)8,10,17,29. 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 directionality of IG. 

First, we calculated rate of pairwise dS for all pairs of species. We used these to determine the 

average dS between pairs of clades (B vs. C = S1; A vs. C = S2; A vs. B = S3) (Fig. S4). dS 

values are indicated as S1-3SP for B(AC) (the species branching order), and S1-3IG for A(BC) (IG 

branching order) (Fig. 2d 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, consistent with the network in 

Fig. S2o, which indicates that 90.5% of sampled nuclear alleles were introgressed from clade B 

to 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 
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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 144. 

Using Arabidopsis Gene Ontology (GO) data149, 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 (see Methods). 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 sterility150, 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 data151, we 
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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) (Methods). 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 

(Fig. 3d). Previous studies in this group estimate linkage disequilibrium to decay within 

10kb152,153, 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. S5a), and 2) 

number of instances in which neighboring genes share topology, regardless of distance (Fig. 

S5b). 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=1.7169e-11) genes (Fig. S5c-h). The observed clustering indicates that haplotype blocks of co-

transferred and un-transferred genes are detectable in extant genomes, pointing to physical 

linkage as a factor influencing whether genes are transferred or retained. 
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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 109, 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 ago8,10. 

Hence, it is 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. In short, our findings explore the genomic battle underlying chloroplast 

capture to reveal an onslaught of alleles via unidirectional IG. 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 

described144,154. 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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Methods: 

Data Availability. Gene tree data are linked to the online version of the paper. Scripts and input 

files used to perform analyses are available at: 

https://github.com/esforsythe/Brassicaceae_phylogenomics.  

 

Phylogenomic pipeline 

Clustering of putative orthologs. Coding sequences (CDS) for Arabidopsis thaliana, A. lyrata, 

Capsella rubella, C. grandiflora, Boechera stricta, and Eutrema salsugineum were obtained 

from Phytozome18,19,22,25,146,155; Camelina sativa and Cardamine hirsuta were obtained from 

NCBI 26,145. Datasets were processed to contain only the longest gene model when multiple 

isoforms were annotated per locus. CDS were translated into amino acid (AA) sequences using 

the standard codon table. The resulting whole proteome AA sequences for the eight species were 

used as input to cluster orthologs via Orthofinder (version 1.1.4)156 under default parameters 

(Fig. S1a). Two different filtering strategies with varying stringency were applied to the resulting 

clusters to yield two dataset partitions referred to as ‘full single copy dataset’ and ‘conservative 

single copy dataset’. Both filtering strategies are described below.  

 

Full single copy dataset filtering. The full single copy dataset was identified by sorting 

Orthofinder results to include only clusters that contained exactly one sequence per species, 

except in the case of C. sativa. Clusters containing one to three sequences from C. sativa were 

also retained as single copy (Fig. S1b) because it is a hexaploid of relatively recent origin. Thus, 

clusters with up to three C. sativa paralogs (i.e., homeologs) were retained, and we expected 

these homeologs to form a clade under phylogenetic analysis (see Multiple sequence alignment 
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and gene tree inference of nuclear genes). Gene clusters that yielded trees deviating from this 

expectation were omitted from further analysis. The full single copy dataset also contains groups 

classified as retained duplicates (Fig. S1c). Retained duplicate clusters contain exactly two 

sequences per species (three to six in C. sativa). The A. thaliana sequences in each cluster 

represent known homeologs from the α whole genome duplication (α) that occurred at the base 

of Brassicaceae58, and thus is shared by all sampled species in this study. We retained only those 

gene clusters that produced trees in which the paralogs formed reciprocally monophyletic clades 

(Fig. S1c). 

 

Conservative single copy dataset filtering. We also used a more stringent set of criteria to 

develop a conservative single copy dataset. For this dataset, we compared the results obtained 

from Orthofinder with results from previously published assessments of plant single copy or low 

copy gene families56,57. We used published analyses that included A. thaliana, allowing for direct 

comparison with our results. We filtered our clusters to include only those genes recovered by 

both Orthofinder and in at least one published analysis. We refer to these as consensus single 

copy. Consensus single copy genes plus the retained duplicates described above constitute the 

conservative single copy dataset. CP and MT gene datasets were filtered using the same criteria 

used to filter the full single copy dataset.  

 

Multiple sequence alignment and gene tree inference of nuclear genes. For single copy 

genes, we generated AA-guided multiple sequence alignment of CDS using the MAFFT 

algorithm (version 6.850)157, implemented using ParaAT (version 1.0)158, under the default 

settings for both. Multiple sequence alignments of CDS for each gene cluster were used to infer 
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maximum likelihood gene trees using RAxML (version 8)141 under the general time reversible 

model with gamma distributed rate heterogeneity. Support values for nodes were calculated from 

100 bootstrap replicates using rapid bootstrapping. 

  

Assembly and annotation of mitochondria and chloroplast genomes. Whole genome 

sequence reads for A. lyrata, B. stricta, C. rubella, C. grandiflora, and C. sativa were acquired 

from NCBI’s Sequence Read Archive (SRA). The run IDs of SRA files used to assemble 

organelle genomes for each species were: A. lyrata (DRR013373, DRR013372); B. stricta 

(SRR3926938, SRR3926939); C. rubella (SRR065739, SRR065740); C. grandiflora 

(ERR1769954, ERR1769955); C. sativa (SRR1171872, SRR1171873). Both SRAs for each 

species were independently aligned to the Arabidopsis thaliana mitochondrial (MT) genome 

(Ensembl 19) using HiSat2159 with default settings for paired-end reads within CyVerse’s 

Discovery Environment160. 15-30X coverage was recovered for each alignment. Mapped read 

alignment files were converted from BAM to SAM using SAMtools161. MT consensus sequences 

were generated (base pair call agreement with 75% of all reads) from each alignment within 

Geneious (version 7.0)162. Each MT consensus sequence was annotated based on the A. thaliana 

MT genome annotation (Ensembl 19). CDSs were then extracted using gffread from the 

Cufflinks package163. The same method was used to assemble the B. stricta CP genome. All other 

chloroplast genome sequences were publicly available.  

 

Multiple sequence alignment and tree inference from chloroplast and mitochondria 

markers. Single copy CP and MT genes were identified, aligned, and used to infer phylogeny as 

described previously for nuclear genes. Individual gene tree results are presented in Fig. S2d-e. 
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We also generated concatenated alignments for both the CP and MT genes using 

SequenceMatrix164. We inferred trees (Fig. 1a-b) from both concatenated alignments using 

RAxML with the same parameters described above. 

 

Downstream analyses 

Gene tree topology analysis. Tree sorting was performed in batch using the R packages, Ape165, 

Phangorn166, and Phytools167. Gene trees from the retained duplicates were midpoint rooted and 

split at the root into two subtrees, each of which contained a sequence from all eight analyzed 

species. Subtrees were analyzed as individual trees alongside all other single copy gene families 

as described below. First, each gene tree was rooted at E. salsugineum. Next trees were sorted by 

considering the topological arrangement of the A, B, and C lineages. For example, a tree was 

categorized A(BC) if B. stricta, C. rubella, C. grandiflora, and C. sativa formed a monophyletic 

clade. Thus, the branch in the tree leading to the monophyletic clade (the branch uniting B. 

stricta, C. rubella, C. grandiflora, and C. sativa in the above example) was considered the 

topology-defining branch. Statistical support for any given tree was summarized as the bootstrap 

value along the topology-defining branch.  

Since the focus of our analysis was on topological incongruence of A, B, and C clades, 

our topology assessment was not designed to detect topological arrangements within A, B, and C 

clades or in other parts of the trees. If a gene cluster failed to form either a monophyletic A or C 

clade following phylogenetic analysis, it was marked as ‘other topology’ and removed from 

further downstream analysis. Exact topologies of all trees, including those recorded as ‘other 

topology’, are summarized in Table S2.  
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Applying Patterson’s D to assess the effects of incomplete lineage sorting. To determine 

whether the observed gene tree incongruences could have been caused primarily through 

incomplete lineage sorting (ILS), we calculated Patterson’s D-statistic (D) (also known as the 

ABBA-BABA or 4-taxon test)94,96. D is typically applied to whole genome alignments of three 

in-group taxa and one out-group taxon. It is calculated by scanning the alignment to identify site 

patterns consistent with two possible resolutions of ILS (ABBA and BABA). Due to the 

relatively deep divergence and numerous chromosomal rearrangements between genomes used 

here, it was not feasible to construct accurate whole genome alignments. Instead, we used gene 

tree topologies as proxies for site patterns. Since B(AC) and C(AB) trees were closest in 

frequency in the nuclear genome, we asked whether their frequencies were statistically 

significantly different using D. A(BC) trees and C(AB) trees were treated as ABBA and BABA 

sites, respectively. D was then calculated as follows: 

 

D = (å(B(AC) trees) - å(C(AB) trees)) / (å(B(AC) trees) + å(C(AB) 
trees)) 

 

We calculated D for the set of all nuclear genes as well as for subsets of genes present on 

each of C. rubella’s nuclear chromosomes147. We also applied D to compare the frequencies of 

A(BC) to C(AB) as follows: 

 
D = (å(A(BC) trees) - å(C(AB) trees)) / (å(A(BC) trees) + å(C(AB) 

trees)) 

 

D for the B(AC) vs. C(AB) comparison was assessed using all of the same strategies described 

for the A(BC) vs. C(AB) comparison. Results from all D calculations are given in Table S3. 
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Phylogenetic network reconstruction and introgression analysis. To evaluate the likelihood 

that the observed incongruence was caused by IG, we also reconstructed maximum likelihood 

phylogenetic networks using InferNetwork_ML in PhyloNet (version 3.6.1)110. We input all 

nuclear gene trees (Fig. S1d, Full single copy genes dataset) and implemented InferNetwork_ML 

using the command ‘InferNetwork_ML (all) h –n 100 –di –o –pl 8;’, where h is 

the number of reticulations allowed in a given network. The method ignores gene tree branch 

lengths, utilizing gene tree topologies alone to infer reticulation events. We performed separate 

analyses using h = 0 (a tree), h =1, and h = 2, outputting the 100 most likely trees/networks 

(designated with –n) from each analysis. We followed 168 and manually inspected networks to 

identify those with edges consistent with both the major nuclear topology [A(B,C)] as well as the 

major CP and MT topology [B(A,C)] (Fig. S2m-p). Additionally, we reported the most likely 

tree/network from each analysis (Fig. S2k, q-r). As an additional means of asking whether ILS 

alone adequately explains incongruence, we performed Tree Incongruence Checking in R 

(TICR)81. We used a population tree inferred from PhyloNet (h = 0) (Fig. S2k) with a table of 

concordance factors for all quartets. We performed the TICR test as implemented in the R 

package, phylolm169, according to the methods outlined in: 

https://github.com/crsl4/PhyloNetworks.jl/wiki/TICR-test:-tree-versus-network%3F. 

 

Identification of introgressed topology and species branching order. In order to identify the 

topology most likely to represent IG, we measured node depths on trees displaying the A(BC), 

B(AC), or C(AB) topology. Before measuring node depths, gene trees were smoothed to 

ultrametric trees using semiparametric penalized likelihood rate smoothing148. We implemented 

the rate smoothing algorithm designated by the chronopl function in the Ape package. We tested 
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six values of the smoothing parameter (λ), which controls the tradeoff between parametric and 

non-parametric formulation of rate smoothing, to assess the sensitivity of node depths to 

different values of λ. We calculated node-depth on ultrametric trees for nodes representing T1 

and T2 on each given topology (Fig. S3a). We plotted the frequency distributions of node depths 

(Fig, S3b) as well as descriptive statistics (Fig. S3c-t). 

 

Inference of unidirectional introgression. For each nuclear gene tree, we calculated pairwise 

synonymous divergence (dS) between taxa on the tree using PAML (version 4.8)170. To infer the 

pairwise distance between two clades on the tree, we took the average dS score between each 

combination of taxa present in the two clades. We excluded C. sativa sequences from this 

analysis due to the presence of multiple C. sativa paralogs in some trees. We define dS between 

clades B and C, clades A and C, and clades A and B as S1, S2, and S3, respectively (Fig. S4a). 

For example, to calculate the distance between clade A and clade C (S2) for a given tree, we used 

the following equation:  

 

S2 = (dS(A.thaliana,C. rubella) + dS(A.thaliana,C. grandiflora) + 

dS(A.lyrata,C. rubella) + dS(A.lyrata,C.grandiflora)) / 4 

 

We calculated S1-3 for both the species branching order, B(AC), and the introgression 

tree, A(BC) (i.e., S1-3SP vs. S1-3IG). Frequency distributions of each value were determined.  

 

GO category enrichment analysis. Gene Ontology (GO)149 data for Arabidopsis were obtained 

from The Arabidopsis Information Resource (www.arabidopsis.org)18. We determined the GO 

terms associated with the Arabidopsis genes present in our full single copy data set. For each GO 
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term, the percentage of B(AC) trees containing the GO term was compared to the percentage of 

A(BC) trees containing it. Comparisons were quantified with an enrichment score (E). For 

example, we used the following equation to ask if B(AC) or A(BC) topology genes are enriched 

for CP localization: 

 

E = ((% B(AC) trees that are CP localized) –  
(% A(BC) trees that are CP localized)) /  

(% B(AC) + A(BC) topology genes that are CP localized) 

 

Positive E indicates enrichment for a given GO category among B(AC) trees, while negative E 

indicates enrichment among A(BC) trees (Table S5). We also obtained a list of Pentatricopeptide 

repeat (PPR) genes from50 for comparison. 

 

Network analysis of protein-protein interactions. Experimentally curated protein-protein 

interaction data for Arabidopsis were downloaded from Arabidopsis thaliana Protein Interaction 

Network (AtPIN) (version 2.6.70)151. Interaction data were filtered to contain only genes included 

in the full single copy data set. An undirected interaction network was visualized and analyzed 

using the igraph package (http://igraph.org) in R. Each node in the graph represents a single copy 

nuclear gene family while each edge in the graph indicates a physical interaction in Arabidopsis. 

Nodes were colored by gene tree topology and diameter of nodes are proportional to bootstrap 

support values for the gene tree (see Fig. S2a-c).  

We asked if genes displaying the same topology are clustered with each other in the 

network by calculating nominal assortativity171. Assortative mixing/clustering of gene tree 

topology results across the network was quantified by the assortativity coefficient (A) of the 

network. Positive A indicates clustering of genes with the same topology, while negative A 
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indicates over-dispersal. We calculated the observed A for our network as well as a null 

distribution of A generated by randomly assigning a topology to nodes in 10,000 replicates of our 

network.  

 

Mapping of gene coordinates to A. thaliana and C. rubella nuclear genomes. Topology 

results were mapped to the nuclear genome of C. rubella using the gene coordinates from the 

GFF file associated with the genome assembly. Genome maps were visualized using the R 

package, Sushi172, made available through Bioconductor173. Colored horizontal lines indicate 

genes displaying each topology. The length of each line represents the bootstrap support value 

found at the topology-defining branch in the gene tree (see Fig. S2a-c).  

 

Detection of linkage disequilibrium. Topology results mapped to the C. rubella genome were 

used to ask if genes displaying the same topology are clustered together linearly along 

chromosomes. We assessed the physical clustering of A(BC), B(AC), and C(AB) genes with two 

measures: 1) number of instances in which genes with the same topology are located within 10kb 

of each other (Fig. S5a), and 2) number of instances in which neighboring genes share topology, 

regardless of distance (Fig. S5b). We established a null distribution for both measurements by 

randomly assigning a topology to genes on 10,000 maps of the C. rubella genome and 

recalculating 1 and 2.  

Statistical Analyses 

All statistical tests were performed in R (version 3.4). Below, we describe methods used 

to assess the significance of our results. Our general strategy was to provide sufficient 

information to enable readers to make their own interpretations of the data; toward that goal, we 
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have included Bonferroni corrected and uncorrected (raw) p-values for each experiment where 

corrections could be applied (Tables S3-5 or within supplemental text). The conclusions we draw 

are statistically robust, and thus are not affected by whether significance is assessed by raw or 

Bonferroni corrected p-values. Thus, our results are unlikely to have been affected by type-one 

error. Therefore, in order to avoid inflation of type-two error, we report raw p-values in the main 

body of the manuscript. 

 

D-statistic. We calculated D for both the full single copy and conservative single copy data sets. 

Confidence intervals were obtained by resampling either dataset to generate 10,000 bootstrap 

replicates, recalculating D for each replicate. The resulting distributions were compared using the 

Z-test. To account for potential autocorrelation bias caused by non-independence of linked 

genes, D was also calculated using block bootstrapping. Block bootstrapping was accomplished 

by splitting the dataset into 100 equal size blocks of neighboring genes based on position along 

C. rubella chromosomes. Blocks were then bootstrap resampled 10,000 times and D was 

recalculated with each replicate to obtain a distribution of D. P-values from analyses of the 

whole genome were Bonferroni adjusted for four comparisons. 

 

Phylogenetic network reconstruction and introgression analysis. PhyloNet models were 

statistically compared by calculating AIC and BIC scores for each tree/network with the 

following expressions: 

 
AIC = 2k – 2(log L) 

 

BIC =  (log(n) *  k) – 2(log L) 
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where k is the number of free parameters in the model, n is the number of input gene trees, and L 

is the maximum likelihood value of the model. We compared hypotheses by calculated 

difference in AIC and BIC scores for each given tree/network relative to the most likely network 

(ΔAIC and ΔBIC). 

 

Node depth based test of species branching order. Frequency distributions of node depths 

were plotted. Two-tailed T-tests and Wilcoxon rank sum tests were performed to assess 

differences in distribution means and medians, respectively. P-values were Bonferroni corrected 

for six comparisons. 

 

Divergence based test of IG directionality. Frequency distributions of node depths were 

plotted. Two-tailed Wilcoxon rank sum tests were performed to assess differences in distribution 

medians. P-values were Bonferroni corrected for three comparisons. 

  

GO category enrichment. Enrichment of GO categories was assessed by comparing GO 

categories of A(BC) genes versus B(AC) genes. For each GO category, two-by-two contingency 

tables were constructed and used to perform Fisher’s exact tests. Results from two-tailed and 

one-tailed tests are reported. P-values from primary comparisons were Bonferroni corrected for 

three comparisons. 

 

Protein-protein interaction network. Clustering in the interaction network was quantified with 

an assortativity coefficient (A)171. To assess significance of the observed A, we randomly 

assigned one of the three topologies (keeping the frequency of each topology the same as in the 
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original data set) to genes in 10,000 copies of the network. We computed A for each of the 

10,000 networks to obtain a null distribution of A and used the null distribution to perform a two-

tailed Z-test.  

