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Abstract 13 
 14 
Historically, phylogenetic datasets had relatively few loci but were overrepresented for 15 
cytoplasmic sequences (mitochondria and chloroplast) because of their ease of amplification and 16 
large numbers of informative sites. Under those circumstances, it made sense to contrast 17 
individual gene tree topologies obtained from cytoplasmic loci and nuclear loci, with the goal of 18 
detecting differences between them—so-called cytonuclear discordance. In the current age of 19 
phylogenomics and ubiquitous gene tree discordance among thousands of loci, it is important to 20 
distinguish between simply observing discordance between cytoplasmic trees and a species tree 21 
inferred from many nuclear loci and identifying the cause of discordance. Here, we examine 22 
what inferences one can make from trees representing different genomic compartments. While 23 
topological discordance can be caused by multiple factors, the end goal of many studies is to 24 
determine whether the compartments have different evolutionary histories: what we refer to as 25 
“cytonuclear dissonance.” Answering this question is more complex than simply asking whether 26 
there is discordance, requiring additional analyses to determine whether genetic exchange has 27 
affected only (or mostly) one compartment. Furthermore, even when these histories differ, 28 
expectations about why they differ are not always clear. We conclude by pointing to current 29 
research and future opportunities that may help to shed light on topological variation across the 30 
multiple genomes contained within a single eukaryotic cell.  31 
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Introduction 32 
 33 

Eukaryotic organisms possess one or more kinds of membrane-bound organelles, 34 
including mitochondria and chloroplasts, which were acquired through ancient endosymbiotic 35 
relationships. Both mitochondria and chloroplasts (or, more generally, plastids) have retained 36 
reduced, self-replicating genomes that are integral to cellular metabolism (Martin et al., 2015). In 37 
addition to the functional importance of these organelles, their DNA has been a widely used 38 
source of phylogenetic information since the dawn of molecular systematics. There are several 39 
reasons for this, including high copy-number and highly conserved sequences, for which PCR 40 
primers can be easily designed. Given these features, cytoplasmic genes have been used many 41 
times for estimating relationships among taxa. 42 

 43 
The field of phylogenetics has a long history of studying inconsistencies between tree 44 

topologies inferred from cytoplasmic sequences and trees inferred from nuclear loci—commonly 45 
referred to as cytonuclear discordance (reviewed in Toews & Brelsford 2012; Sloan et al., 2017). 46 
Early studies in both animals (Ferris et al., 1983; Gyllensten & Wilson, 1987; Powell, 1983) and 47 
plants (Doebley, 1989; Rieseberg et al., 1990a; Rieseberg et al., 1990b) presented the contrast 48 
between cytoplasmic and nuclear markers as an effective and unique tool for revealing 49 
introgression between species. Many of these studies sampled multiple individuals across a 50 
geographic range, which often allowed them to infer introgression of cytoplasmic DNA 51 
(cytDNA) across species without an accompanying signal of introgression among a modest 52 
number of nuclear genes. These patterns invited numerous biological explanations, from 53 
selection against nuclear introgression, to selection for cytoplasmic introgression, to sex-biased 54 
dispersal (Rieseberg & Wendel, 1993). Importantly, before the explosion in availability of 55 
nuclear genomes, cytonuclear discordance was viewed as one of the only ways to infer 56 
introgression between species. 57 
 58 

However, simply observing differences between phylogenetic tree topologies based on 59 
cytoplasmic and nuclear DNA does not always present a straightforward interpretation. In this 60 
paper, we aim to provide an overview of several important considerations that should be made 61 
when comparing the evolutionary histories of nuclear and cytoplasmic genomes. We introduce a 62 
new term, "cytonuclear dissonance," to emphasize the concept of differing evolutionary histories 63 
between the nuclear and cytoplasmic compartments and clarify that such dissonance is distinct 64 
from the empirical observation of conflicting tree topologies (i.e. cytonuclear discordance), and 65 
numerous related concepts in the literature (Box 1). Because the concept of cytonuclear 66 
dissonance applies to the phylogenetic history of lineages and clades, our discussion will largely 67 
focus on inferences made at evolutionary scales above the level of individuals or single 68 
populations.  69 