  

Haplotype block linear clustering. We quantified linear clustering of topologies by counting 

the number of occurrences of proximal and neighboring genes in the observed data. We assessed 

the significance of the observed values by generating null distributions from 10,000 datasets in 

which the topologies were randomized. We used the null distributions to perform two-tailed Z-

tests. P-values were Bonferroni corrected for six comparisons. 
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Supplementary Information is linked to the online version of the paper. 
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Figure 1 | Incongruent gene tree topologies are observed within and between nuclear and 
organellar genomes. a. Chloroplast and b. mitochondria ML trees. Branch support from 100 
bootstrap replicates. Scale bars represent mean substitutions/site. c-f. ML gene trees inferred 
from nuclear single copy genes rooted by E. salsugineum. c. A(BC), d. B(AC) and e. C(AB) 
topologies. f. Numbers and frequencies of gene trees displaying A(BC) (orange), B(AC) (green), 
and C(AB) (purple).  
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Figure 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 represent a native allele that was replaced 
by an 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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Figure 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. S2a-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. S2a-c). **p<0.01, *p<0.05, NS p>0.05. 
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Figure S1 | Phylogenomic pipeline developed in CyVerse and single copy gene datasets. a. 
We used whole proteome AA sequences to (1) Cluster genes from the eight proteomes (six 
ingroup taxa and two outgroup taxa) with Orthofinder 156, (2) filter and remove genes that may 
be affected by duplication and loss, (3) perform codon-guided multiple sequence alignment of 

✓✓✓

1. Gene family clustering

Orthofinder

2. Single-copy gene filtering

3. AA-guided alignment of CDS 

4. Inference of gene trees

ParaAT with MAFTT alignment algorithm

RAxML

5. Topology analysis

R packages: Ape, Phytools, Phangorn

A. thaliana

A. lyrata

C. hirsuta

E. salsugineum

C. sativa

C. grandiflora

B. stricta

C. rubella

W
ho

le
 p

ro
te

om
e

CD
S

A
A

 se
qu

en
ce

De Smet et al. (2013) 
(2986 total) Duarte et al. (2012)

(959 total)

440

1,485 173

8,093

208 138853

Phylogenomic Pipeline
(9,547 total)

Consensus 
single copy
2,098 total

A. thaliana
A. lyrata

C. hirsuta
E. salsugineum

C. sativa
C. grandiflora

B. stricta

C. rubella

A. thaliana
A. lyrata

C. hirsuta
E. salsugineum

C. sativa
C. grandiflora

B. stricta

C. rubellaα-whole 
genome 

Duplication

Su
b 

fa
m

ily
 A

Su
b 

fa
m

ily
 B

Retained 
duplicates

(Bowers et al., 2003)
(644 sub-

families total)

All gene families 
(22,885 total)

Single copy 
genes 

(9,547 total)

b

c

d

e

fLength (mb)
0 10 20

Length (mb)
0 10 20

1

2

3

4

5

6

7

8

1

2

3

4

5

6

7

8

a



 71 

CDS with ParaAT and MAFFT 157,158, (4) infer maximum likelihood gene trees with RAxML 141, 
(5) perform automated analysis of the topologies of gene trees in R using the packages, Ape, 
Phytools, Phangorn 165–167. b-f. Two partially overlapping single copy datasets were identified, 
full single copy dataset (b-d) and conservative single copy dataset (c, e-f). b. 9,547 genes were 
identified as single copy. c. 322 genes were identified as having been duplicated during the alpha 
whole genome duplication with full retention of both homeologs in all species. Each retained 
duplicate family was split into two subtrees, yielding 644 retained duplicate subfamilies. Single 
copy families and retained duplicate subfamilies were combined to yield the full single copy 
dataset, totaling 10,191 families. d. Full single-copy genes mapped to the C. rubella nuclear 
chromosomes. e. Venn diagram displaying overlap of single copy genes (described in b) with 
previously described low-copy datasets in Arabidopsis 56,57. Genes identified as single copy in 
our analysis and at least one other analysis were designated as conservative single copy genes. 
These families were combined with retained duplicates (described in c) to yield the conservative 
single copy dataset, totaling 2,747 families. f. Conservative single copy genes mapped to the C. 
rubella nuclear chromosomes. 
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Figure S2 | CP, MT, and nuclear gene trees, PhyloNet analyses, and TICR test of complex 
evolution. a-c. A(BC), B(AC), and C(AB) topologies shown in orange, green, and purple, 
respectively. Colors are used to indicate these topologies in pie charts, bar charts, and histograms 
(d-j). * indicate the branch that defines each topology. Previously resolved clades are indicated 
by brackets on each tree. d-e. Pie charts indicating topology results from CP (d) and MT (e) gene 
trees. f-g. Histogram of bootstrap support at topology-defining branches for CP (f) and MT (g) 
gene trees. h. Bar chart showing frequencies of each topology in nuclear genes in the full single 
copy dataset and the conservative single copy dataset. Results from both of these datasets were 
also filtered to only include trees with at least 70% bootstrap support at the topology-defining 
branch. i-j. Histogram of bootstrap support at topology-defining branches for full single copy (i) 
and conservative single copy (j) nuclear gene trees. k-r. Species trees/networks inferred using 
PhyloNet. k-l. The two most likely trees inferred with PhyloNet set to allow zero reticulations 
(h=0). m-n. The two most likely networks with one reticulation (h=1) that contain the A(BC) 
and B(AC) trees and C. hirsuta as an outgroup. o-p. The second and third most likely networks 
with two reticulations that contain the A(BC) and B(AC) trees and C. hirsuta as an outgroup. q. 
The most likely network with one reticulation. r. The most likely network with two reticulations, 
which is also the most likely network overall. Each inferred reticulation event is indicated by two 
blue branches, either of which could represent the reticulation edge. Inheritance probabilities of 
each potential reticulation edge are indicated as percentages. s. The population tree used by 
TICR with branch lengths for internal branches in coalescent units. t. Observed versus expected 
CF values. u. Estimation of the optimal concentration parameter (alpha) from the data. Optimal 
alpha = 281.7089 v. The number of quartets with outlier CFs shown by the p-value by which 
they were indicated as outliers. Six quartets were indicated as outliers at the p = 0.05-0.01 level. 
A(BC) (orange), B(AC) (green), and C(AB) (purple). The top half of each panel displays T1 node 
depth and the bottom half T2 node depth. Ultrametric trees were normalized to a total tree height 
of one before calculating node depths. b-t. Panels represent rate smoothing performed with six 
values for the rate smoothing parameter (l) (l= 0, 0.05, 0.1, 0.2, 1, 100). c-h. Circles display 
mean node depth values. Error bars represent one standard deviation above and below the mean. 
Horizontal bars above plots represent T-tests of distribution differences. i-n. Box plots displaying 
median and quartile values of node depths. Horizontal bars above boxes represent Wilcoxon rank 
sum tests of distribution differences. o-t. Box plots displaying median and quartile values of 
node depth distributions with highest values removed to account for potential mixed 
distributions. The highest 429 (total number of C(AB) trees) node depth values were removed 
from the A(BC) and B(AC) categories before plotting to account for trees potentially influenced 
by ILS. Horizontal bars above boxes represent Wilcoxon rank sum tests of distribution 
differences. c-t. For all statistical comparisons, ** indicates p<0.01; * indicates 0.01<p<0.05, 
according to raw p-values. Raw and Bonferroni adjusted p-values are provided in Table S4. 
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Figure S4 | Frequency distributions of dS distances. a. dS between clades B and C, A and C, 
and A and B are indicated as S1, S2, and S3, respectively. b-d. Frequency distributions of dS 
across all B(AC) (subscript SP; green) and A(BC) (subscript IG; orange) are shown for S1 (b), 
S2 (c), S3 (d).  
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Figure S5 | Evidence of haplotype blocks from the time of IG. a-b. Measures of linear 
clustering along C. rubella chromosomes. Clustering was measured as number of instances in 
which genes with the same topology are located within 10kb of each other (a) and number of 
instances in which neighboring genes share topology, regardless of distance (b). c-e. Clustering 
of A(BC), B(AC), and C(AB), respectively, according to the first measure (a). f-h. Clustering of 
A(BC), B(AC), and C(AB), respectively, according to the second measure (b). Vertical lines 
indicate the observed number of instances. Curves indicate the distribution of number of 
instances measured from 10,000 randomized chromosome maps. Significance of observed values 
were calculated with Z-test. ** indicates p<0.01; * indicates 0.01<p<0.05, according to raw p-
values.
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Table S1 | Summary of previous phylogenetic studies of clades A, B, and C. 

 
Species and genes sampled vary with each study but each includes at least one species from 
clade A, B and C. When studies included multiple markers, topology refers to the tree generated 
from a combination of all markers. Topological arrangement of species from clades A, B, and C 
is indicated for each study, ignoring other taxa on the tree.  
 
  

Reference

Bailey et al., 2006 

Oyama et al., 2008

Couvreur et al., 2010

Koch et al., 2001

Beilstein et al., 2006

Beilstein et al., 2008

Huang et al., 2015

Koch et al., 2001

Franzke et al., 2009

CP 
markers

atpB, matK, 
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-

-

-

Nuclear
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-

MT 
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-

-
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-

-
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nad4 intron
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Table S2 | Summary of exact gene tree topologies.  
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Unique gene tree topologies observed in the dataset are shown in parenthetical (Newick) format. 
Any tree produced from at least 10 different genes (>0.1% of all trees) are shown. Topologies 
represented by fewer than 10 genes are grouped into one of the ‘other’ categories depending on 
monophyly of B+C, A+C, A+B clades on the tree. Brief descriptions of local topological 
deviations are provided. Species symbols: At = A. thaliana;  Al = A. lyrata; Cr = C. rubella; 
Cg=C. grandiflora; Cs=C. sativa; Bs=B. stricta; Ch=C. hirsuta; Es=E. salsugineum.  
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 Table S3 | D-statistic calculations comparing frequencies of nuclear gene tree topologies.  

 
Frequencies of tree topologies are shown for the full single copy dataset (Full) and conservative 
single copy dataset (CSC). All values are shown for the whole genome (All) as well as individual 
chromosomes according to the C. rubella genome map. D was calculated comparing B(AC) vs. 
C(AB) as well as A(BC) vs. C(AB). For each comparison, p-values were calculated from 
resampling distributions obtained with bootstrapping as well as block bootstrapping. P-values 
were Bonferroni corrected using four comparisons for full genome analyses (bold text). 

 
  

Dataset

Full

Full

Full

Full

Full

Full

Full

Full

Full

CSC

CSC

CSC

CSC

CSC

CSC

CSC

CSC

CSC

Chrom.

All

1

2

3

4

5

6

7

8

All

1

2

3

4

5

6

7

8

A(BC) 
trees

8490

1474

773

1069

957

799

1316

1151

927

2236

389

202

301

241

198

367

294

236

B(AC)
 trees

774

106

81

136

68

106

81

105

83

236

33

20

42

17

33

21

34

32

C(AB) 
trees

429

67

40

57

47

67

47

61

54

114

17

11

16

9

17

10

22

16

D

0.2868

0.2254

0.3388

0.4093

0.1826

0.2254

0.2656

0.2651

0.2117

0.3486

0.3200

0.2903

0.4483

0.3077

0.3200

0.3548

0.2143

0.3333

p 

2.19E-25

0.0023

8.93E-05

4.16E-10

0.0481

0.0022

0.0017

4.14E-04

0.0112

3.08E-12

0.0176

0.0966

1.80E-04

0.1027

0.0100

0.0360

0.1018

0.0145

p (adjusted)

8.76E-25

-
-
-
-
-
-
-
-

1.23E-11

-
-
-
-
-
-
-
-

p 

2.77E-25

0.0022

7.11E-05

3.21E-10

0.0496

0.0025

0.0017

4.79E-04

0.0120

4.01E-12

0.0232

0.0807

2.50E-04

0.0949

9.21E-06

0.0490

0.0568

0.0130

p (adjusted)

1.11E-25

-
-
-
-
-
-
-
-

1.60E-11

-
-
-
-
-
-
-
-

D

0.9038

0.9130

0.9016

0.8988

0.9064

0.8734

0.9310

0.8993

0.8899

0.9030

0.9163

0.8967

0.8991

0.9280

0.8857

0.9469

0.8608

0.8730

p

~0

~0

~0

~0

~0

~0

~0

~0

~0

~0

~0

7.31E-188

1.46E-293

~0

5.18E-165

~0

4.73E-197

5.98E-177

p (adjusted)

~0

-
-
-
-
-
-
-
-
~0

-
-
-
-
-
-
-
-

p

~0

~0

~0

~0

~0

~0

~0

~0

~0

~0

~0

5.32E-202

4.33E-225

~0

8.97E-177

~0

2.21E-228

2.64E-196

p (adjusted)

~0

-
-
-
-
-
-
-
-
~0

-
-
-
-
-
-
-
-

B(AC) vs. C(AB) comparison A(BC) vs. C(AB) comparison

Bootstrap resampling Bootstrap resamplingBlock bootstrapping Block bootstrapping
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Table S4 | P-values from node-depth based identification of speciation and IG.  

 
Node depths were calculated from ultrametric trees smoothed using one of six values for the rate 
smoothing parameter (l). P-values were calculated with T-tests as well as Wilcoxon rank sum 
tests. Raw p-values as well as p-values that were Bonferroni adjusted for six comparisons are 
shown. Primary comparisons are shown in bold text. 
 

 
  

W
Ilc

ox
on

 ra
nk

 s
um

T-
te

st

Raw p-value Adjusted p-value (6 comparisons)
Node

T1

T1

T1

T2

T2

T2

T1

T1

T1

T2

T2

T2

Compar-
ison

A(BC) 
vs 

B(AC)

A(BC) 
vs 

C(AB)
B(AC) 

vs 
C(AB)

A(BC) 
vs 

B(AC)

A(BC)
 vs 

C(AB)

B(AC) 
vs 

C(AB)

A(BC) 
vs 

B(AC)

A(BC) 
vs 

C(AB)

B(AC) 
vs 

C(AB)

A(BC) 
vs 

B(AC)

A(BC)
 vs 

C(AB)

B(AC) 
vs 

C(AB)

λ=0

0.0054

3.00E-04

2.18E-06

2.20E-16

1.33E-04

1.33E-04

2.20E-16

0.1212

2.20E-16

2.20E-16

0.0115

2.20E-16

λ=0.05

2.20E-16

2.53E-06

0.0126

0.1009

2.20E-16

2.20E-16

0.0024

6.95E-06

2.20E-16

0.5054

2.20E-16

2.20E-16

λ=0.1

0.0094

2.20E-16

2.20E-16

2.20E-16

0.0572

2.20E-16

2.20E-16

0.0017

8.54E-06

2.20E-16

0.3397

2.20E-16

λ=0.2

2.20E-16

2.20E-16

1.67E-05

2.20E-16

0.2365

2.20E-16

0.0074

5.11E-06

2.20E-16

2.20E-16

2.20E-16

0.0012

λ=1

7.58E-06

2.63E-05

2.20E-16

0.2544

2.20E-16

2.20E-16

0.0061

2.20E-16

0.0379

2.20E-16

2.20E-16

0.0011

λ=100

4.55E-07

1.06E-06

2.20E-16

0.5804

1.15E-09

2.20E-16

4.26E-08

4.33E-05

2.20E-16

0.8022

2.96E-09

1.55E-15

λ=0

1.32E-15

1.32E-15

7.96E-04

1.32E-15

1.31E-05

0.0018

0.0324

1.32E-15

0.0692

1.32E-15

1.32E-15

0.7272

λ=0.05

3.0324

1.32E-15

1.32E-15

0.0753

1.52E-05

1.32E-15

0.6054

1.32E-15

1.32E-15

0.0142

4.17E-05

1.32E-15

λ=0.1

5.13E-05

1.32E-15

2.0382

1.32E-15

1.32E-15

5.66E-02

1.74E-05

1.32E-15

0.3434

1.32E-15

1.32E-15

0.0105

λ=0.2

0.0074

1.00E-04

1.32E-15

1.4190

1.32E-15

1.32E-15

3.07E-05

0.0445

1.32E-15

0.1919

1.32E-15

1.32E-15

λ=1

0.2273

1.32E-15

1.32E-15

0.0367

1.32E-15

1.32E-15

1.5264

1.32E-15

1.58E-04

0.0063

4.55E-05

1.32E-15

λ=100

2.60E-04

1.32E-15

4.8132

1.78E-08

9.30E-15

2.73E-06

6.35E-06

1.32E-15

3.4824

6.89E-09

1.32E-15

2.56E-07
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Table S5 | GO category enrichment analysis.  

 
GO terms associated with A(BC) and B(AC) trees. The GO terms for the Arabidopsis ortholog 
from each tree were obtained. ‘B(AC) count’ refers to the number of B(AC) genes annotated 
with each GO term. ‘B(AC)%’ refers to the percentage of B(AC) genes that are annotated with 
each GO term. Enrichment scores were calculated as: (% B(AC) genes with GO term - % A(BC) 
genes with GO term) / (% B(AC) and A(BC) genes with GO term). p-values were calculated 
using Fisher’s exact tests. Bonferroni corrected p-values (three comparisons) are provide for 
primary comparisons (bold text). 

 
  

CP localized

Photosynthesis

Light reactions

Dark reactions

Photorespiration

MT localized

Cellular respiration

Cytochrome C oxidase

Glycolysis

E -transfer

PPR

Nuclear localized

RNA polymerase

RNA pol I

RNA pol II

RNA pol III

RNA pol IV

RNA pol V

Telomere

Cyclin-dependant kinase

GO category

164

15

12

3

1

122

3

0

2

1

33

285

13

0

11

1

0

0

4

5

B(AC) 
count

21.19

1.94

1.55

0.39

0.13

15.76

0.39

0.00

0.26

0.13

4.26

36.82

1.68

0.00

1.42

0.13

0.00

0.00

0.52

0.65

B(AC)%

1469

80

51

7

6

1029

21

4

9

8

237

3499

216

6

198

9

4

4

18

32

A(BC)
count

17.30

0.94

0.60

0.08

0.07

12.12

0.25

0.05

0.11

0.09

2.79

41.21

2.54

0.07

2.33

0.11

0.05

0.05

0.21

0.38

A(BC)%

0.10

0.35

0.44

0.65

0.29

0.13

0.22

-1.00

0.42

0.16

0.21

-0.06

-0.20

-1.00

-0.24

0.10

-1.00

-1.00

0.42

0.26

Enrichment
Score (E)

0.00776

0.01419

0.00533

0.04469

0.45720

0.00436

0.44750

1.00000

0.23290

0.54410

0.02507

0.01786

0.14780

1.00000

0.12740

0.58230

1.00000

1.00000

0.10610

0.23220

P-value

0.00443

0.01184

0.00533

0.04469

0.45720

0.00250

0.32460

0.70540

0.23290

0.54410

0.01682

0.00936

0.08138

0.59240

0.05929

0.58230

0.70540

0.70540

0.10610

0.19280

P-value

Two-sided One-sided
Adjusted
p-value

-

-
-

-
-
-

-
-
-

-
-
-
-

-

-
-

-

0.02328

0.01308

0.05358

Adjusted
p-value

0.01329

0.00750

0.02808

-

-
-

-
-
-

-
-
-

-
-
-
-

-

-
-

-
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Supplementary Text: 

Experimental design: 

Our approach employs publically available whole genome sequences to infer historical processes 

that affect the composition and architecture of extant plant genomes. The focus is on Arabidopsis 

and its closest relatives because there is preliminary evidence of cytonuclear discordance 

8,11,12,16,27–30. The objectives of the study were to: 1) identify ortholog groups for protein coding 

genes from the nuclear and organellar genomes of eight species in Brassicaceae; 2) determine the 

extent to which these genes have incongruent histories; 3) evaluate evolutionary scenarios that 

could have produced incongruent histories by determining the relative timing of branching 

events for different histories; and 4) to explore the relative roles of selection and neutral 

processes in governing which genes exhibit incongruent histories.  

We adopted a phylogenomic approach to identify genes with incongruent histories both 

from within and among nuclear and organellar genomes in representative species from each of 

the three monophyletic clades described. In addition, we included Cardamine hirsuta 145 and 

Eutrema salsugineum 146 as outgroup genomes. In order to analyze markers spanning nuclear, 

chloroplast (CP), and mitochondria (MT) genomes, we developed a phylogenomic pipeline (Fig. 

S1a), using CyVerse Atmosphere 160 cyberinfrastructure. All software and dependencies were 

installed on an Atmosphere instance, which is available to all CyVerse users. The inputs to the 

pipeline were coding sequences (CDS) from whole proteomes from each of the eight species 

used in the study. The workflow of the pipeline is: (1) gene family clustering, (2) single copy 

gene family filtering, (3) multiple sequence alignment of CDS, (4) inference of maximum 

likelihood gene trees, (5) sorting of gene tree topologies (6) statistical analyses of topology 

results. Custom perl, shell, and R scripts used to parse and format files, implement software in 
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high-throughput, and perform downstream analyses are available at: 

https://github.com/esforsythe/Brassicaceae_phylogenomics 

 

Previous studies of the species branching order. Considerable efforts have been made to 

develop Brassicaceae as a comparative genetic and genomic system. Species relationships in the 

family have been revised to reflect phylogeny. Despite alternative estimates of the branching 

order for Arabidopsis and its relatives, all trees from these studies share three distinct clades. The 

genus Arabidopsis as outlined by 17 is monophyletic and comprises nine species. We refer to this 

group as clade A, represented by the genomes of Arabidopsis18 and A. lyrata19. Boechereae is a 

diverse tribe containing eight genera, including Boechera, which comprises more than 70 

species20. Boechereae is sister to Halimolobeae, which contains five genera and 39 species21. We 

refer to species in Boechereae and Halimolobeae as clade B, represented by the recently 

sequenced genome of Boechera stricta22. A third monophyletic clade, is composed of 15 species 

in Capsella, Camelina, and Catolobus23,24. Genome sequence in this group includes Capsella 

rubella, Capsella grandiflora25, and the paleohexaploid oil-seed crop, Camelina sativa26. 

While clades A, B, and C are well resolved in the literature, their relationship to one 

another differs by marker. To understand incongruence implied by previous analyses, we 

reviewed eight phylogenetic studies, paying particular attention to the relative relationships of 

species from clade A, B, and C (Table S1). We find that phylogenies inferred from organellar 

markers11,12,27,28 are incongruent with those inferred from nuclear markers, or concatenation of 

nuclear and organellar markers8,12,16,29,30. We find that all studies of individual CP and MT 

markers yield B(AC). On the other hand, all studies that include nuclear markers yield A(BC). 

The statistical support for both of these topologies varies by study but each topology is well-
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supported in at least some of the studies, indicating the phylogenetic incongruence is not likely to 

be caused by a lack of phylogenetic resolution or error in phylogenetic reconstruction. The 

observation of phylogenetic incongruence motivated our current phylogenomic analysis. 

 

Supplementary Results: 

Nuclear single copy gene clusters and phylogenetic analyses. The full single copy dataset 

contained a total of 10,191 nuclear genes, comprising 37.17% and 35.83% of the Arabidopsis 

and C. rubella genomes, respectively. The conservative single copy dataset contained a total of 

2,747 nuclear genes, comprising 10.02% and 9.66% of the Arabidopsis and C. rubella genomes, 

respectively. A complete list of the gene tree topologies resulting from phylogenetic analyses of 

these markers is included in Table S2. 

 

Chloroplast phylogeny. CP assemblies and annotations were available for all analyzed species 

except for B. stricta. We assembled the CP genome from B. stricta from whole genome 

sequencing reads (see Methods). We annotated the genome and extracted CDS from 85 protein-

coding genes. Ortholog clustering revealed 77 orthologous gene clusters, 32 of which passed our 

filters as single copy. We performed multiple sequence alignment for the 32 single copy families 

and concatenated the alignments into an alignment with a total length of 30,645nt that produced 

B(AC) as a well-supported most likely tree. This result is consistent with the trees previously 

inferred from chloroplast markers (see Table S1). We also analyzed each gene separately. Of the 

32 genes, 13 were B(AC), zero were A(BC), and one was C(AB). Eighteen of the gene trees 

lacked statistically supported resolution. The CP gene trees displaying B(AC) show variable 
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bootstrap support but seven of 13 are supported by at least 70% bootstrap support at the 

topology-defining branch (Fig. S2f; green bars). The one CP gene tree indicating the C(AB) 

topology lacked bootstrap support (<50%) at its topology-defining branch (Fig. S2f; blue bar). 

Regardless of whether CP genes are analyzed individually or are concatenated they strongly 

support B(AC) as the chloroplast branching order. 

 

Mitochondria phylogeny. MT assemblies and annotations were unavailable for A. lyrata, B. 

stricta, C. rubella, C. grandiflora, C. sativa, and E. salsugineum. We assembled MT genomes 

for these five species from raw sequencing reads (see Methods). We were unable to assemble 

the E. salsugineum MT genome so we included only C. hirsuta as an outgroup for MT analyses. 

We annotated the genomes and extracted CDS from 85 protein-coding genes. Ortholog 

clustering revealed 24 orthologous gene clusters, 21 of which passed our filter as single copy. 

We performed multiple sequence alignment for the 21 single copy families and concatenated the 

alignments into an alignment with a total length of 7,014 nt that yielded a well-supported B(AC). 

Of the 21 individual MT gene trees, four displayed B(AC), zero displayed A(BC), and one 

displayed C(AB). Sixteen of the gene trees lacked statistically supported resolution. Three of the 

four B(AC) gene trees have at least 70% bootstrap support at the topology-defining branch (Fig. 

S2g; green bars). The one C(AB) tree lacked bootstrap support at its topology-defining branch 

(Fig. S2g; blue bar). Regardless of whether MT genes are analyzed individually or are 

concatenated they strongly support B(AC) as the MT branching order. 

 

D-statistics comparing nuclear gene tree frequencies. We found significantly positive D 

across the whole nuclear genome for all four datasets/resampling techniques (Table S3), thereby 
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rejecting the hypothesis that ILS was the major influence driving the observed incongruence of 

markers across the nuclear genome. We found positive D across all chromosomes, however for 

chromosomes two, four, and seven the significance of D depended on the dataset and whether we 

resampled the data by bootstrap or block-bootstrap. Taken together our results indicate that while 

a low level of ILS yielded C(AB) (1.6-4.4% of sampled nuclear genes for the conservative and 

full dataset, respectively) (Fig. S2h; purple bars), ILS is insufficient to explain the frequency 

with which B(AC) occurs in the nucleus. 

We also applied D to determine whether A(BC) and C(AB) are present in equal 

frequency across the genome. Given the vast disparity in the frequency of A(BC) and C(AB) 

trees in the nuclear genome, it is not surprising that a statistically significant excess of A(BC) 

trees was detected (Table S3). We also observe an excess of A(BC) trees across all eight nuclear 

chromosomes, and for both datasets and without regard to resampling technique used to build the 

null. Thus, results of the analysis of D indicate that ILS is insufficient to explain the presence of 

A(BC) and B(AC) in the nuclear genome. When a significant D was detected, it was reflected 

both by raw and Bonferroni adjusted p-values. 

 

Phylogenetic network reconstruction and introgression analysis. Phylogenetic networks are 

emerging as natural means of capturing reticulate evolutionary histories in the presence of 

ILS47,168. We used PhyloNet to reconstruct the most likely species tree (0 reticulations) and 

networks (1 or 2 reticulations) from nuclear gene trees. We show the first and second most likely 

species trees, which are consistent with the A(BC) and B(AC), respectively (Fig. S2k-l). We also 

present the most likely networks containing edges that incorporate A(BC) and B(AC) (Fig. S2m-

p). Finally, we show the unconstrained most likely networks (Fig. S2q-r). For each reticulation 
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inferred by PhyloNet, two reticulation edges are inferred (Fig. S2m-r, blue branches). Inheritance 

probabilities (i.e., the proportion of gene trees displaying an edge) are shown next to each edge. 

The analysis is agnostic to which of the two edges represents IG and which represents 

speciation168.  

All network models shown are substantially more likely than models that yield 

bifurcating trees (Fig. S2k-r, ΔAIC and ΔBIC), providing an addition line of evidence that IG 

played a role in generating incongruent gene trees, consistent with our D-statistic results. We 

find that the most likely reticulation events involve IG from clade A to C. hirsuta, which was 

initially included as an outgroup. This was unexpected, as the major nuclear, CP, and MT 

topologies do not show evidence of clade A and C. hirsuta forming a clade. Given that the goal 

of this study is to investigate processes leading to cytonuclear discordance, we focus on 

reticulation events involving clades A, B and C. 

The networks shown in Fig. S2n and o indicate that clade C was the recipient of 

introgressed alleles from either clade B or clade A. The networks shown in Fig. S2m and p 

indicate an alternative scenario, in which clade B was either the recipient of introgressed alleles 

from clade C or from a more distantly related ‘ghost lineage’ that is either not sampled or extinct. 

The network with the highest likelihood (Fig. S2r) displays an alternative history in which clade 

A was the recipient of introgressed alleles from either clade C or a more distant ghost lineage. 

 

TICR test of complex evolution. We performed the TICR test with a population tree from 

PhyloNet, which displays A(BC) with branch lengths in coalescence units (Fig. S2s). The TICR 

test indicates that the population tree does not fit the quartet concordance factors adequately (p = 



 89 

0.00058; c2), such that the observed pattern does not have a simple evolutionary explanation, 

thereby indicating a complex evolutionary history in the group. 

 

Inferring the IG topology and the species branching order. Node depth results were 

insensitive to λ and the statistical tests used to compare distributions (Fig. S3). T2 nodes on 

A(BC) trees were always found to be significantly lower than T2 nodes on B(AC) trees. This 

result also held true when the highest T2 node depths (i.e., deepest coalescing) on A(BC) and 

B(AC) trees were removed (Fig. S3o-t), to account for potential bias caused mixed models due to 

background ILS. 

 

Divergence based test of IG directionality. We calculated pairwise synonymous divergence 

(dS) between clades on each tree using PAML170 and define each pairwise divergence score as 

S1, S2, and S3. We find that patterns of S1, S2, and S3 are consistent with unidirectional IG from 

clade B to C but not the opposite direction (Fig. 2f). Additionally, these data provide an 

alternative means of estimating node depths based on dS, which exhibit clock-like evolution, 

eliminating the need for the rate-smoothing step applied in Fig. 2c and Fig. S3. S1IG is an 

estimate of T2 for A(BC) trees and S2SP is an estimate of T2 for B(AC) trees. Consistent with the 

results from Fig. 2c and Fig. S3, S1IG is significantly lower than S2SP (Fig. 2f; p < 2.2e-16; 

Wilcoxon), indicating that the above node depth results are robust to the technique used to 

estimate node depth. 
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APPENDIX B 
 
 
 
 

POLARIZATION OF INTROGRESSION USING GENOME-WIDE 

DIVERGENCE PATTERNS 
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ABSTRACT 

Introgressive hybridization underlies the acquisition of novel adaptive traits. Robust 

statistical techniques94,96,98,110 have been developed to detect the signatures of historical 

introgression (IG) in extant and extinct genomes. While existing techniques are able to identify 

the taxa that exchanged genes during IG using a four-taxon system, most methods do not 

explicitly distinguish which taxon served as donor and which as recipient during IG (i.e. 

polarization of IG directionality). The existing methods that do polarize IG are only able to do so 

when there is a fifth taxon available and that taxon is sister to one taxon involved in IG (see 

ref97). Here, we present Divergence-based Introgression Polarization (DIP), a method for 

polarizing IG using patterns of sequence divergence across whole genomes, which does not 

require additional taxon-sampling. Thus, DIP can be applied to infer the directionality of IG in a 

four-taxon case when additional taxa are not available, as we previously demonstrated174. In the 

present study, we use simulations to show that DIP successfully polarizes IG across a range of 

dataset sizes, IG proportions, and IG times. We reanalyze IG events from hominins94,175 and 

mosquitos109,108 and show that DIP recapitulates the previously inferred directionality for some 
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IG events but not others. Moreover, our preliminary results suggest that some IG events involved 

transfer of genetic material in the opposite direction than was previously inferred using other 

methods, indicating that different methods can yield alternative scenarios and suggesting that 

these events require closer scrutiny. 
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INTRODUCTION 

Hybridization is an influential evolutionary force76, occurring naturally in ~10% of 

plants77 and animals100. Through backcrossing to parental populations89, hybrids can serve as 

bridges for the transfer of genetic material and adaptive traits between species or 

populations89,176,69, a process known as introgression (IG)94,100,89,69,90. Accessible whole genome 

sequences and advances in phylogenetic methods3 have revealed hidden histories of historical IG 

in scientifically and economically important groups, including well-studied examples such as IG 

between Neanderthals and non-African human populations94,177 as well as in the Anopheles 

gambiae mosquito species complex109,108, the malaria vector. Several methods have been 

developed to identify taxa that exchanged genes during IG94,96,98,110,97,104,81. A large body of 

theoretical and experimental work indicates that in general these methods perform well across a 

variety of biological and experimental scenarios. The sensitivity and error rate of these methods 

are influenced by the size of the dataset, the frequency of IG, and how long ago IG occurred, as 

well as population-level factors like ancestral population size and structure 96,104,103, indicating 

that these factors should be considered in genomic studies of IG.  

While there are many tools for detecting IG between taxa, a commonly overlooked aspect 

of IG analyses is identifying taxa serving as donors versus recipients of genetic material during 

IG (i.e. IG directionality). If hybrids successfully backcrosses to both parents during IG, genetic 

material will move in both directions, meaning each parent will serve as donor for some 

introgressed loci and recipient for other loci (bidirectional IG, denoted hereafter with ‘Û’.). 

However, if backcrosses with one parent but not the other are favored by physiological89, 

selective111, or biogeographical112 factors, it can lead to asymmetrical113 movement of genetic 

material in one direction but not the other, meaning one parent will be the donor of all 
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introgressed loci and the other parent will be the recipient (unidirectional IG, denoted hereafter 

with ‘⇒’ ). Since IG has been shown to underlie the transfer of adaptive traits69,114–116, which are 

acquired by the recipient lineage, the ability to infer the directionality of IG (i.e. polarize IG) is 

essential in order to form hypotheses about the functional and adaptive consequences of IG.  

The majority of tests for IG do not explicitly polarize IG103 and those that do can only do 

so in rarefied cases. For example, D statistic94 is widely-used to infer instances of IG in a four-

taxon system. IG polarization is possible under D when data for a fifth taxon is available94,97. 

Moreover, the fifth taxon must be sister to one taxon involved in IG, but cannot itself be 

involved in IG. Thus, data from the fifth taxon is essentially used to “root” IG. Ref97 describes 

this specific configuration of introgressing taxa and sister taxa as ‘intergroup’ IG and describes 

how other types of IG (e.g. ‘ancestral’ IG) cannot be polarized. Indeed, there are many cases in 

which a fifth taxon with the required phylogenetic placement is either not sampled or does not 

exist174. In these cases, we will be able to statistically identify IG using existing methods but we 

will not be able to polarize IG, thus highlighting the need for a more widely applicable statistical 

method to distinguish between bidirectional and unidirectional introgression, while identifying 

donor and recipient taxa. 

Divergence-based Introgression Polarization (DIP) is a method for inferring the 

directionality of IG from genome-scale data. Briefly, DIP is calculated from pairwise sequence 

divergence between taxa involved in IG and a sister taxon; DIP then compares divergence values 

obtained from introgressed loci vs. non-introgressed loci, in order to detect IG directionality. DIP 

takes as input the same types of data used to infer IG by existing methods (whole 

genome/chromosome alignments or single-gene alignments of loci spanning the genome). 

However, unlike existing methods, DIP can polarize IG when only four taxa are sampled, 
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meaning DIP is more widely applicable than existing methods of polarizing IG. We previously 

used this method to document asymmetrical IG among Brassicaceae species174. In the present 

study, we simulate whole genome alignments in which a subset of loci were introgressed either 

unidirectionally or bidirectionally. We use these simulated genome alignments to ask if DIP 

successfully polarizes unidirectional IG. We also surveyed the effects of three parameters, 

known to effect existing IG inference methods96,104,103, (1) the number of loci in the genomic 

dataset, (2) the proportion loci that were introgressed, and (3) the timing of IG event. We use 

DIP to reanalyze whole-chromosome alignments from hominins94 and genome-spanning single-

gene alignments from mosquitos109,108. DIP recapitulates the known directionality for some IG 

events but not others, potentially indicating that, during some IG events, transfer of genetic 

material occurred in the opposite direction than was previously thought, thus changing our 

understanding of these important IG events. 