 70 
Our primary goal is not to provide mechanistic explanations of how cytoplasmic and 71 

nuclear phylogenetic histories usually come to differ, nor is it to present an exhaustive review of 72 
the vast array of biological phenomena involved in shaping nuclear and cytoplasmic histories 73 
and interactions. Rather, we hope to provide readers with a clearer view of what cytoplasmic 74 
discordance can and cannot tell us about evolutionary history. To do this, we first briefly review 75 
the causes of gene tree discordance, followed by a more in-depth discussion of analytical 76 
approaches that can be used to determine whether cytonuclear dissonance has occurred. We end 77 
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with a discussion of some of the possible biological causes of cytonuclear dissonance, as well as 78 
several outstanding questions in the field. 79 
 80 
A multispecies coalescent view of species tree and gene trees 81 
 82 

Modern population genetics theory provides a view of the species tree wherein gene tree 83 
discordance is expected under a wide range of biological scenarios (Maddison, 1997). The 84 
multispecies coalescent model (MSC) describes the expected genealogical relationships between 85 
sampled species for many loci across the genome resulting from stochastic population processes 86 
(Hudson 1983; reviewed in Rannala et al., 2020). The genealogical history of each locus is 87 
represented by a gene tree, whereas the species tree represents the population history. Individual 88 
gene trees evolve within the species tree. The topology of a gene tree can be discordant with the 89 
species tree when coalescence at a locus does not occur in the most recent ancestral population, 90 
but instead occurs in a more distant ancestral population; this phenomenon is called incomplete 91 
lineage sorting (ILS; Figure 1). Under the MSC, species tree branch lengths are often represented 92 
as time (t, measured in number of generations) divided by twice the effective population size 93 
(Ne). More ILS is expected when there are shorter branches in the species tree, either because the 94 
time between speciation events is short or population sizes are large. Importantly, it is the length 95 
of branches that determines how much ILS there is, not the age of branches. Phylogenetic 96 
conflict arising from ILS is the same for recent divergence and ancient divergence, and does not 97 
decrease over time (Maddison, 1997). Population histories involving introgression, horizontal 98 
gene transfer, or other evolutionary reticulations can be accommodated by species networks. 99 
Such networks are typically represented as a species tree with additional edges, sometimes given 100 
weights according to the proportion of the genome inferred to have followed a given edge. 101 
Recent empirical phylogenetic studies, no longer limited to sequencing a small number of genes, 102 
routinely observe high levels of gene tree discordance due to both ILS and introgression (Cai et 103 
al., 2021). 104 
 105 