 

METHODS 

Resource availability 

Detailed descriptions of the methods used in this study are provided in 

SUPPLEMENTARY METHODS, including example commands and URLs for downloading 

previously published data. Scripts for reproducing the analyses in this study are available at: 

https://github.com/esforsythe.  

 

Simulations of sequence evolution 

The ultimate goal of simulations was to ask if (1) DIP correctly infers unidirectional 

introgression in a four-taxon system and (2) if DIP performs well across a range of dataset sizes, 
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IG proportions, and IG times. To ask these questions, we generated whole genome alignments in 

which IG has occurred in some (but not all) loci, and in which donor and recipient taxa for each 

introgressed locus is known. To accomplish this, we simulated sequence evolution in a four-

taxon system (three in-group taxa, P1, P2, and P3 and an outgroup, O) (Fig. 1A and Fig. S1). We 

generated a ‘whole genome alignment’ for the four taxa by simulating the evolution of 10,000 

loci, each of which is 5kb in length. We define the number of loci in the simulated genome as n. 

Half of the loci were simulated to have evolved along a path of simple speciation, i.e., the gene 

tree and species tree topology are the same: (P2,P1)P3)O) (Fig. S1). The remaining loci were 

simulated to evolve along a path of IG, which, for each locus, could occur either P3⇒P2 or 

P2⇒P3. IG trees (transferred in either direction) will have the topology, (P2,P3)P1)O), and thus 

differ from the species tree. We define the proportion of all loci in the genome resulting from 

simulated IG in either direction as pIG and the proportion of introgressed genes that were 

transferred in the P3⇒P2 direction as p(3⇒2). Since a single locus can only be transferred in one 

direction or the other, the proportion of loci transferred in the P2⇒P3 direction, p(2⇒3), is 1 - 

p(3⇒2). For example, in the first genome alignment half of the genes were not transferred while 

the other half were transferred P3⇒P2 (unidirectional IG): n = 10,000, pIG = 0.5, p(3⇒2) = 1.0 

(Fig. 1C). We repeated this process to generate a second genome alignment that had undergone 

unidirectional IG in the opposite direction (p(3⇒2) = 0) (Fig. 1D) as well as a third alignment in 

which IG was bidirectional (p(3⇒2) = 0.5) (Fig. 1E). Having generated three simulated genome 

alignments with known IG directionalities, we used each genome alignment as the input to 

calculate DIP. 

We calculated the pairwise divergences, D1, D2, and D3 (as indicated in Fig. 1B) for 

each locus in the simulated genome. Divergences calculated from non-introgressed loci were 
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labeled D1SP, D2SP, and D3SP to indicate that they evolved along a path of simple speciation. 

Divergences calculated from introgressed loci were labeled as D1IG, D2IG, and D3IG. We 

calculated distributions of D1SP, D1IG, D2SP, D2IG, D3SP, and D3IG values among all loci spanning 

the genome. The signature used by DIP relies on three comparisons, D1SP vs. D1IG, D2SP vs. 

D2IG, and D3SP vs. D3IG. Our expectations for these comparisons under P3⇒P2 IG are: D1SP > 

D1IG,  D2SP < D2IG, and D3SP = D3IG (Fig. 1C, left). Our expectations for these comparisons 

under P2⇒P3 IG are: D1SP > D1IG,  D2SP = D2IG, and D3SP > D3IG (Fig. 1D, left). Our 

expectation for P3ÛP2 IG is that D2 and D3 comparisons yield conflicting results (e.g. D2SP < 

D2IG and D3SP > D3IG) (Fig. 1E, left). For simulated data, we generally treat bidirectional IG as 

the null hypothesis, meaning that all DIP profiles aside from the exact profiles outlined for 

P3⇒P2 and P2⇒P3 IG are lumped together under the bidirectional moniker. We calculated the 

observed DIP profiles using genome-wide distributions, which we visualized using boxplots, and 

compared the distributions using Wilcoxon ranked sums (Fig. 1D-E, right).  

Next, we asked whether n, pIG, and (p(3⇒2)) influence our ability to robustly infer IG 

directionality via DIP. We tested four values for total dataset size, n = 1,000, 2,563, 5,000, and 

10,000 (Fig. 1F-I, respectively). The specific values of n were chosen to represent empirical 

datasets in Fig. 2 and Fig. 3. We performed a parameter scan of pIG and p(3⇒2) for each value 

of n by simulating the evolution of n loci at varying values of the other two parameters (see Fig. 

S1). Each pixel in the plots in Fig. 1F-I represents DIP results calculated from the simulation of a 

whole genome alignment run with a unique combination of parameter values (indicated by the 

x/y coordinates of the pixel) (see Fig. S1). For each simulated whole genome alignment, we 

performed DIP; red pixels indicate significant signature of P3⇒P2 IG, grey pixels indicate 

P3⇒P2 IG, and white pixels indicate inconclusive directionality, which we denote as P3ÛP2.  
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We quantified the performance of DIP by defining ‘true’ unidirectional IG as p(3⇒2) or p(2⇒3) 

≥ 0.95 (See Fig. S2, dashed boxes). If DIP indicates unidirectional IG for any pixel outside of 

this region of parameter space, it is considered a false positive. If unidirectional IG is not 

indicated for any pixel inside of this region of parameter space, it is considered a false negative. 

We calculated the percentage of false negative/positives for entire parameter scan plots (Fig. 

S2A) as well as for individual pIG bins, allowing us to assess error rates for different levels of 

IG. 

We also explored whether the timing of the IG event (tIG, measured in units of 4N0 

generations before the present) affects our ability to accurately infer directionality (Fig. 1J). For 

all simulations the timing of the most recent speciation event was set to 1.0, creating an upward 

bound on tIG. To explore tIG, we used a set value of n=5,000 loci and varied tIG between 0.02 

and 0.098 in increments of 0.02. For each value of tIG, we performed a two dimensional 

parameter scan (as in Fig. 1F, G, H, or I), from which we calculated the percentage false 

negatives and false positives as described above.  

 

Application of DIP to test Neanderthal-human IG directionality. 

We applied DIP to existing genomic data to analyze an IG event for which the 

directionality was calculated using other methods. First, we downloaded genome resequencing 

data for two Neanderthal, one Denisovan, and four modern human samples from ref175 (Fig. 2A). 

We extracted full-chromosome alignments (SUPPLEMENTARY METHODS) for all autosomal 

chromosomes. We divided each chromosome alignment into 10kb non-overlapping windows 

(i.e. loci). We inferred phylogeny from each window and analyzed the topology of these ‘gene 

trees’ in order to determine which windows showed evidence of IG and which did not. The 
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availability of more than four lineages in this group allowed us to set up DIP in three different 

ways using three different combinations of taxa, referred to hereafter as taxon sampling schemes 

(TSS) (Table S1). All three TSSs include the two clades that exchanged genes during IG, the 

OOA clade (Han and French) and the Neanderthal clade (Vindija and Altai)94,175. TSS1 (Fig. 

2B), TSS2 (Fig. 2C), and TSS3 (Fig. 2D) include Yoroba, San, and Denisovan samples, 

respectively. For each TSS, we performed DIP (as described above) for each chromosome by 

calculating D1, D2, and D3 from each window. 

 

Tests of mosquito IG directionality 

 We next asked if DIP recapitulates previous results in a more complicated system that 

includes multiple reticulation events. We applied DIP to genomic data from the Anopheles 

gambiae mosquito species complex, in which four IG events are described109,108. We inferred 

‘gene trees’ from multiple sequence alignments used in ref108. We used the topology of these 

gene trees to infer which loci were introgressed during each of the IG events (Fig. 3A, green 

branches). For each IG event, we performed DIP by sampling informative taxa for that particular 

IG event (indicated in Fig. 3B-F and Table S1). DIP was performed as above with the only 

difference being that D1, D2, and D3 were calculated from branch lengths on maximum 

likelihood gene trees rather than directly from sequence alignments. We chose this approach 

because gene trees were the input of Phylonet110 in previous analyses97,109, thus allowing us to 

directly compare the performance of DIP and Phylonet.  

 

RESULTS 

Parameter robustness of DIP assessed using simulations 
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We used simulated genome alignments to determine the parameters under which DIP 

accurately infers IG directionality. We simulated the evolution of genomes containing 5,000 non-

introgressed loci and 5,000 introgressed loci (Fig. 1A) and calculated divergences (D1, D2, and 

D3) (Fig. 1B) for each locus. When we performed DIP on genomes in which all IG was 

unidirectional (P3⇒P2 IG, or P2⇒P3 IG), we found the expected DIP profiles for both 

directions. Specifically, the DIP profile calculated from simulated P3⇒P2 IG was D1SP > D1IG,  

D2SP < D2IG, and D3SP = D3IG (Fig. 1C), as per to our expectations under P3⇒P2 IG (outlined in 

METHODS). The DIP profile from simulated P3⇒P2 IG was D1SP > D1IG,  D2SP = D2IG, and 

D3SP > D3IG (Fig. 1D), also conforming to our expectations. When we inferred directionality 

from genome alignments in which 2,500 loci were transferred in each direction (i.e. 

bidirectional, P3ÛP2 IG), we obtained the DIP profile, D1SP > D1IG,  D2SP < D2IG, and D3SP > 

D3IG, which is not consistent with the DIP profile expected from unidirectional IG in either 

direction, meaning DIP does not indicate unidirectional IG, which we treat as an indication of 

bidirectional IG (P3ÛP2). 

We explored the extent to which the size of the dataset (n), the proportion the genome 

introgressed (pIG), and the directional homogeneity of IG (p(3⇒2) / p(2⇒3)) affect the 

directionality inferred under DIP (see METHODS for parameter definitions). As a starting point, 

we qualitatively examined parameter scan plots to detect general patterns of DIP performance. 

First, we found that for all four values of n, nearly all red pixels (indicating P3⇒P2 DIP profile) 

are localized to the right side of the graph, the region of parameter space in which p(3⇒2) 

exceeds p(2⇒3), and grey pixels (indicating P2⇒P3 DIP profile) are localized to the left side of 

the graph, the region in which p(2⇒3) exceeds p(3⇒2) (Fig. 1F-I). Second, there is vertical 

symmetry between the shape of clusters of red pixels and the shape of clusters of grey pixels, 
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which we quantified by calculating the percentage of false negatives and positives across 

parameter scan graphs (see METHODS and Fig. S2A-B). Consistent with qualitative symmetry, 

patterns of false negatives and positives across all bins (Fig. S2C-F; dashed horizontal lines) and 

per bin (Fig. S2C-F; circles) are similar for P3⇒P2 IG and P2⇒P3 IG (Fig. S2C-F; red vs. grey). 

Third, across all four plots, the extreme values of pIG correspond with more red and grey pixels 

toward the middle of the graph (p(3⇒2)/p(3⇒2)~0.5), consistent with the quantitative 

observation of false positives being highest for the 0-0.09 and 0.90-0.99 pIG bins (Fig. S2C-F). 

Forth, comparisons of the four plots reveal that larger datasets yield graphs in which colored 

pixels (indicating unidirectional IG) are restricted to the left and right edges, the regions of 

parameter space in which IG is more purely unidirectional. This pattern is evident from 

percentages of false positives across all bins, 18.7-24.0%, 8.4-8.9%, 12.0-12.6%, and 3.5-4.8% 

for n = 1,000, 2,563, 5,000, and 10,000, respectively, indicating elevated false positives for 

n=1,000 and reduced false positives for n=10,000. However, percentages of false negatives, 7.0-

10.1%, 22.9-28.3%, 3.4-5.4%, and 10.6-16.0% for n = 1,000, 2,563, 5,000, and 10,000, 

respectively, do not correlate with n, a result which was not apparent from qualitative analysis. 

Next we asked if the timing of the IG event (tIG) affects our ability to accurately infer 

directionality. For each value of tIG, we performed a two-dimensional parameter scan (as in Fig. 

1F, G, H, or I), from which we calculated percentages of false negatives (Fig. 1J, top) and false 

positives (Fig. 1J, bottom) as described above. We found that tIG has no detectable correlation 

with false negatives or false positives, as indicated by the nearly horizontal best-fit trend lines. 

Thus, it appears that DIP is insensitive to the timing of IG. 
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Test of Neanderthal-human IG directionality 

 With an understanding of the performance of DIP on simulated data, we next used the 

test to infer directionality from previously published genomic data for which estimates of IG 

directionality have been estimated. We focused on IG that occurred between Neanderthal and 

ancestral human populations outside of Africa (OOA)94,175. Using a five-taxon application of the 

D-statistic94 that made use of the phylogenetic position of multiple African populations (Fig. 

2A), the authors determined that unidirectional IG occurred Neanderthal⇒OOA. The availability 

of samples from two African populations and a Denosovan allowed us to infer DIP in three 

different ways using three different combinations of taxa, or taxon sampling schemes (TSS) 

(Table S1). We developed a set of expectation under DIP, for all possible IG directionalities (Fig. 

2B-D). For each chromosome, we calculate the number of informative windows and the 

proportion of windows that we infer to be IG windows (analogous to n and pIG from Fig. 1, 

respectively) (Fig. 2E, bar graphs). Chromosomes range in size from 2,863-18,828 informative 

windows and the proportion of introgressed windows ranges across chromosomes from 0.015-

0.055. We found that TSS1 and TSS2 indicate Neanderthal⇒OOA IG for the majority of 

chromosomes and bidirectional NeanderthalÛOOA IG for the remaining chromosomes (Fig. 

2E). TSS3 yielded NeanderthalÛOOA IG results for the majority of chromosomes and 

OOA⇒Neanderthal for chromosomes 13, 15, 16, and 22 (Fig. 2E, boxes). Comparisons of TSSs 

clearly indicate that taxon sampling influences DIP, meaning further work is needed to 

understand the factors underlying this apparent bias (see DISCUSSION). However, in sum, the 

majority signal from all TSSs and chromosomes favors Neanderthal⇒OOA IG, consistent with 

previous results94.  
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Tests of mosquito IG directionality 

 We also applied DIP to the genomes of the Anopheles gambiae mosquito species 

complex, in which four IG events were recently described109,108 (Fig. 3A). We inferred gene trees 

from multiple sequence alignments for 3,019 loci (2,563 autosomal, 456 X-chromosome) and 

calculated divergence distance from each tree for the sampled taxa to infer patterns of IG using 

DIP. For IG between A and C,G, we found D1SP > D1IG,  D2SP = D2IG, and D3SP = D3IG, 

consistent with bidirectional IG (AÛ(C,G)) (Fig. 3B). For the IG between Q and R, we 

recovered a previously unseen DIP profile, D1SP > D1IG,  D2SP < D2IG, and D3SP < D3IG, in which 

the D2 comparison indicates R⇒Q, while the D3 comparison is not consistent with either 

direction (Fig. 3C). For the IG between R and L, DIP recovers D1SP > D1IG,  D2SP < D2IG, and 

D3SP = D3IG, consistent with R⇒L IG (Fig. 3D). We used two alternative TSSs to probe the 

directionality of the IG event between G and Q (Fig 3E-F). The first TSS yielded an additional 

previously unseen DIP profile, D1SP > D1IG,  D2SP > D2IG, and D3SP > D3IG, in which the D3 

comparison is consistent with Q⇒G (Fig. 3E), while the D2 comparison is not consistent with 

either direction. The second TSS yielded yet another previously unseen DIP profile, D1SP = 

D1IG,  D2SP < D2IG, and D3SP < D3IG, in which the D2 comparison indicates Q⇒R but the D1 and 

D3 comparisons are not consistent with either direction (Fig. 3F).  

In sum, we find that one event is indicated as clearly unidirectional (Fig. 3G; solid, 

single-sided arrow connecting R and L) and one event is indicated as bidirectional (Fig. 3G; 

solid, double-sided arrow connecting A and C,G). For the R/Q, and G/Q IG events, we find 

signals that are partially consistent with unidirectional IG (see DISCUSSION) but do not adhere 

strictly to expected results for all D1, D2, and D3 comparisons (Fig. 3G; dashed, single-sided 

arrows). We also performed all DIP analyses for the full dataset of autosomal and X-
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chromosome loci (Fig. S3). Comparison of results from Fig. 3 and Fig. S3 shows that results are 

consistent for IG events involving A/(C,G), R/Q, and G/Q but the result for the IG events 

involving R/L changes from R⇒L (Fig. 3D) to RÛL (Fig. S3D). 

 

DISCUSSION 

Performance of DIP on simulated data 

Our simulation analyses indicate that DIP could be a useful tool in exploring IG in 

genomic datasets. DIP accurately identified unidirectional IG in our simulated data sets across a 

variety of genome sizes, and proportions of the genome that were transferred during IG. The 

qualitative (Fig. 2F-I) and quantitative (Fig. S2) symmetry of our simulation plots indicate that 

there is not a clear bias toward inference of either directionality (P3⇒P2 IG vs. P2⇒P3 IG). 

However, the ability of DIP to distinguish unidirectional from bidirectional IG (P3⇒P2/ P2⇒P3 

vs. P3ÛP2) depended on several factors, discussed below. 

An important consideration for interpreting our measures of false positives and negatives 

is that they are heavily influenced by the choice of threshold used to define unidirectional IG. 

For example, if the threshold was changed from p(3⇒2) / p(2⇒3) = 0.95 to = 0.98, the percent of 

false negatives would decrease and the percent of false positive would increase. Hence, the 

“conservativeness” of DIP depends on the threshold chosen to define unidirectional IG. Further 

work is required to explore the statistical properties of the threshold; currently DIP should be 

used on real datasets as a qualitative measure of IG as ‘mostly’ unidirectional. With this in mind 

we explored false negatives/positives with a set threshold of p(3⇒2) / p(2⇒3) = 0.95, which we 

consider a relatively conservative definition of unidirectional IG. According to this definition of 

unidirectional IG, we observed percentages of false positives/negatives of less than 1% for some 
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pIG bins and n values (Fig. S2F), indicating that there are scenarios in which DIP is extremely 

accurate. However, there are also scenarios in which DIP is error prone (Fig. S2C). The highest 

over-all percentage of false negative we observed was 28.3%, with some individual pIG bins 

exceeding 40%. Interestingly, false negatives were highest for n=2,563 and lowest for n=5,000, 

the two intermediate n values, meaning there is no clear correlation between false negatives and 

n. Thus, the possibility of false negatives should be considered for all dataset sizes. The highest 

over-all percentage of false positives we observed was 24.0%, with some individual pIG bins 

exceeding 50%. The clear correlation between false positives and n means that false positives 

can be avoided by densely sampling loci to achieve large datasets. The general pattern of false 

positives across tIG bins indicates that false positives are avoided when the number of 

introgressed and non-introgressed genes are roughly equal, meaning that it may be useful to 

subsample the total loci to achieve equality. Interestingly, the timing of the introgression (tIG) 

was not correlated with the proportion of false positive and negative inferences for either P3⇒P2 

IG or P2⇒P3 IG. We take this to indicate that DIP performs well for recent IG events as well as 

ancient IG events that occurred immediately following the most recent speciation event (which 

occurred at 4N0 generations before the present in all simulations). Taken together, our results 

indicate that DIP performs best for intermediate levels of IG and is not influenced by the timing 

of the IG event. 