Box 1. Discordant terminology 106 
 107 
Cytonuclear discordance is the most common term for describing inconsistencies 108 
between phylogenetic trees inferred from nuclear and cytoplasmic loci. Observations of 109 
cytonuclear discordance are linked to multiple biological explanations (see main text), with 110 
a commensurate number of terms used to describe the patterns, processes, and outcomes. 111 
 112 
Several phrases have been used to suggest the magnitude and underlying biological basis 113 
of cytonuclear (but usually cytoplasmic) introgression. For example, cytoplasmic capture 114 
is often used as a synonym for cytoplasmic introgression (Rieseberg & Soltis, 1991; 115 
Tsitrone et al., 2003). This term—or a similar one, like mitochondrial capture or 116 
chloroplast capture—is also used to describe a species possessing the cytoplasmic 117 
haplotype of another species while lacking signal for nuclear introgression (Good et al., 118 
2015; Secci-Petretto et al., 2023; Wielstra & Arntzen, 2020). Although the term “capture” 119 
could imply a benefit to the recipient species, these terms are often used without reference 120 
to adaptive introgression. A less suggestive alternative to “capture” is cytonuclear 121 
mismatch (Beresford et al., 2017; Lee-Yaw et al., 2014; Pritchard & Edmands, 2013), 122 
which itself may suggest functional consequences (see below). 123 
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 124 
Cytonuclear disequilibrium was first used to formalize models that describe associations 125 
between cytoplasmic and nuclear genes and to infer their biological basis (Arnold, 1993; 126 
Arnold et al., 1988; Asmussen et al., 1987; Asmussen & Arnold, 1991; Latta et al., 2001). 127 
In many papers, this term is also used as a synonym for cytonuclear discordance (Fields et 128 
al., 2014; Monsen et al., 2007; Won et al., 2003). In a more applied context, the 129 
introgression of foreign cytoplasmic genes can be referred to as cytoplasmic rescue when 130 
used as a tool for escaping the burden of genotypes with many deleterious mutations in 131 
threatened or endangered populations (Gemmell & Allendorf, 2001; Havird et al., 2016) or 132 
as a preventative mechanism against negative interactions between nuclear and organellar 133 
genomes (Barnard-Kubow et al., 2017). 134 
 135 
When investigating the molecular interactions between cytoplasmic- and nuclear-encoded 136 
proteins, a different but sometimes confounding set of terms are used. Cytonuclear 137 
integration or cytonuclear interactions can describe how proteins that originate from 138 
cytoplasmic organelles and the nuclear genome interact to conduct important functions 139 
such as cellular respiration (McDiarmid et al., 2024; Rand et al., 2004; Sloan et al., 2018). 140 
Differences in mutation rates, effective population sizes, and mode of inheritance between 141 
compartments may select for sequence changes in the other because of these interactions, 142 
generally described as cytonuclear coevolution (Rand et al., 2004; Wang et al., 2021; 143 
Weaver et al., 2022) or cytonuclear coadaptation (Edmands & Burton, 1999; Sackton et 144 
al., 2003). More specifically, it is proposed that the nuclear genome may undergo 145 
cytonuclear compensation (Havird et al., 2015; Sloan et al., 2014; Zhang & Broughton, 146 
2013) in response to deleterious alleles that appear in cytoplasmic genes (Hill, 2020). 147 
 148 
As a result of coevolutionary processes, protein products from cytoplasmic genes that work 149 
well with their native nuclear genes may be reduced in function when present on another 150 
nuclear background. Cytonuclear interactions may be disrupted via hybridization and 151 
backcrossing, and many authors have documented corresponding reductions in metabolic 152 
performance and fitness (e.g., Klabacka et al., 2022). These situations can be referred to as 153 
cytonuclear incompatibility (Chou et al., 2010; Hoekstra et al., 2013; Meiklejohn et al., 154 
2013; Moran et al., 2024; Sambatti et al., 2008) and are part of a broad class of postzygotic 155 
incompatibilities between cytoplasmic- and nuclear-encoded proteins (Burton et al., 2013; 156 
Burton & Barreto, 2012; Dobler et al., 2014; Sloan et al., 2017). In addition, cytonuclear 157 
conflict can describe the situation in which cytoplasmic and nuclear genomes are under 158 
opposing selection pressures. For instance, any process that benefits the transmission of 159 
mitochondria at the cost of reducing transmission of the nuclear genome (Havird et al., 160 
2019). 161 
 162 
The breadth of these terms is potentially confounding. Does a pattern of cytoplasmic 163 
introgression between two species imply cytonuclear coevolution? Does a lack of 164 
cytoplasmic introgression suggest cytonuclear incompatibility? Depending on which field 165 
authors are approaching the concept from, cytonuclear discordance may include pattern, 166 
process, consequence, or all of these (Dong et al., 2014; Funk & Omland, 2003; Lee-Yaw 167 
et al., 2019; Rose et al., 2021; Toews & Brelsford, 2012). 168 

 169 
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As is made clear by the multispecies coalescent model, a species tree or species network 170 
does not represent the same thing as a single cytoplasmic or nuclear gene tree. Species histories 171 
shape the many locus histories that exist among groups of organisms; locus histories are often 172 
investigated to infer the species history. This fact is particularly explicit when using species tree 173 
methods (Edwards, 2009), which take a collection of individual gene trees and use them to infer 174 
a species history. Depending on the model assumed, these methods can infer divergence histories 175 
and sometimes introgression as well, resulting in the “nuclear tree” to which a cytoplasmic tree is 176 
often compared. While the inferred species tree from the nuclear loci is not exactly an average of 177 
the underlying marginal gene trees (because of some quirks of coalescent genealogies; Degnan & 178 
Rosenberg, 2006), neither does it have to match any of the individual gene trees, even without 179 
introgression. In other words, in some datasets, all gene trees are discordant with the species tree 180 
(e.g. Jarvis et al., 2014; Pease et al., 2016; Wu et al., 2018; Larson et al., 2025).  181 