 In this study we have not exhaustively explored all of the parameters that may influence 

the patterns inferred using DIP. For example, we performed simulations with constant population 

sizes and no population structure. These factors have been demonstrated to affect existing 

statistics for inferring IG96,72. The size of loci, rate of evolution104, and extent of linkage 

disequilibrium have also been shown as important factors for IG inference178 but have not been 
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explored here. An additional factor, which we predict to influence DIP, is the length of the 

internal branch that subtends the P1 and P2 clade on the species tree (Fig. 1A) (described in 

ref103). The magnitude of the difference between D2SP and D2IG for P3⇒P2 IG (Fig. 1C) and 

D3SP and D3IG for P2⇒P3 IG (Fig. 1D) are predicted to be proportional to the length of these 

branches, thus affecting our ability to statistically detect differences. Exploration of these factors 

are important next steps in understanding the conditions under which DIP can accurately recover 

the direction of IG. 

 

Performance of DIP on empirical genome data 

We tested DIP on genomic datasets from two systems, modern/archaic hominin samples 

and mosquito samples. The hominin IG event, NeanderthalÛOOA, is fairly well studied, 

including the directionality, which has been reported as Neanderthal⇒OOA94. We performed 

DIP on whole-chromosome alignments using three different TSSs (Fig. 2B-D and Table S1). 

Taking the results from all chromosomes and TSS’s together, the majority signal indicates 

Neanderthal⇒OOA (Fig. 2F, red boxes), consistent with previous results94. The chromosomes 

considered in this analysis differ in size, and the proportion of windows transferred during IG; 

since both these value appear to have an effect on false negative/positive proportions, it is 

important to note that the lower ranges of n and pIG are more prone to error (see Fig. 1F-I). 

However, there does not appear to be any clear correlation between n or pIG and DIP results for 

chromosomes.  For example, chromosomes 13 and 14 are very similar in terms of n and pIG but 

show opposite DIP results, while chromosomes 1 and 19 have dissimilar n and pIG but yield the 

same DIP results. 
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The direction of inferred transfer varies with the TSS used. The results from TSS1 and 2 

are largely in agreement, differing for three of the 22 chromosomes (Fig. 2D). However, TSS3 

only agrees with the other two TSSs for three chromosomes, all of which recover 

NeanderthalÛOOA. TSS3 exhibits a DIP signature of OOA⇒Neanderthal for four 

chromosomes, including chromosomes 13 and 15, for which TSS1 and TSS2 recover 

NeanderthalÛOOA. It is possible that these two chromosomes experienced transfer in the 

opposite direction of other chromosomes; IG from early human into a Neanderthal population 

has been described179. However, this scenario would require a mechanism of chromosome-

specific unidirectional IG, and while this is an intriguing hypothesis, further work is required to 

confirm our results. We hypothesize that differences in internal branch lengths among the three 

TSS could contribute to the variation in results, and making future exploration of these and other 

parameters using simulations essential.  

Next, we asked if DIP recovers previously inferred109,108 IG directionalities in systems 

with even more complex histories of reticulation by applying the test to genomic data from the 

Anopheles gambiae species complex. This system is known for rapid speciation events, which 

present challenges in distinguishing IG from incomplete lineage sorting109. Conflicting results 

exist regarding the directionality of transfer between R and Q: ref109 found the directionality to 

be R⇒Q, while ref108 later found the directionality to be Q⇒R. To polarize this event, we applied 

DIP under two separate locus-sampling schemes (Fig. 3 and Fig. S3) and two separate TSSs 

(panels E and F), providing four separate assessments of directionality for IG between R and Q. 

One assessment yielded a DIP profile cleanly indicating R⇒Q (Fig. S3E). The other three 

assessments yielded previously unseen DIP profiles, in which either the D2 or the D3 

comparison is consistent with R⇒Q but other aspects of the profile differ from theoretical 
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expectations for any direction (Fig. 3E-F and Fig. S2F). Further work is needed to explore the 

parameters that lead to these unexpected profiles. In any case, all four assessments at least 

partially favor R⇒Q (Fig. 3C and Fig. S3C), in agreement with the original inference109. In 

addition, we consistently recover AÛ(C,G) (Fig. 3B and Fig. S3B), also in agreement with 

ref109. R⇒Q and AÛ(C,G) IG events were both indicated as examples of species remaining 

behaviorally, physiologically, ecologically, and epidemiologically distinct, despite extensive 

introgression109. Since C and G are primary malaria vectors, their IG with A is of special interest. 

Ref109 suggested that bidirectional IG may have contributed to the wide ecological flexibility and 

vector capacity of C and G. Our results support the hypothesis of bidirectional IG but additional 

work is needed to probe their adaptive IG hypothesis, a next step being the identification of the 

individual loci that were introgressed in each direction. 

 It is important to note that we used the phylogenetic network diagram depicted in ref108 

to analyze the IG events among the lineages of the species complex. The authors note that the 

speciation and IG events depicted represent just one hypothesis among several feasible 

hypotheses for the series of IG events that occurred. This may be one reason for our recovery of 

unexpected DIP profiles for a number of the IG events considered in ref9. One potential 

explanation for these results may be that speciation IG events are confounded in the phylogenetic 

network of ref9. IG occurs after subsequent to speciation (as depicted in Fig. 3A and Fig. S3A), 

and thus we expect D1IG < D2SP. However, we recover instances in which D1IG > D2SP in the 

mosquito data (Fig. 3D and F; Fig. S3D and F), suggesting that some IG events in Fig. 3A should 

be reconsidered as speciation events, or that lineage-specific effects are skewing divergence 

measures. With these caveats in mind, and considering all available DIP profiles, we favor 

AÛ(C,G), R⇒Q, R⇒L, and Q⇒G.  
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In general, our simulation results are very promising and suggest that DIP could be a 

versatile and robust tool for understanding IG. The simple observation that the vast majority of 

red and grey pixels are reliably localized to the right and left edges of parameter scan graphs, 

respectively (Fig. 1F-I), indicates that DIP is not prone to inferring unidirectional IG in the 

incorrect direction. The low percentage of error that we recovered for our largest dataset, even 

with our strict definition of unidirectional IG, suggests that DIP can be both a powerful and 

conservative indicator of unidirectional IG. Our analysis of empirical data yielded informative 

trends consistent with previous results (Fig. 2, TSS1/2; Fig. 3E-F; Fig. SE-F). We also observed 

conflicting results (Fig. 2, TSS3) as well as results that depart from our expectations based on 

simple simulations (Fig. 3D-F; Fig. SC and F). Further exploration of parameter space will be 

needed to best interpret this type of ‘messiness’ associated with real data. In sum, we’ve 

demonstrated the ability of DIP to successfully polarizes IG in a four-taxon context, meaning 

that, unlike existing methods, DIP can extend our understanding of all types of inferred IG 

events. 
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FIGURES 
 

 
Fig. 1 Simulation of sequence evolution under IG. (A) Model depicting coalescent simulation 
of four species with IG occurring between P2 and P3. Each locus was simulated to undergo 
simple speciation (grey branches), P3⇒P2 IG (red arrow), P2⇒P3 IG (dark grey arrow). (C-E) 
Left: expected divergences under P3⇒P2 IG, P2⇒P3 IG, P3óP2 IG, respectively. Right: 
boxplots of observed divergences results from simulated datasets. (F-I) Plots scanning 
simulation parameters, proportion of the genome that is introgressed (pIG) (y-axes) and 
proportion of introgressed loci transferred in each direction (p(2⇒3)) (x-axis). Each pixel in the 
plot indicates a round of simulation with a unique combination of parameters. Red boxes indicate 
a significant signature of P3⇒P2 IG (see panel C). Grey boxes indicate a significant signature of 
P2⇒P3 IG (see panel D). Unshaded boxes indicate inconclusive signature of unidirectional IG 
(P3óP2) (see panel E). All simulations for panels C-I were run with the timing of IG parameter 
(tIG) set to 0.5. (J) Scan of tIG values. Plots (see panels F-I) were generated for each value of 
tIG. Total dataset size of 5000 loci was used for each plot. **p<0.01; *p<0.05; NSp³0.05. 
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Fig. 2 Inference of Hominid IG directionality. (A) Tree depicting relationships of modern and 
archaic samples175. Arrows indicate IG between the ancestor of the two Neanderthal samples and 
the ancestor of the OOA modern human samples94. Red and grey arrows indicate two possible 
scenarios for unidirectional IG. (B-D) Three TSSs used to infer directionality of IG. Red and 
grey brackets indicate expected DIP results depending on directionality of IG. (E) Left: results of 
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the directionality test for three taxon sampling schemes (x-axis) calculated from alignments of 
each autosomal chromosome (y-axis). Colored boxes indicate significant unidirectional IG 
corresponding to the colored arrows from panel A. Right: bar charts indicating the size of the 
dataset in number of windows (black bars, top axis label) and the proportion of windows 
displaying the introgressed topology (light grey bars, bottom axis label). Dataset size refers to the 
total number of windows for which gene trees display either the species topology (SP windows) 
or the IG topology (IG windows). Proportion of IG was calculated as the number of IG windows 
over the total number of SP windows and IG windows. 
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Fig. 3 DIP analysis of four mosquito IG events using 2,563 autosomal loci. (A) Species 
relationships and IG events indicated by ref108 (Figure 5). (B-F, left) Expected results for two 
opposing unidirectional IG scenarios shown for each of the four IG events. (B-F, right) Results 
of DIP. Panels E and F represents two different TSSs for assessing the same IG event. (G) 
Summary of results from B-F. Solid, single-sided arrows in indicate unidirectional IG.  Solid, 
double-sided arrows indicate inconclusive DIP/bidirectionality. Dashed, single-sided arrows 
indicate DIP results that favor unidirectional IG but do not adhere strictly to expected results for 
all comparisons. Species codes: An. arabiensis = A; An. coluzzii = C; An. gambiae = G; An. 
melas = L; An. merus = R; An. quadirannulatus = Q.  **p<0.01; *p<0.05; NSp³0.05. 
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SUPPLEMENTARY METHODS 

 

Resource availability 

Scripts for reproducing the analyses in this study are available at: https://github.com/esforsythe. 

URLs for downloading previously published data are provided in place in the following sections. 

 

Simulations of sequence evolution 

We simulated sequence evolution in a four-taxon system (three in-group taxa, P1, P2, 

and P3 and an outgroup, O) (Fig. 1A). Simulations were performed with ms180 and seq-gen181 

implemented in R with phyclust182 similar to ref104. We simulated evolution for each 5,000 

nucleotide (nt) locus with no IG and the species branching order, (P2,P1)P3)O), and generated a 

multiple sequence alignment for the four taxa from the simulated data using the following 

commands: 

 

ret.msSP <- ms(nsam = 4, nreps = 1, opts = "-T -t 50 -I 4 1 1 1 

1 -ej 1 2 1 -ej 2 3 1 -ej 3 4 1 -r 5 5000") 

 

seqsSP<-seqgen(opts = "-mHKY -l5000 -s 0.01", newick.tree = 

ret.msSP[3]) 

 

We also simulated evolution for each 5,000 nt locus with instantaneous unidirectional IG 

occurring between P2 and P3 at various times. The direction of IG was indicated by ‘donor 

taxon’ and ‘recipient taxon’ (see command below). We simulated evolution and generated a 

multiple sequence alignment using the following commands: 
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ret.msIG <- ms(nsam = 4, nreps = 1, opts= "-T -t 50 -I 4 1 1 1 1 

-ej 1 2 1 -ej 2 3 1 -ej 3 4 1 -es <time_of_IG> <Recipient taxon> 

0.4 -ej <time_of_IG> 5 <donor taxon> -r 5 5000")  

 

seqsIG<-seqgen(opts = "-mHKY -l5000 -s 0.01", newick.tree = 

ret.msIG[3]) 

 

 We replicated the above commands for non-introgressed and introgressed loci to create 

datasets representing simulated ‘whole genome alignments’ composed of both introgressed and 

non-introgressed loci. We varied the proportion of introgressed loci that were introgressed in 

each direction so that the genome alignments were either directionally homogenous (i.e. all loci 

introgressed in the same direction) or directionally heterogeneous (i.e. containing some loci 

introgressed in each direction), thus simulating unidirectional and bidirectional IG, respectively. 

We used the genome alignments to calculate sequence divergence from introgressed and non-

introgressed loci using the dist.dna command from the Ape package 165 with default settings. 

 To perform DIP, we calculated the pairwise divergences, D1, D2, and D3, as indicated in 

Fig. 1B. Divergences calculated from non-introgressed loci were labeled D1SP, D2SP, and D3SP to 

indicate that they underwent the simple speciation while divergences calculated from 

introgressed loci were labeled as D1IG, D2IG, and D3IG to indicate that they underwent IG. We 

calculated D1SP, D1IG, D2SP, D2IG, D3SP, and D3IG values for loci spanning the genome.   

 The signature used by DIP relies on three comparisons, D1SP vs. D1IG, D2SP vs. D2IG, and 

D3SP vs. D3IG. Our expectations for these comparisons under P3⇒P2 IG are: D1SP > D1IG,  D2SP 

< D2IG, and D3SP = D3IG (Fig. 1B). Our expectations for these comparisons under P2⇒P3 IG are: 
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D1SP > D1IG,  D2SP = D2IG, and D3SP > D3IG (Fig. 1C). Our expectation for P3ÛP2 IG is that D2 

and D3 comparisons yield conflicting results (e.g. D2SP < D2IG and D3SP > D3IG). For each DIP, 

we calculated the observed results of these comparisons using genome-wide distributions, which 

we visualized using boxplots, and statistically compared using Wilcoxon ranked sums test (Fig. 

1D-E, right).  

To test the robustness of DIP, we performed multiple rounds of simulations, varying the 

total dataset size, the proportion of genes that were introgressed, the proportion of introgressed 

genes that were transferred in each direction, and the timing of the IG and accessed the 

performance of DIP for each set of parameters. 

 

Application of DIP to test Neanderthal-human IG directionality. 

To generate whole chromosome alignments for DIP, genome resequencing data for two 

Neanderthal, one Denisovan, and four modern human samples from ref.175 were downloaded 

from http://cdna.eva.mpg.de/neandertal/. VCF files were downloaded for each autosomal 

chromosome for each species. The human reference genome (hg19), which was originally used 

for read mapping during the creation of VCF files, was obtained from 

http://hgdownload.cse.ucsc.edu/goldenPath/hg19/. The following procedures were performed for 

each chromosome from each sample.  

Structural variation (indel) information was trimmed from VCF files in order to focus on 

single nucleotide polymorphisms (SNPs), which are most useful for phylogenetic analysis and 

DIP. Indels were trimmed from VCF files using VCFtools183 and Tabix161 with the following 

commands: 
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vcftools --gzvcf <ChromX_with_indels.vcf.gz> --remove-indels --

recode --recode-INFO-all --out ChromX_SNPs_only.vcf 

 

bgzip ChromX_SNPs_only.vcf 

 

tabix -p vcf ChromX_SNPs_only.vcf.gz 

 

In order to extract whole chromosome sequences from VCF files, the consensus sequence 

was extracted using BCFtools161 with the following command: 

 

cat <hg19_chromX.fa> | bcftools consensus 

<ChromX_SNPs_only.vcf.gz> > Chrom_X_consensus.fa 

 

For each chromosome, the consensus sequence from each species was concatenated into 

a whole-chromosome multiple sequence alignment in FASTA format. Next, we performed 

window-based phylogenetic analysis of whole-chromosome alignments in R. Each alignment 

was split into 10 kb windows. Windows were filtered to remove windows containing N’s. Each 

remaining window was used to infer a ‘gene tree’ using the neighbor joining algorithm. The 

topology of each gene tree was stored along with pairwise genetic distances for each pair of taxa 

calculated from the window. Divergences for each window were calculated as above in 

‘Simulations of sequence evolution’. Due to the availability of more than four taxa (Fig. 2A), DIP 

was calculated using three different taxon sampling schemes (TSSs) (Fig. 2B-D; Table S1). D1, 

D2, and D3 were calculated from different taxa depending on the TSS. In all cases species gene 

trees and IG gene trees were identified as described below. 



 118 

 Genes trees displaying a topology in which Neanderthals are sister to Denosovans and all 

modern human samples form a clade were indicated as ‘Species Trees’ D1, D2, and D3 values 

from these trees were labeled with SP. Gene trees displaying a topology in which Neanderthals 

form a clade with the two ‘Out of Africa’ (OOA) modern human samples were indicated as ‘IG 

Trees’ and labeled with IG. Average genetic distances were used to calculate D1, D2, and D3 on 

each gene tree. The chromosome-wide distributions of D1, D2, and D3 across all windows were 

compared using Wilcoxon ranked sums tests. 

 

Tests of mosquito IG directionality 

We inferred ‘gene trees’ from multiple sequence alignments used in ref108. FASTA 

format sequence alignment were downloaded from 

https://datadryad.org//resource/doi:10.5061/dryad.tn47c. We inferred a gene tree from each locus 

using RAxML with the command: 

 

raxmlHPC-PTHREADS -s <input_alignment> -n <output_genetree> -m 

GTRGAMMA -x 12345 -# 100 

 -f a -T 12 

 

Next, we analyzed the ‘bipartitions’ output trees using Ape165 in R. We used gene trees to 

perform DIP for four different previously identified IG events (Fig. 3A, green branches). For 

each IG event, gene trees were pruned to include only the informative taxa for that particular IG 

event (indicated in Fig. 3B-F Table S1). Pruned versions of the trees were analyzed to ask if they 

display the species tree topology or the IG tree topology. D1, D2, and D3 divergences calculated 
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based on branch lengths on the full gene trees. Genome-wide distributions of D1, D2, and D3 

across all windows were compared using Wilcoxon ranked sums tests as above. 

 

  



 120 

 
Table S1 Taxon Sampling Schemes used to perform DIP for different IG events. 
 