 182 
While methods to estimate a phylogenetic tree or network from a set of gene trees can 183 

rely on a solid foundation of established population genetic and mathematical theory, it is a 184 
different challenge to accurately infer individual locus trees in the nuclear genome. This is 185 
because there are many interacting biological processes such as recombination, homoplasy, and 186 
evolutionary rate heterogeneity that complicate both decisions about how to define loci and how 187 
to best estimate their histories. In practice, estimating gene trees is usually accomplished by 188 
selecting loci that are short enough that recombination is low within each locus, and then using 189 
maximum likelihood methods to infer the tree topology and branch lengths. Gene tree inference 190 
error can result when one or more assumptions of the model used to estimate the tree are 191 
violated, including that the sequence evolved under treelike, stationary, reversible, and/or 192 
homogeneous conditions (Naser-Khdour et al., 2019). Methods that make use of site patterns, 193 
such as SVDquartets (Chifman & Kubatko, 2015), eliminate the need to delimit loci to infer a 194 
species tree, but these methods still require assumptions about the independence of individual 195 
genomic sites included in the analysis.  196 
 197 
A multispecies coalescent view of cytoplasmic discordance 198 
 199 

Considering the description of species trees and gene trees given in the previous section, 200 
we believe there is an important distinction to be made between differing histories and differing 201 
phylogenetic trees when comparing nuclear and cytoplasmic compartments. To emphasize this 202 
distinction, we use the term "cytonuclear discordance" strictly to describe the observation of 203 
mismatching topologies between phylogenetic trees or networks from the nuclear and 204 
cytoplasmic compartment(s). Cytonuclear dissonance, on the other hand, is a hypothesis about 205 
evolutionary history—an inference that one or more cytoplasmic genomes are thought to have 206 
moved among species or lineages in a way that is different from the histories comprising the 207 
nuclear genome. 208 
 209 
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 210 
Figure 1. The multispecies coalescent model and incomplete lineage sorting. Under the MSC, many 211 
different gene trees can be produced by a single species tree due to incomplete lineage sorting (ILS). a) The 212 
species tree provides information about hierarchical relationships and divergence times among species. Here, 213 
we emphasize information about the time between the two speciation events (t) and the effective population 214 
size (Ne) of the ancestral population that exists between these two events. Together, t and Ne determine the 215 
amount of ILS that will occur in this population. b) The two concordant gene trees that are produced by this 216 
species tree. The one on the left coalesces in the ancestor of species A and B (i.e. lineage sorting), while the 217 
one on the right does not (i.e. incomplete lineage sorting). Panels c) and d) show the two discordant gene trees 218 
that can be produced by ILS in this species tree, one with species A and C (panel c) and one with species B and 219 
C (panel d) more closely related. 220 
  221 
 222 

To illustrate this point, imagine that instead of a cytoplasmic locus, we had a high-223 
confidence gene tree from the nuclear-encoded alcohol dehydrogenase (Adh) gene, a classic 224 
focus of many evolutionary studies (McDonald & Kreitman, 1991). How would we interpret 225 
discordance between Adh and the species tree? This alco-nuclear discordance could signify 226 
introgression among species at the Adh locus, possibly even tied to coevolution between Adh and 227 
its interacting proteins. But without additional evidence, one cannot rule out that it is discordant 228 
due to random genealogical processes and ILS. Phylogenetic discordance with cytoplasmic loci 229 
can often be viewed in much the same way: a mitochondrial or plastid tree topology may 230 
essentially be one random draw from the multitude of genealogies that the species history 231 
comprises. Differing tree topologies alone does not provide evidence that the nuclear and 232 
cytoplasmic genome(s) ever spent time evolving in different lineages (Neigel and Avise 1984). 233 

 234 
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While cytDNA is subject to many of the same biological processes as nuclear DNA, there 235 
are also important differences. In sexually reproducing species, there is usually frequent 236 
recombination within the nuclear genome. This results in the nuclear genome having a mosaic of 237 
histories in a way that mitochondrial or plastid genomes usually do not (Doyle 2022), though 238 
there are examples of phylogenetic discordance within cytoplasmic genomes seemingly caused 239 
by recombination during periods of heteroplasmy (e.g. Leducq et al., 2017; Sullivan et al., 2017; 240 
Kao et al. 2022). This difference in recombination means the history of the nuclear compartment 241 
as a whole is not directly comparable to that of a cytoplasmic compartment. Instead, the history 242 
of a cytoplasmic genome is probably better compared to the histories of individual nuclear loci, 243 
which together comprise the nuclear history. Cytoplasmic genomes also experience differences 244 
in effective population size compared to nuclear loci. In most plants and animals, the 245 
mitochondrial and plastid genomes are haploid and uniparentally inherited, causing the cytDNA 246 
to have lower effective population size than a typical nuclear locus. Under idealized conditions, 247 
Ne for cytDNA is expected to be four times lower than nuclear loci in a diploid species with 248 
separate sexes, or two times lower in hermaphroditic or monoecious species (Birky et al. 1983; 249 
Latta 2006). However, this varies greatly depending on several biological factors and is difficult 250 
to measure empirically (Wright et al., 2008). The smaller Ne of cytoplasmic genomes means that 251 
coalescence will occur more quickly on average. Therefore, we might not expect a cytDNA tree 252 
to experience as much ILS as the average nuclear locus. As we discuss in the next section, some 253 
approaches for assessing cytonuclear dissonance are better able to account for this difference in 254 
Ne than others. 255 
 256 
Investigating whether the histories of the cytoplasm and nucleus are dissonant  257 
 258 

Given that there is discordance between a cytoplasmic locus and the species tree, one 259 
may want to know the extent to which the observed discordance is due to error, ILS, and/or 260 
genetic exchange among lineages. This genetic exchange can include several processes, such as 261 
introgression between species via sex and backcrossing, horizontal gene transfer, allopolyploidy, 262 
and lineage collapse. For our purposes, the outcomes of these various types of evolutionary 263 
reticulations are the same: they result in loci having different histories. Here, we generally refer 264 
to this collection of processes under the single term “introgression”, though we recognize that 265 
many different mechanisms may have produced the differing histories observed. 266 

 267 
There are several considerations to be made in determining whether the cytDNA has a 268 

history that is truly dissonant with that of the nuclear genome. Cytonuclear dissonance can only 269 
occur as the result of genetic exchange between diverged lineages, whereas cytonuclear 270 
discordance can result from introgression as well as other biological and methodological causes. 271 
When cytonuclear discordance can be explained by coalescent sampling processes and ILS, there 272 
is no reason to conclude that the history of the cytoplasm is different from the overall nuclear 273 
history. Similarly, if the nuclear history includes reticulations that can explain the cytDNA 274 
tree(s), there is little reason to conclude that the compartments do not share the same history or 275 
histories. Here, we provide suggestions for the kinds of tests that can help to determine whether 276 
the cytoplasm and nuclear have dissonant histories. We provide example studies that have 277 
implemented these approaches and therefore may be useful for developing specific workflows 278 
and pipelines appropriate to the clade of interest.  279 
 280 
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Testing for cytonuclear discordance 281 
 282 

The first consideration when evaluating cytonuclear dissonance should be the extent to 283 
which the nuclear and cytoplasmic trees truly differ. If there are no well-supported branches that 284 
differ between the cytDNA tree and an inferred species tree, then there is no reliable signal of 285 
cytonuclear discordance, and the observed differences may be due to tree estimation error or 286 
some other violation of the model used to estimate the tree. Even with whole cytoplasmic 287 
genomes, one should not ignore gene tree inference error as a possible source of discordance 288 
(Kimball et al., 2021; Shen et al., 2017; Weisrock, 2012). Sequence alignments should be 289 
inspected to check whether taxa with particularly high levels of missing data are causing 290 
discordance or whether the gene tree shows signals of biologically unreasonable branch lengths, 291 
possibly due to misidentified orthologs, sequence alignment issues, or assembly errors. Species 292 
misidentification or taxonomic uncertainty can also be issues for some studies (Toews & 293 
Brelsford, 2012). It is important to note that any statistical assessment of cytonuclear discordance 294 
should generally only use a single tree per organellar genome—one cannot use each gene in the 295 
mitochondrial or plastid DNA separately, as doing so would require assumptions about 296 
recombination within cytoplasmic genomes that are generally not aligned with their biology 297 
(Edwards & Bensch, 2009; Doyle 2022). If there is support for cytonuclear discordance, the next 298 
step is to determine whether there is evidence of nuclear introgression, since this aspect of the 299 
species history will determine which are the most appropriate tests for cytonuclear dissonance. 300 

 301 
Testing for nuclear introgression 302 
  303 

The shape of the species tree or network determines the probability of observing any 304 
particular gene tree topology. Thus, characterizing any past introgression involving the nuclear 305 
genome is an important step toward understanding whether the cytoplasm has a different history. 306 
There are currently many methods that can be used to detect introgression among nuclear loci 307 
(reviewed in Hibbins & Hahn 2022), including D-statistics (Green et al., 2010; Durand et al., 308 
2011) and F-statistics (Reich et al., 2009). These tests generally rely on differences in the overall 309 
counts of gene tree topologies or site patterns across the genome, as introgression can cause 310 
some to occur more often than others. When testing for introgression, ILS is generally used as 311 
the null hypothesis and the absence of evidence for introgression is generally taken to be 312 
evidence for ILS. However, ILS is always occurring, even (or perhaps especially) in the same 313 
circumstances where introgression is likely to occur—among closely related populations or 314 
species. Introgression inference at individual loci (such as the plastid or mitochondrion) requires 315 
that a determination about introgression history be made about a single gene tree, which requires 316 
a different approach than testing for genome-wide introgression in the nuclear genome. 317 
 318 
Testing for cytonuclear dissonance 319 