 

 
 

Figure panel D1 D3D2

Fig. 3C R vs Q L vs R  Q vs L

Fig. 3E G vs Q L vs GQ vs L

Fig 1 P2 vs P3 P1 vs P3P1 vs P2

Fig. 3B (C,G) vs A (C,G) vs RA vs R

Fig. 2B (V,A) vs (F,H) (V,A) vs Y(F,H) vs Y

Fig. 3D R vs L R vs QL vs Q

Fig. 2C (V,A) vs (F,H) (V,A) vs S(F,H) vs S

Fig. 2D (F,H) vs D (V,A) vs D(V,A) vs (F,H) 

Fig. 3F Q vs G G vs C Q vs C

Pariwise comparison used to calcuate D
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Fig. S1 Schematic of the workflow used to simulate IG across a genome and perform DIP. 
(Step 1) Each locus was evolved along the species tree or along a path of IG and used to 
generate a 5kb alignment. (Step 2) Loci from Step 1 were replicated to yield a full genome of n 
loci in which n x p(IG) loci were introgressed and the remaining loci evolved along the species 
tree. In this genome, n x (pIG x (p(3⇒2)) loci were introgressed P3⇒P2 and the remained 
introgressed loci were introgressed in the opposite direction. (Step 3) DIP was performed on the 
simulated genome. (Step 4) The DIP results were summarized and plotted as a pixel on a 
parameter scan graph. Steps 1-3 were repeated for each combination of pIG and p(3⇒2). Each 
pixel in a parameter scan graph represents a repetition of Steps 1-3. Steps 1-4 were repeated for 
each value of n. 
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Fig. S2 Quantification of false negatives and positives under DIP. (A) Parameter scan graph 
depicting parameter space of pIG and p(3⇒2)/ p(2⇒3). Dashed boxes indicate the regions of 
parameter space that we define as ‘true’ unidirectional P3⇒P2 IG (red box) or unidirectional 
tP2⇒P3 IG (grey box). (B) Parameter scan graph similar to panel A but additionally showing 
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pIG bins(black dashed boxes) used to calculate percentage error for different levels of IG. (C-F) 
Percentage false negative (top) and false positive (bottom) calculated for different pIG bins (x-
axes) for DIP inference of P3⇒P2 IG (red circles) and P2⇒P3 IG (grey circles). Horizontal red 
and grey dashed lines indicate the over-all (all bins pIG combined) percentage false 
negatives/positives DIP inference of P3⇒P2 IG and P2⇒P3 IG, respectively. Percentage false 
negatives/positives were quantified for simulated genome sizes of n=1,000 (C), n=2,563 (D), 
n=5,000 (E), and n=10,000 (F).  
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Fig. S3 DIP analysis of four mosquito IG events using 3,019 autosomal and X-chromosome 
loci. (A) Species relationships and IG events indicated by ref108 (Figure 5). (B-F, left) Expected 
results for two opposing unidirectional IG scenarios shown for each of the four IG events. (B-F, 
right) Results of DIP. Panels E and F represents two different TSSs for assessing the same IG 
event. (G) Summary of results from B-F. Solid, single-sided arrows in indicate unidirectional IG.  
Solid, double-sided arrows indicate inconclusive DIP/bidirectionality. Dashed, single-sided 
arrows indicate DIP results that favor unidirectional IG but do not adhere strictly to expected 
results for all comparisons. Species codes: An. arabiensis = A; An. coluzzii = C; An. gambiae = 
G; An. melas = L; An. merus = R; An. quadirannulatus = Q. **p<0.01; *p<0.05; NSp³0.05. 
 
  

A

0.43
0.21

0.9985

0.04

C G A Q RL

(panel B)

(panel C)

(panel D)

(panels E and F)

0.
0

0.
02

0.
04

0.
06

0.
08

D1SP D1IG D2IG D3IGD2SP D3SP

D
iv

er
ge

nc
e

0.
0

0.
02

0.
04

0.
06

D1SP D1IG D2IG D3IGD2SP D3SP

D
iv

er
ge

nc
e

0.
0

0.
02

0.
04

0.
06

D1SP D1IG D2IG D3IGD2SP D3SP

D
iv

er
ge

nc
e

0.
0

0.
02

0.
04

0.
06

0.
08

D1SP D1IG D2IG D3IGD2SP D3SP

D
iv

er
ge

nc
e

0.
0

0.
02

0.
04

0.
06

0.
08

D1SP D1IG D2IG D3IGD2SP D3SP

D
iv

er
ge

nc
e

NS

**

NS

** **
*

**

**

**

**

**
**

NS

C G A Q RL

(panel B)

(panel C)

(panel D)

(panels E and F)

G

*

NS

D1SP > D1IG

(C,G) A

Species tree

D1SP,D3SP 

D2SP

IG tree

D1IG

D2IG,D3IG Expected divergence results:

Species tree

D1SP,D3SP 

D2SP

IG tree

D1IG

D2IG,D3IG

Expected divergence results:

D2SP < D2IG D3SP = D3IG

D1SP > D1IG D3SP > D3IG

D2SP = D2IG

Model of (C,G) => A  IG

Model of A => (C,G)  IG

R (C,G) A R

(C,G) A R (C,G) A R

B

D1SP > D1IG

R Q

Species tree

D1SP,D3SP 

D2SP

IG tree

D1IG

D2IG,D3IG Expected divergence results:

Species tree

D1SP,D3SP 

D2SP

IG tree

D1IG

D2IG,D3IG

Expected divergence results:

D2SP < D2IG D3SP = D3IG

D1SP > D1IG D3SP > D3IG

D2SP = D2IG

Model of R => Q  IG

Model of Q => R  IG

L R Q L

R Q L R Q L

C

D1SP > D1IG

Species tree

D1SP,D3SP 

D2SP

IG tree

D1IG

D2IG,D3IG Expected divergence results:

Species tree

D1SP,D3SP 

D2SP

IG tree

D1IG

D2IG,D3IG

Expected divergence results:

D2SP < D2IG D3SP = D3IG

D1SP > D1IG D3SP > D3IG

D2SP = D2IG

Model of R => L  IG

Model of L => R  IG

R L QR L Q

R L Q R L Q

D

D1SP > D1IG

Species tree

D1SP,D3SP 

D2SP

IG tree

D1IG

D2IG,D3IG Expected divergence results:

Species tree

D1SP,D3SP 

D2SP

IG tree

D1IG

D2IG,D3IG

Expected divergence results:

D2SP < D2IG D3SP = D3IG

D1SP > D1IG D3SP > D3IG

D2SP = D2IG

Model of G => Q  IG

Model of Q => G  IG

G Q LG Q L

G Q LG Q L

E

D1SP > D1IG

Species tree

D1SP,D3SP 

D2SP

IG tree

D1IG

D2IG,D3IG Expected divergence results:

Species tree

D1SP,D3SP 

D2SP

IG tree

D1IG

D2IG,D3IG

Expected divergence results:

D2SP < D2IG D3SP = D3IG

D1SP > D1IG D3SP > D3IG

D2SP = D2IG

Model of Q => G  IG

Model of G => Q  IG

Q G CQ G C

Q G CQ G C

F



 125 

APPENDIX C 
 
 
 
 
 

A GENOMIC ANALYSIS OF FACTORS DRIVING LINC RNA DIVERSIFICATION: 
LESSONS FROM PLANTS 

 
 
 

Copyright 2016 Nelson, Forsythe, Devisetty, Clausen, Haug-Batzell, Meldrum, Frank, Lyons, 
and Beilstein 

 
Published in G3: Genes | Genomes | Genetics 

doi: 10.1534/g3.116.030338  
Manuscript received April 19, 2016 

Accepted for publication July 9, 2016  
Published Early Online July 15, 2016 

 
 

  



 126 

 
  

INVESTIGATION

A Genomic Analysis of Factors Driving lincRNA
Diversification: Lessons from Plants
Andrew D. L. Nelson,*,1 Evan S. Forsythe,* Upendra K. Devisetty,† David S. Clausen,‡ Asher K.
Haug-Batzell,§ Ari M. R. Meldrum,* Michael R. Frank,* Eric Lyons,*,§ and Mark A. Beilstein*,1
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ABSTRACT Transcriptomic analyses from across eukaryotes indicate that most of the genome is tran-
scribed at some point in the developmental trajectory of an organism. One class of these transcripts
is termed long intergenic noncoding RNAs (lincRNAs). Recently, attention has focused on understanding
the evolutionary dynamics of lincRNAs, particularly their conservation within genomes. Here, we take a
comparative genomic and phylogenetic approach to uncover factors influencing lincRNA emergence and
persistence in the plant family Brassicaceae, to which Arabidopsis thaliana belongs. We searched 10 ge-
nomes across the family for evidence of . 5000 lincRNA loci from A. thaliana. From loci conserved in the
genomes of multiple species, we built alignments and inferred phylogeny. We then used gene tree/species
tree reconciliation to examine the duplication history and timing of emergence of these loci. Emergence of
lincRNA loci appears to be linked to local duplication events, but, surprisingly, not whole genome dupli-
cation events (WGD), or transposable elements. Interestingly, WGD events are associated with the loss of
loci for species having undergone relatively recent polyploidy. Lastly, we identify 1180 loci of the 6480 pre-
viously annotated A. thaliana lincRNAs (18%) with elevated levels of conservation. These conserved lincR-
NAs show higher expression, and are enriched for stress-responsiveness and cis-regulatory motifs known as
conserved noncoding sequences (CNSs). These data highlight potential functional pathways and suggest
that CNSs may regulate neighboring genes at both the genomic and transcriptomic level. In sum, we
provide insight into processes that may influence lincRNA diversification by providing an evolutionary
context for previously annotated lincRNAs.

KEYWORDS
lincRNA
Brassicaceae
comparative
genomics

evolution
transcriptomics

Long noncoding RNAs (lncRNAs) are defined as transcripts that
are . 200 nt in length but are not predicted to encode polypeptides
of. 100 amino acids (Liu et al. 2012). Reported lncRNA repertoires in
mammals vary, but are commonly in the thousands to tens of thou-

sands of transcripts, accounting for!90% of the genome (Derrien et al.
2012; Cabili et al. 2011; Stamatoyannopoulos et al. 2012). The biological
roles of a few lncRNAs, such as the telomerase RNA (TER), COOLAIR,
Xist, andMALAT1 are well characterized (Blackburn and Collins 2011;
Pontier and Gribnau 2011; Gutschner et al. 2013). These RNAs func-
tion in genome maintenance, chromosome silencing, stress response,
and alternative splicing, respectively. Despite these key examples and
the prevalence of lncRNAs within genomes, functional data for the
majority of lncRNAs are lacking.

Much of what we know about lncRNAs is derived from extensive
next-generation sequencing in mammalian systems. On average, mam-
malian lncRNAs are transcribed at!10-fold lower levels than protein-
coding genes (Cabili et al. 2011; Managadze et al. 2011). In addition, a
majority of lncRNAs inmice and humans are tissue specific, withmany
lncRNAs restricted to the brain, liver, or testes (Necsulea et al. 2014).
LncRNAs are processed similarly to mRNAs: they are transcribed

Copyright © 2016 Nelson et al.
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predominantly by Pol II, capped, polyadenylated, and composed of
multiple exons (Ponting et al. 2009). Moreover, lncRNA loci exhibit
epigenetic marks associated with active chromatin (Cabili et al. 2011).

lncRNAs are often categorized based on the genomic context from
which they are transcribed. Some lncRNAs are embedded within, or
overlap with, protein-coding genes (Ponting et al. 2009). These lncRNAs
are further classified into different categories based on directionality of
overlap, and the degree to which transcription varies from the related
protein-coding gene. Overlapping lncRNAs can serve as key regulators
of the genes to which they are linked (Wang and Chang 2011). For
example, a subset of lncRNAs that overlap a protein-coding gene in
the antisense direction function as cis-natural antisense transcripts
(cis-NATs) (Lapidot and Pilpel 2006). A specific subgroup of lncRNAs
originate in intergenic regions, and are referred to as long intergenic
noncoding RNAs (lincRNAs). LincRNAs are autonomous transcrip-
tional units, in that their transcription does not appear to be dependent
on that of adjacent genes (Cabili et al. 2011), and thus these molecules
may function in molecular pathways independent of neighboring genes
(Ulitsky and Bartel 2013). Categorizing lincRNAs based on functional
characteristics remains a challenge. We will focus specifically on the
intergenic class of lncRNAs in this manuscript.

Recent comparative analyses in mammals have demonstrated that
lncRNA populations display poor genomic and transcriptomic conser-
vation relative to protein-coding genes (Necsulea et al. 2014; Hezroni
et al. 2015). Lack of conservation is derived in part from relaxation of
constraint on nucleotide evolution (Ponjavic et al. 2007). A relatively
large proportion of lncRNAs are species-specific (Hezroni et al. 2015),
suggesting lack of constraint on nucleotide evolution is not the only
factor leading to diversification. However, the factors affecting the
emergence of new lncRNAs are not well understood.

While the origins of most lncRNAs are unknown, three scenarios
have been proposed for emergence of new lncRNA loci (Ulitsky and
Bartel 2013; Ponting et al. 2009): pseudogenization, gene duplication,
or de novo transcription from a previously silent locus. Although
they make up a small portion of the overall number of mammalian
lncRNAs, there is ample evidence for the role of pseudogenization in
the emergence of lncRNAs (Ulitsky and Bartel 2013). Pseudogenized
loci often remain transcriptionally active, albeit at lower levels, and are,
by definition, noncoding (Pink et al. 2011). The role of gene duplication
in lncRNA emergence is less clear. Most lncRNAs appear to be single
copy in vertebrates, but these inferences are based on presence or
absence of similar sequences among related species (Ulitsky et al.
2011), rather than using a phylogenetic approach to infer duplication
history. Most lncRNAs appear to emerge de novo, and transposable
elements (TEs) may play a key role in this emergence. Compared with
protein-coding genes, TE-derived repetitive sequences are more prev-
alent in mammalian lncRNAs; they account for 30% of total lncRNA
sequence in humans (Kapusta et al. 2013). While there is evidence to
suggest that TEs contribute to sequence diversification of lncRNA loci,
it is unclear if TEs drive the emergence of novel lncRNAs.

Asubsetof lncRNAsdisplay lowerratesof evolution,presumablydue
to conservation of function. Examples of conservation of synteny,
sequence, structure, or gene organization are seen in the lncRNAs
TER, Xist, and COOLAIR (Wang and Chang 2011; Ulitsky and Bartel
2013; Castaings et al. 2014). The telomerase RNA, TER, an essential
lncRNA that participates in genome maintenance, displays conservation
of sequence and synteny within major eukaryotic clades, and major
structural elements tied to function are conserved among fungi, ciliates,
and vertebrates (Xiaodong Qi et al. 2013; Chen et al. 2000). Xist is a
eutherian lncRNA that is responsible for X-chromosome inactivation. A
lncRNA with overall poor sequence conservation, Xist loci are conserved

syntenically in eutherians in functional repeat units (Elisaphenko et al.
2008; Duret et al. 2006; Romito and Rougeulle 2011). COOLAIR is a
lncRNA involved in regulating flowering in response to temperature in
the plant family Brassicaceae (Castaings et al. 2014). COOLAIR is syn-
tenic within sampled Brassicaceae, and functionally important domains
are conserved. Thus, as with protein-coding genes, function likely con-
strains sequence and positional evolution for a subset of lncRNAs.

In plants, lincRNA datasets have been inferred from transcriptome
data for Arabidopsis thaliana, Populus trichocarpa, and Zea mays,
among others (Liu et al. 2012; Shuai et al. 2014; Li et al. 2014). The
most comprehensive lincRNA annotation exists forA. thaliana, where a
detailed analysis of 200 tiling arrays and numerous RNA-seq datasets
uncovered 13,230 intergenic transcripts, of which 6480 were classified
as lincRNAs (Liu et al. 2012). Similar to their mammalian counter-
parts, A. thaliana lincRNAs (AtlincRNAs) are processed like mRNAs,
expressed at low levels, and a subset display tissue-specificity. Homology
searches in poplar and grape yielded hits for , 1% of AtlincRNAs,
suggesting they may be conserved at lower rates than mammals. In
plants, genomes separated by$ 100 million yr of evolution [for exam-
ple, Arabidopsis and poplar diverged !100 million yr ago (Mya)
(Magallón et al. 2015)], appear unlikely to yield comparative data useful
for distinguishing between conserved and species-specific lincRNAs. For-
tunately, A. thaliana is a member of the plant family Brassicaceae, which
arose!54 Mya (Beilstein et al. 2010), and for which a wealth of genomic
and transcriptomic data are publicly available. As a result, the family is
ideal for evolutionary comparisons, and thus provides a framework to
infer factors influencing lnc/lincRNA diversification more broadly.

We present an evolutionary and comparative genomic analysis
of. 5000 lincRNAs inA. thaliana and its relatives within Brassicaceae
spanning 54 million yr of divergence. For our comparative analyses,
we used genome data from 10 species within the Brassicaceae plus
Tarenaya hassleriana, a member of the sister lineage Cleomaceae
(Figure 1) (Beilstein et al. 2006; Cheng et al. 2013; Hall et al. 2002).
Other studies have used lnc/lincRNAs as characters projected at the tips
of an organismal tree (Necsulea et al. 2014; Hezroni et al. 2015). While
trees used in this way are powerful tools for inferring evolutionary
patterns, here we take an explicitly phylogenetic approach to under-
stand the dynamics of lincRNA evolution. Using sequence similarity,
we reconstructed families of homologous lincRNA loci, aligned the
constituent sequences, built gene trees, and used gene tree/species tree
reconciliation to infer evolutionary processes. The advantage of this
method is that it allows us to investigate factors affecting lincRNA
emergence and decay. Our results indicate that small-scale duplication
events impact lincRNA emergence more than whole genome duplica-
tion (WGD) events or activity of TEs. WGD events appear to have
propelled the loss of putative lincRNA loci relative to protein-coding
genes. In addition, we identified a subset of AtlincRNAs that are con-
served across the sampled Brassicaceae genomes. These conserved
AtlincRNAs are more likely to be stress-responsive and enriched for
cis-regulatory elements, suggestive of both a function, and a reason for
conservation.

MATERIALS AND METHODS

Identification of orthologous AtlincRNA loci
in Brassicaceae
AtlincRNAs were used as a query in a BLAST (Altschul et al. 1990)
against the genomes of 10 Brassicaceae and one outgroup (T. hassleriana),
using the following parameters: (penalty –2, reward 1, gapopen 5, gapex-
tend 2, wordsize 8, evalue 1e–20). All genomes are listed in Supplemental
Material, File S1. Close hits (those closer together than the original size of

2882 | A. D. L. Nelson et al.
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the query lncRNA) were merged, top blast hits from each species desig-
nated, and then FASTA sequences extracted for each hit. The adjacent
protein-coding genes on either side of the lincRNA (or a 5 kb region if
protein-coding genes were lacking) were used in a separate series of re-
ciprocal BLASTs to determine if the top lincRNA hits from each species
were syntenic as well as sequence similar.Only the topBLASThit for each
lincRNA in each genome was analyzed for synteny. In addition, the top
BLAST hit was used as query in a separate reciprocal BLAST against the
original query genome to determine reciprocity. Only top BLAST hits
that were syntenic and reciprocal were denoted as sequence homologs.
Each sequence name includes subject species name, query lncRNAname,
and species, followed by a unique identifier. Any hits that overlappedwith
a known gene had that gene ID appended to their ID. Sequences for each
hit were extracted from the appropriate genome and clustered together
into a family with an ID corresponding to the query. Similar parameters
were used with a dataset of 10,000 human lncRNAs from the LNCipedia.
org (Volders et al. 2013) dataset (version 3.1) for identifying orthologous
loci in the genomes of chimp, orangutan, and mouse. Alignments were
performed usingMAFFT (Katoh and Standley 2013) from the command-
line using standard parameters. These alignments were used for down-
stream phylogenetic analyses. RNAcode (Washietl et al. 2011) was
performed using standard parameters on alignments that contained at
least four taxa. All lincRNA families identified with a query lincRNA
containing a small ORF were removed from our analysis.

Calculating transposable element content in lncRNAs
To determine TE content in lncRNAs, we masked the Arabidopsis
genome using RepeatMasker (Smit et al. 2015). The Arabidopsis repeat
database was acquired from RepBase (Genetic Information Research

Institute). In addition to sequences present in RepBase, we added se-
quence for known transposable elements found in the TAIR10 anno-
tation. RepeatMasker, and all dependencies were run according to
parameters previously used in mammals (Kapusta et al. 2013). Exonic
and intronic sequencewas used for calculatingTE overlapwith protein-
coding and lincRNA loci, with the exception of 59 and 39 UTRs for
protein-coding genes.

Conservation of expression and structure
Correlating conservation to RNA-seq FPKM (fragments per kilobase of
transcript permillionmapped reads) values was performedusing values
reported by Liu et al. (2012).A. thaliana lincRNAswere binned accord-
ing to the phylogenetic depth to which they were conserved in the
family. Minimum free energies were calculated for each of these
lincRNAs using RNAfold (Vienna Package 2.0; Lorenz et al. 2011) in
high-throughput. As these lincRNAs varied in length substantially, for
direct comparison, an averageMFEwas calculated by dividing theMFE
by the length of the lncRNA.

Inferring lincRNA loss and decay
For the conserved AtlincRNA families with missing loci in another
species, reciprocal BLASTN was rerun on this species’ genome using a
less stringent 1e–5 cutoff value. Additionally, BLASTN was performed
in the same genome using protein-coding genes adjacent to the
AtlincRNA using the 1e–5 value. This lower E-value was used to ac-
count for potential decay of adjacent protein-coding genes, such as in
the mesopolyploid species. Genomic coordinates for all lincRNA
BLAST returns at the 1025 threshold were compared to the coordinates
for returns of the BLAST of the A. thaliana adjacent protein-coding

Figure 1 Schematic representation for
identification, clustering, and phyloge-
netic analysis of AtlincRNAs and their
homologous loci. (A) Species ana-
lyzed within Brassicaceae. A chrono-
gram of the Brassicaceae species,
and outgroup T. hassleriana, used
in this study. Lineages I and II are
indicated in red. Number of homolo-
gous AtlincRNA loci detected in each
species shown. (B) General scheme
for identifying AtlincRNA sequence
homologs in other species. The Liu
et al. (2012) lincRNA dataset (dark
green box denoted by “Q”) were
used as the query in a reciprocal
BLAST of genomes (round colored
circles). Overlap between identified
sequence homologs and known gene
datasets (colored triangles) was de-
termined for annotation purposes.
Homologous sequences, along with
available annotations, were extracted
and aligned. Colored lines represent
sequences, and are color coded to
match the genomes from which they
were extracted. (C) Phylogenetic infer-
ences of conserved AtlincRNA families.
Currently accepted species relation-
ships, with two lineages, indicated

(center). A red asterisk represents the last common ancestor of lineage I and II species. Aligned AtlincRNA families were filtered according
to the conservation criteria shown. The number of conserved AtlincRNA families (all species combined) passing through each phylogenetic
analysis step is listed.
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genes. For a lincRNA BLAST return to be considered a homologous
locus undergoing sequence decay, the two regions must fall within
10 kb of one another on the same chromosome (or greater if the
nearest protein-coding gene was further away from the AtlincRNA).
BLAST returns that did not meet this criteria, or absence of any
lincRNA BLAST return at the lower threshold were considered loss
events. Loss was confirmed using the comparative genomics plat-
form CoGe (Lyons et al. 2008; https://genomevolution.org/CoGe/).
Loss vs. decay of protein-coding genes was inferred in a similar
manner.

Inferring dating of duplication events
Maximum likelihoodphylogenetic treeswere inferred fromeachnucleic
acid alignment with RAxML version 7.2.8 (Stamatakis 2014) using a
general time reversible (GTR) model with gamma distributed rate het-
erogeneity. Support values were calculated from 100 bootstrap repli-
cates. The topology of each gene tree was reconciled to the known
species topology using Notung version 2.6 (Durand et al. 2006). Trees
were rooted in Notung using the root function, which roots each along
the branch that provides themost congruence with the species tree. The
rearrange function was used to rearrange poorly supported (,70%
bootstrap support) relationships to reflect the species topology. Inferred
duplication information was extracted from Notung output info files,
and png files were generated for visual inspection and downstream
analysis.

Inferring characteristics that correlate
with conservation
To identify AtlincRNA families with miRNA binding motifs, we ran
all the sequences from each family through the miRNA prediction
software psRNATarget (http://plantgrn.noble.org/psRNATarget/) (Dai
and Zhao 2011) using only miRNAs identified in Brassicaceae. For
psRNATarget, more stringent cut-off threshold of 2.0 was used, with
the length for complementarity scoring set at 20 nt, with the flanking
region around the target set at 17 bp upstream and 13 bp downstream
(standard settings). Stress-responsive lincRNAs were identified from
the Liu et al. (2012) dataset. The genomic locations of conserved non-
coding regions were obtained fromHaudry et al. (2013). Bedtools over-
lap was used to determine if lincRNA loci overlapped with these CNS
(Quinlan and Hall 2010).

Statistical analyses
Fisher’s exact test was used when comparing the observed numbers of
identified lincRNAs in Figure 2. In each case, the observed lincRNAs in
the indicated species (either Leavenworthia alabamica, Brassica rapa,
or Brassica oleracea) were compared to an expected value based on the
number of observed instances in equally or more divergent species (the
average of Eutrema salsugineum and Schrenkiella parvula were used in
both cases). When comparing the correlation between conservation
of AtlincRNAs vs. expression of that locus in A. thaliana, we used a
linear regression analysis to identify the significance, and estab-
lished a Pearson’s correlation coefficient. A score test was performed
with a Bonferroni multiple comparison correction for the lincRNA
loci loss and decay analysis. Score intervals and score tests are re-
ported in File S2.

Data availability
The datasets used in this study were acquired from publically available
resources and are listed in File S1. Additional information pertaining to
analyses is available upon request.

RESULTS

AtlincRNA loci are conserved at an intermediate level
when compared to protein-coding genes or
intergenic regions
To characterize the evolution of plant lincRNAs, we focused on a
recently published dataset of !6500 Arabidopsis lincRNAs (Liu et al.
2012). Because there is little evidence of AtlincRNA loci at the genomic
level in poplar and grape (Liu et al. 2012), we restricted our search for
sequence homologs to more recently diverged taxa. Similar sequences
were identified using a reciprocal BLASTN approach (Johnson et al.
2008), sampling from the genomes of 10 Brassicaceae species plus

Figure 2 Comparison of conserved homologous lincRNA loci in select
mammals and Brassicaceae. (A) Percent of human (H. sap) lncRNA
homologs identified in close relatives. Percentage of recovered loci
are shown next to each bar. The accepted organismal phylogeny and
estimated times of divergence for these three species was derived
from Arnason et al. (2008) and is shown to the left to allow for direct
comparisons. (B) Percentage of homologous loci recovered for
AtlincRNAs (green), genic (yellow) and intergenic (blue) loci using a
similar search protocol as that shown for human lncRNAs. Species’
names are abbreviations of those shown in Figure 1A. Percentage is
shown next to each bar. Divergence times and species phylogeny
was obtained from Beilstein et al. (2010).
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T. hassleriana (Cleomaceae) (Figure 1A). In each of the plant genomes
examined, we determined that an E-value cutoff of 1e–20 recovered
similar sequences that were most often syntenic and returned the
AtlincRNA query in reciprocal BLASTN searches. Herein, we refer to
all loci that meet these three criteria as homologous. We then asked
whether this E-value cutoff returned homologous sequences from other
well-characterized lncRNA datasets as a means of further validating its
use to recover homologous sequences in Brassicaceae. Using a random
set of 10,000 human lncRNAs as query, we searched the Pongo abelii
(orangutan) and Mus musculus (mouse) genomes, and identified ho-
mologous loci for 96% and 20% of the human lncRNAs in orangutan
and mouse, respectively (Figure 2A), which is similar to previously
reported percentages of 81% and 19%, based on genomic and tran-
scriptomic approaches (Necsulea et al. 2014).

The Brassicaceae taxa sampled span a range of divergence dates with
A. thaliana of!13 Mya to!65 Mya (Beilstein et al. 2010). Using a set
of 5362 unique AtlincRNAs as query in a BLAST of Brassicaceae ge-
nomes (Figure 1, A and B), we found that the percentage of AtlincRNAs
for which sequence homologs could be identified decreased as diver-
gence date (phylogenetic distance) increased: e.g., 23% for Capsella
rubella (1233/5362; !18 Mya), 19% in S. parvula (1057/5362; !42
Mya), and 3% in Aethionema arabicum (186/5362; !54 Mya) (Figure
2B). Species of equal phylogenetic distance toA. thaliana differed in the
number of AtlncRNA homologs recovered. For example, all lineage II
species diverged from Arabidopsis!42 Mya, but we recovered homo-
logs for only 16% of AtlncRNAs in Brassica rapa, whereas S. parvula
and E. salsugineum harbored 19% and 20%, respectively (green bars,
Figure 2B; P-value , 0.001). Using the same BLASTN parameters as
those in our search for lincRNA homologs, sequence homologs were
identified in the A. arabicum genome for 67% of a set of !10,038
A. thaliana protein-coding genes, and for 1% of 14,426 intergenic
regions (blue and yellow bars, Figure 2B). Thus, AtlincRNA loci are
conserved at an intermediate level in comparison to protein-coding
genes and intergenic regions.

Around 22% of AtlincRNA loci were present in the
common ancestor of lineage I and II species !42 Mya
Followinghomolog identification inBrassicaceae genomes,we clustered
the reciprocal BLASTN results from each pairwise AtlincRNA query
into sequence families (Figure 1B). Each family contained the original
query AtlincRNA, as well as homologous sequences from each subject
genome that matched our criteria of synteny, reciprocity, and sequence
similarity (E-value cutoff = 1e–20). From these families, we developed
a more rarefied dataset of families composed of sequence homologs
from a minimum of four species distributed between lineages I and II
(Figure 1C). For example, in addition to the AtlincRNA query, all
families were required to include sequences representing three other
species, at least one of which had to be B. rapa, B. oleraceae, S. parvula,
or E. salsugineum (representing Lineage II). Within the AtlincRNA
dataset, 1271 loci (23%) met this criterion, and were grouped into
unique families (Figure 1C and File S1). We did not permit returned
homologs to be included in. 1 lincRNA family, and thus all families
are unique. We refer to these families as conserved since these loci
emerged, at minimum, in the most recent common ancestor of the
two lineages !42 Mya (Beilstein et al. 2010).

We hypothesized that the observed sequence conservation of some
AtlincRNA families could be due to the presence of short ORFs
(, 100 aa), violating an important condition of inclusion as a putative
lincRNA locus. To address this concern, these conserved families were
screened for protein-coding potential via RNAcode (Washietl et al.
2011), and similarity to known noncoding RNAs, using the rFAM

database (Nawrocki et al. 2015). RNAcode analyzes multi-sequence
alignments for nucleotide substitutions or frameshifts that wouldmain-
tain an ORF across multiple species. We found statistically signifi-
cant evidence for a conserved ORF (P-value , 0.001; RNAcode) in
90 AtlincRNAs (Figure 1C). These families were excluded from further
analysis but are listed in File S1. Moreover, we found 42 (3.5%) of the
conserved set of AtlincRNA families contained sequences with signif-
icant similarity to a known noncoding RNA (i.e., spliceosomal and
snoRNAs; Figure 1C; listed in File S1). Indeed, 14 of the 51 AtlincRNAs
with a sequence homolog in T. hassleriana, and nine of 17 AtlincRNAs
with a sequence homolog in Carica papaya contain known noncoding
RNA elements, explaining much of the sequence conservation seen in
these more divergent genomes. In total, we identified 1180 (22%) con-
served AtlincRNAs, for which sequence conservation was independent
of coding potential (File S1). Of the original query AtlincRNAs used to
build these conserved families, 93 have homologous sequences in all the
Brassicaceae genomes we tested, and therefore represent an even more
conserved dataset (File S1). In sum, we define here a class of conserved
genomic regions that have been annotated as lincRNAs in A. thaliana.
Whether these loci are conserved due to lincRNA function remains an
open question.

Overlap with CNS, transcription levels, and
stress-responsiveness all correlate positively with
conservation of AtlincRNA loci
We next attempted to understand factors influencing sequence conser-
vation within the class of conserved AtlincRNA families. In general,
protein-coding genes are more conserved than lincRNAs, both at the
sequence level, and in regard to synteny (Goodstadt and Ponting 2006).
However, intergenic regions can harbor important regulatory elements
for protein-coding genes, and therefore display evidence of selective
constraint. A recent comparative genomic analysis of sites under selec-
tion in Brassicaceae demonstrated that the percentage of sites in a
genomeunder selection increases with proximity to the translation start
site of the nearest protein-coding gene (Haudry et al. 2013). To address
whether proximity of an AtlincRNA locus to a protein-coding gene
might explain conservation of the latter, we tested for a positive corre-
lation between proximity to a protein-coding gene, both up and down-
stream and on either strand, and sequence conservation (identification
of a sequence homolog) for the AtlincRNA dataset. We detected no
significant correlation between conservation of an AtlincRNA locus
and its proximity to a known gene (Figure S1).

Haudry et al. (2013) further identified a suite of 90,104 A. thaliana
noncoding genomic regions (conserved noncoding sequences, or CNS)
that showed a reduced substitution rate over contiguous regions. CNS
have been identified in a variety of eukaryotes and are believed to be
broadly important for gene regulation (Freeling and Subramaniam
2009; Adrian et al. 2010). In A. thaliana, these elements are typically
short (on average 36 bp in length) and predominantly reside adjacent
to (within 500 bp), or within (i.e., untranslated regions and introns)
genes. However, a subset (22%) of the identified CNS reside in inter-
genic space. Thus, we searched for overlap between these previously
definedCNS andAtlincRNA loci.We detected a significant enrichment
in overlap between intergenic CNS and the conserved AtlincRNA
dataset (941/1180, or 80%) vs. the nonconserved AtlincRNA dataset
(996/4082, or 24%; P-value, 0.001; Figure 3A). In sum, the presence
of a CNS, but not proximity to a protein-coding gene, strongly corre-
lates with genomic conservation of AtlincRNA loci.

Given the positive correlation between conservation of lincRNA loci
and their expression and structure in vertebrates (Necsulea et al. 2014;
Managadze et al. 2011), we tested if this paradigm also characterized
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genomically conserved AtlincRNAs. We inferred the most recent com-
mon ancestor in which the AtlincRNA locus was present based on our
genomic comparisons.We used the divergence date of nodes in the tree
to ask whether the expression level (FPKM) or structural complexity
(Minimum Free Energy, MFE) of the AtlincRNA correlates with age of
its emergence within the family (i.e., most recent common ancestor
[node] where the locus was likely present) (Figure 3B). We found that
AtlincRNAs with an orthologous locus detectable in A. arabicum, and
thus for which the ancestor of all extant Brassicaceae is inferred to have
had a copy (54 Mya), were on average expressed at a higher level in
A. thaliana than the average value for the population of A. thaliana-
specific lincRNAs (Figure 3B). In fact, expression in A. thaliana is
positively correlated with sequence conservation across Brassicaceae
(Correlation Coefficient of 0.136, P-value , 0.0001). In contrast, we
found no correlation between age of emergence of an AtlincRNA locus
and MFE, as determined by RNAfold (Lorenz et al. 2011) (Figure S2).

Another possible explanation for sequence conservation is conser-
vation of function. While it is difficult to infer function of a lincRNA
from sequence alone, there are categories that are more amenable to
functional prediction, such as natural antisense transcripts and micro-
RNA sponges. The lincRNAs in our dataset donot overlap known genes
(in either direction), and therefore cannot be antisense transcriptional
regulators. However, given the recent reports of lncRNAs acting as
molecular sponges ofmiRNAs (Kretz et al. 2012;Hansen et al. 2013), we
assessed the potential of conserved AtlincRNA loci to bind miRNAs.
We searched for miRNA binding sites using the Brassicaceae miRNA
dataset in psRNATarget (Dai and Zhao 2011). AtlincRNA families with
putative miRNA binding sites make up 4% of the overall lincRNA

population.We observed amodest enrichment in miRNA binding sites
in the conserved AtlincRNA dataset (5% vs. 4%; Figure 3C; a list of
lincRNAs with miRNA binding sites is provided in File S1). Interest-
ingly, in 9 out of the 59 AtlincRNAs that harbored miRNA binding
sites, the sequence of the motif was conserved at the same locus in all
Brassicaceae, potentially representing a deeply conserved lincRNA reg-
ulatory pathway.

Finally,weasked if the conservedAtlincRNAswereover-represented
in the stress-responsive lincRNA dataset produced by Liu et al. (2012).
In the dataset of 5270 AtlincRNAs that we examined, 969 were differ-
entially expressed in response to at least one of four environmental
stresses (abscisic acid, cold, drought, and salt) (Liu et al. 2012). We
determined whether the proportion of stress-responsive lincRNAs in-
creased with the inferred age of emergence. More specifically, for all
5270 AtlincRNAs, we determined the species with the deepest coales-
cent point in the organismal tree from which a sequence homolog was
retrieved, and then, for each point, we calculated the percentage of
lincRNAs classified as stress responsive. For example, 1736 lincRNAs
are A. thaliana-specific, and 147 of these (8.5%) were stress-responsive
(Figure 3D). For the 1785 lincRNAs that coalesce at the node unit-
ing A. thaliana and A. lyrata, 339 were stress-responsive (19.0%,
P-value , 0.0001; Fisher’s exact test relative to stress responsive
A. thaliana-specific lincRNAs); 106 lincRNAs coalesce at the node
uniting A. thaliana and A. arabicum, 32 stress responsive (30.0%,
P-value, 0.0001). And, for the 25 lincRNAs that coalesce at the node
uniting A. thaliana and T. hassleriana, 12 were stress-responsive
(49.0%, P-value , 0.0001) (Figure 3D). Thus, conservation of an
AtlincRNA locus correlates with its propensity to be differentially

Figure 3 Features enriched in con-
served AtlincRNAs. (A) Percent of
AtlincRNA loci overlapping with con-
served noncoding sequence defined
by Haudry et al. (2013). Conserved
AtlincRNA loci are defined by having
sequence homologs in $ four species,
with at least one species in the opposite
lineage (i.e., Lineage II). Nonconserved
AtlincRNAs are those with , four se-
quence homologs. !! P-value , 0.001.
(B) Box and whiskers plot of expres-
sion values for AtlincRNA families
with homologous loci identified for in-
creasingly divergent species. Expres-
sion is denoted as the average FPKM
(fragment per kilobase of exon per mil-
lion fragments mapped) values across
four different tissues along a logarith-
mic scale [flowers, leaves, siliques,
root; values from Liu et al. (2012)].
Transcription data were available for
2666 AtlincRNAs. The number of fam-
ilies with representatives at each diver-
gence time-point is listed. Divergence
times correspond to those shown in
Figure 1A. A Pearson’s Correlation Co-
efficient was calculated (CC, top left).
A linear regression analysis was per-
formed to determine the statistical sig-

nificance of this coefficient. (C) Percent of all nonconserved (orange) or conserved AtlincRNA (blue) families with miRNA binding motifs. (D)
Percent of stress-responsive AtlincRNAs out of total number of AtlincRNAs conserved to each node (nodes indicates by divergence dates shown
along x-axis). Actual number of stress-responsive AtlincRNAs shown above each bar. Where shown, !!! indicates P-value , 0.0001 relative to the
A. thaliana-specific lincRNAs (node 1).
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regulated in response to environmental stress in A. thaliana. A list of
these lincRNAs is provided in File S1.

Gene/whole genome duplication, but not transposable
elements, influence lincRNA diversification
We next identified genomic factors that might be driving emergence or
loss of AtlincRNA homologs in Brassicaceae genomes. Recent findings
in vertebrates suggest a role for TEs in lncRNA diversification (Kapusta
et al. 2013). The AtlincRNA dataset of Liu et al. (2012) excluded se-
quences with fragments of TEs, precluding comparison with results in
vertebrates. To remedy this issue, and to explore the potential role of
TEs in lincRNA diversification, we reanalyzed the AtlincRNA dataset,
including the intergenic transcripts previously shown to contain re-
petitive elements, using the same filtering parameters used in the ver-
tebrate study (Kapusta et al. 2013). This yielded !12,000 putative
AtlincRNAs, 45% of which contained at least 10 nt of TE DNA (Figure
4A and File S2). Similar to vertebrates, AtlincRNA loci contained sig-
nificantly more TE content than protein-coding loci (P , 0.01; Fish-
er’s exact test). However, the percentage of AtlincRNA loci containing
at least 10 nt of a TE was significantly less than that reported for
vertebrate lncRNAs (P , 0.01; Fisher’s exact test) (Kapusta et al.
2013).We also asked if AtlincRNA emergence correlated with the pres-
ence of a TE, either within the lincRNA, or in the region upstream or
downstream of the lincRNA (Figure 4B). A small percentage (0.2%) of
the species-specific AtlincRNA loci (i.e., appear to have emerged since
A. thaliana and A. lyrata diverged!13 Mya) contained at least 10 nt
of TE DNA. A larger percentage (13.2%) of the species-specific
AtlincRNAs were within 500 bp of TE DNA. None of the conserved
AtlincRNAs contained, nor were they within 100 bp of, any TEs. Thus,
for the loci encodingAtlincRNAs in Brassicaceae, wefind little evidence
to indicate that transposable element activity promotes the emergence
of new lincRNAs in the genome. However, as seen in vertebrates,
adjacent TEs may be driving expression of these species-specific
lincRNA loci (Kapusta et al. 2013; Kelley et al. 2014).

Given the prevalence of gene duplicates in plant genomes, and in
Brassicaceae specifically (Koenig and Weigel 2015), we asked whether
duplication events, either in the form of WGD or local duplication,
might be a mechanism for lincRNA emergence. To investigate the
impact of duplication events on lincRNA evolution, we inferred the
most likely gene tree, and estimated branch support using maximum
likelihood bootstrap for each of the 1180 conserved AtlincRNA fami-
lies, and then employedNotung (2.0) (Durand et al. 2006) to determine
the duplication history. Notung reconciles topological incongruence
between gene trees and the accepted organismal tree, using incongru-
ence to infer duplications and losses. We analyzed duplication in all
conserved AtlincRNA families but omitted highly duplicated families
(. 3 duplication events along the backbone of the tree) from down-
stream analysis. Of the remaining 1005 conserved families, 296 (29%)
showed evidence of at least one, but sometimes multiple duplication
events along the branch leading to A. thaliana (blue line, Figure 5;
lincRNA IDs listed in File S2), indicating that numerous AtlincRNAs
are likely the product of relatively recent duplication events. In general,
duplications were relatively evenly distributed along the backbone
nodes leading to A. thaliana, although 106 families (26%) experienced
a duplication event along the branch uniting lineage I and lineage II
(Figure 5). Due to the low number of identifiable homologs in A.
arabicum and T. hassleriana, we recovered only a few duplication
events that trace back to the deepest nodes in our tree. It should be
noted that no duplication event coincided with the insertion of a TE,
either within or adjacent to the lincRNA locus. In sum, gene duplica-
tion appears to have played a role in the evolution of approximately

one-third of conserved AtlincRNAs. Moreover, the gene duplication
events driving lincRNA evolution do not appear to be due to the activity
of transposable elements.

Conserved AtlincRNA families are required to include a represen-
tative from both lineages I and II, indicating that the locus was present
in the common ancestor of species in these groups (red asterisk, Figure
1C). Therefore, the lack of an AtlincRNA-like homolog from a species
in these lineages suggests that either: 1) the locus was purged from the
genome, or 2) it has accumulated sufficient nucleotide divergence to
prevent identification at our BLASTN cutoff value. We refer to these
alternatives as lincRNA locus loss or decay, respectively. To infer rates
of loss and decay, we repeated the reciprocal BLASTN search using a
less stringent E-value cutoff (1e–5) (Figure 6A). For sequence variable
loci (i.e., recovered between 1e–20 and 1e–5), we determined whether
they shared synteny with the AtlincRNA query, and, if so, classified
them as decay events in that species. Alternatively, if we failed to re-
cover additional BLASTN hits at lower stringency, or the recovered
sequences were in different genomic locations than the AtlincRNA
query, they were classified as loss events (Figure 6A).

We identified the number of loci that were lost or decayed and
performed pairwise comparisons between all species. Based on these
comparisons, we identified three distinct groups of species (Figure 6, B
and C). The percent of decayed loci was similar for the group contain-
ing S. parvula, B. oleracea, B. rapa, and L. alabamica (17.0–19.6%),
while a lower percent of decay characterized the group containing
Capsella grandiflora,C. rubella, and E. salsugineum (13.0–14.8%; Figure
6B and File S2). The percent of decayed loci was significantly different
between these two groups (P , 0.01 based on pairwise comparisons
using a Bonferroni multiple comparison correction; see File S2).
A. lyrata experienced significantly less decay than either of these two
groups (1%; P , 0.0001; Bonferronimultiple comparison correction).
The groupings identified by pairwise comparisons for loci experiencing
loss were composed of different species. The pairwise differences be-
tween the mesopolyploids B. oleracea, B. rapa, and L. alabamica were
insignificant and ranged from 11.8% to 13.0% (Figure 6C). In relation
to each other, similar percentages of loss (2.8–4.0%) were detected in
the nonpolyploid species C. grandiflora, C. rubella, E. salsugineum, and
S. parvula. The percent of lost loci was significantly different between
these two groups (P , 0.0001; Bonferroni multiple comparison cor-
rection). Loss of lincRNA loci was rare inA. lyrata (0.8%). Interestingly,

Figure 4 Transposable element (TE) content in AtlincRNAs. (A)
Percent of lincRNAs and coding sequences from A. thaliana that over-
lap with $ 10 bp of a TE as determined by RepeatMasker. Actual
percent shown above each bar. (B) Connection between TEs and
AtlincRNA emergence. AtlincRNAs were binned based on when they
are believed to have emerged [shown on x-axis in millions of years ago
(Mya)]. TE content, either within or adjacent to the lincRNA, was de-
termined for AtlincRNAs within each bin.
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the species for which we observed a greater than expected increase in
lincRNA loss have experienced a recent WGD (mesopolyploidization
event) (Kagale et al. 2014), suggesting the two may be correlated.

We also examined a randomized set of 10,611 A. thaliana protein-
coding loci for loss and decay. We detected significantly elevated levels
of loss and decay in B. oleraceae compared with other species, while
A. lyrata showed significantly lower levels (File S2). Thus, for protein-
coding genes, we did not detect groups of species with similar levels of
loss and decay that correlated with WGD or phylogenetic position.

DISCUSSION

A subset of AtlincRNAs are conserved across
Brassicaceae and may be cis-regulatory RNAs
The evolution of AtlincRNA loci is broadly similar to that seen in
vertebrate systems, wherein sequence conservation is inversely pro-
portional to timing of divergence. The percent of lncRNAs found to be
homologous between humans and mice, which diverged !90 Mya,
ranges from 19% to 38% (Necsulea et al. 2014; Washietl et al. 2014;
Hezroni et al. 2015). Of the human lncRNA dataset used by Necsulea
et al. (2014), !3% can be identified in chicken, which diverged from
humans . 300 Mya. In our analysis, a large percentage of the
AtlincRNAs appear to be either species- or genus-specific, thus explain-
ing previous reports on the extremely low (, 1%) recovery of sequence
homologs between more distantly related species [i.e., Arabidopsis and
poplar (Shuai et al. 2014; Liu et al. 2012)]. Despite this variation, we
identified a group of 1180 lincRNA loci with sequence homologs
in both lineage I and II of the family. Within this conserved set,
sequence homologs were detected in all tested Brassicaceae genomes

for 93 AtlincRNAs, dating the origin of these loci to at least 54 Mya.
Thus, our comparative genomic analysis serves as an additional filter in
the identification of conserved AtlincRNA loci. The implications of this
sequence conservation are unclear, but could be due to conservation of
lincRNA function.

We identified several factors that may best explain the genomic
conservation we observed for 22% of the AtlincRNA loci. Features that
were enriched within the conserved AtlincRNA dataset include higher
overall expression, stress-responsiveness, and overlap with previously
identified intergenic conserved noncoding sequences (CNS). The pro-
pensity of more deeply conserved AtlincRNAs to overlap with CNS is
particularly interesting because these DNA elements are predicted to be
cis-acting transcriptional regulators (Freeling and Subramaniam 2009).
Examples of this regulation include a CNS referred to as Vgt1 that is
associated with flowering time in the grasses (Salvi et al. 2007). Here we
note overlap between the AtlincRNA dataset of Liu et al. (2012) with
the CNS from Haudry et al. (2013), to our knowledge providing sig-
nificant evidence of CNS transcription for the first time. Given the size
difference between CNS (!36 bp) and lincRNAs (.200 nts), overlap
with a CNS is not enough to explain the retention we see in the more
conserved AtlincRNA dataset, suggesting sequence conservation is
driven by additional factors. More importantly, transcription of CNS
as lincRNAs suggests that these regions might regulate gene expression
at the RNA level as well.

Vertebrate enhancer regions are important cis-regulatory elements
that show signatures of selection and, in some cases, control cell- and
tissue-specific expression profiles. Some have argued that plant CNSs are
functional analogs of vertebrate enhancers (Freeling and Subramaniam
2009; Pennacchio et al. 2007; Lam et al. 2014). Large-scale transcrip-
tomic analyses indicate that many of these enhancer regions are tran-
scriptionally active (Djebali et al. 2012). When transcribed, they are
termed enhancer RNAs (eRNAs), and data support a model in which
the presence of the eRNA, and not just transcription of the enhancer
region, regulates expression of adjacent genes (Lam et al. 2013). While
evidence of transcription of Arabidopsis CNS is not sufficient to dem-
onstrate that CNS-overlapping lincRNAs are enhancer RNAs, this result
suggests that further study is warranted.

Genome dynamics are driving diversification of
lincRNA-encoding loci
The burgeoning interest in lncRNAs and the observation that a large set
of themare species specific,havepropelledstudies focusedon identifying
factors influencing their diversification. Transposable elements are im-
plicated in diversificationof lincRNApopulations in vertebrates (Kapusta
et al. 2013). Similar to vertebrate analyses, AtlincRNAs contain more
TE content than protein-coding genes. Nevertheless, species-specific
AtlincRNAs were no more likely to contain a TE than AtlincRNAs with
sequence homologs in other Brassicaceae, suggesting that transposable
element activity is not driving species-specific AtlincRNA emergence.
However, we noticed an increase in the number of species-specific
lincRNA loci within 500 bp of a TE compared with AtlincRNA loci
for which similar sequences were identified in the genomes of other
Brassicaceae. Thus, it may be that TEs are acting as cis-regulatory ele-
ments, facilitating transcription of these lincRNA loci, similar to obser-
vations in humans and other vertebrates (Kelley et al. 2014; Kapusta et al.
2013). Brassicaceae genomes are relatively depauperate in TEs when
compared with genomes in grasses or other plant families (Murat
et al. 2012), whose TE content is more similar to that in vertebrates.
Hence, it is possible that the lack of influence exerted by TEs we observed
in Brassicaceae may not be representative of other groups of plants. Add
to this the observation that lincRNAs in grasses are less conserved

Figure 5 Inferred timing of duplication and duplication dependence
in the conserved AtlincRNA families. Timing of duplications within A.
thaliana conserved lincRNA families. The data represent duplications
that occur along the backbone leading to the AtlincRNA (blue bar).
Duplications are shown per node, with approximate divergence times
(Mya) shown in red. The number of duplication events per node are
shown in the green circles. The number of AtlincRNA families with
duplications per node are shown in purple circles. Some families con-
tained a duplication at multiple nodes and therefore were counted
multiple times. Overall, 296 AtlincRNA loci showed evidence of a
duplication event at least once, but in some cases multiple times.
The total number of duplications are shown below.
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genomically than are those in Brassicaceae (Li et al. 2014; Xin Qi et al.
2013), and a reasonable hypothesis moving forward is that lincRNA
diversification driven by TEs depends on their abundance and level of
activity in the genome.

WGD, given its prevalence in plants, presents another likely
mechanism for emergence of lincRNAs (Husband et al. 2013;
Moghe and Shiu 2014). All Brassicaceae share a WGD termed the
a duplication, and, if this event precipitated the emergence of lincR-
NAs in the group, it could explain the inability to find AtlincRNA
sequence homologs in T. hassleriana (Cleomaceae) and C. papaya
(Caricaceae), whose divergences predate the WGD (Beilstein et al.
2010; Cheng et al. 2013; Koenig and Weigel 2015). However, our
analyses of gene duplication did not recover an overrepresentation
of lncRNAs with duplications along the same branch that the a
WGD occurred. Instead, lincRNA duplication events associated
with AtlincRNAs were fairly evenly distributed along the backbone
leading to A. thaliana. The lack of a correlation between known
WGD and lincRNA emergence implies that the duplications we
detected are local rather than global events. In contrast to emer-
gence, we found that WGD events correlate with an accelerated loss
of lincRNA loci. This is consistent with observations for B. rapa
protein-coding loci that indicate deletions, and not point mutations,
make up the bulk of the gene fractionation that has occurred post-
polyploidization (Tang et al. 2012). In sum, our data suggest that
recent WGD may contribute to variability in the persistence of
putative lincRNAs among species by increasing the rate of their
deletion, likely due to fractionation post polyploidy. Thus, the a
WGD event that defines Brassicaceae may have led to a dramatic
decline in the ancestral lincRNA population, resulting in very few
lincRNAs with conserved loci throughout the family (Nelson and
Shippen 2015).

A significant caveat to these analyses is that conservation of a
lincRNA-encoding locus does not imply expression, and thus it is not
clear if expression is conserved across the family. However, evenwith
these limitations, comparative genomic approaches can still be
informative in systems with minimal transcriptomic data. Due to
their above average sequence conservation, the conserved lincRNA
dataset described here represents an excellent starting point for
functional analysis. For example, several of the conserved and
stress-responsive AtlincRNAs we identify here were recently shown
to be protein-bound and nuclear localized, providing further evi-
dence that signatures of conservation may underlie conservation of
function across Brassicaceae for well conserved AtlincRNAs (Gosai
et al. 2015).
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Figure 6 Sequence loss and decay
events in the conserved AtlincRNA
families. (A) Strategy for inferring se-
quence decay or loss for the absent
loci in the conserved AtlincRNA fam-
ilies using a less stringent BLASTN
cutoff (1e–5) and synteny. (B) Bar graph
of the percent (out of total 1023) of
lincRNA loci experiencing sequence
decay in the species listed. Pairwise
comparisons of the proportion of lost
or decayed loci were performed be-
tween all species using a score test
for a difference of binomial propor-
tions. Species that, after a Bonferroni
correction, were not significantly differ-
ent from one another were grouped.
(C) Bar graph of the percent (out of to-
tal 1023) of lincRNA loci experiencing
loss in the species listed. Raw numbers
are shown in File S2. Light blue bars
depict the level of loss and decay ob-
served for protein-coding loci.
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