 320 
Ultimately, establishing cytonuclear dissonance requires showing that the cytDNA and 321 

nuclear genomes have different introgression histories. In other words, one must show that the 322 
inferred nuclear species tree or network could not have produced a gene tree like that observed 323 
for the cytDNA. Only introgression of either the cytoplasmic genome or nuclear genome (to the 324 
near complete exclusion of the other) produces cytonuclear dissonance. Thus, the approach one 325 
takes to testing for cytonuclear dissonance depends on an understanding of the nuclear 326 
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introgression history. If there is no evidence of nuclear introgression, and the species history can 327 
be reasonably modeled as a bifurcating tree, then establishing evidence of cytonuclear 328 
dissonance involves asking whether the inferred species tree could generate a tree like the 329 
cytDNA topology due to ILS. If nuclear introgression has occurred among species, then 330 
demonstrating evidence for cytonuclear dissonance involves determining whether the species 331 
network, including the hypothesized history of introgression, could generate the cytDNA tree(s). 332 
The approaches for identifying which gene trees are realistically possible, given the species tree 333 
or network, fall into two broad categories: examining the distribution of empirical nuclear gene 334 
trees estimated from sequence data (Method I below) and generating gene trees through 335 
simulation based on an inferred species tree or network (Method II below). We next discuss 336 
these two approaches in greater detail, as well as the strengths and drawbacks of each. 337 
 338 

Method I: Compare cytoplasmic tree to nuclear gene trees 339 
 340 

A straightforward approach to determining which gene trees a species tree or network is 341 
likely to produce is to examine the set of empirically estimated nuclear gene trees. One could 342 
compare the cytDNA tree topology to each estimated nuclear gene tree topology, but with any 343 
moderate number of tips it might not be expected that any two match completely, even under the 344 
same history. Instead, one can compare the nuclear gene trees to the species tree topology using a 345 
distance metric such as Robinson-Foulds distance (Robinson & Foulds, 1981) or “extra lineages” 346 
distance (Maddison, 1997; Than & Rosenberg, 2011) and then compare the cytDNA tree in the 347 
same way to ask whether the cytDNA tree is unusually distant (i.e. in the extreme tail of the 348 
distribution of distances). This approach provides a consistent empirical comparison because 349 
both sets of gene trees must be inferred from data and may therefore experience similar 350 
estimation error. If the cytDNA tree has a greater phylogenetic distance than is observed in any 351 
of the nuclear gene trees, this can be taken as evidence that the cytoplasmic genome has a 352 
dissonant history. Several recent studies have taken such an approach and provide good 353 
examples of specific tools that can be used to carry out these kinds of analyses (e.g. Kimball et 354 
al., 2021; Gardner et al., 2023). 355 
 356 
 An alternative approach asks whether there are specific branches that differ between sets 357 
of gene trees. If a reasonably large number of nuclear loci have been sampled, one can determine 358 
whether there are specific, well-supported branches in the cytDNA tree(s) that are not present 359 
among the nuclear gene trees. If they are not present in any nuclear trees, this is evidence that the 360 
cytoplasm has a different history. This approach can provide information about where in the tree 361 
introgression has occurred, which is not possible using methods that only consider overall tree 362 
dissimilarity. Examples of this approach can be found in Buckley et al. (2006), Folk et al. (2017), 363 
and Gardner et al. (2023). 364 
 365 

Method II: Simulate data and compare  366 
 367 
A second general approach is to simulate gene trees with ILS using the species tree or 368 

network, but with tree branches lengthened to resemble those resulting from cytoplasmic 369 
inheritance. As discussed above, cytoplasmic loci have an effective population size that is 370 
smaller than an average nuclear locus and are therefore expected to experience less ILS. Species 371 
tree branch lengths can be estimated in coalescent units (=t/2Ne) experienced by the nuclear 372 
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genome; however, one cannot estimate a tree in coalescent units from cytDNA directly. Instead, 373 
simulating the amount of ILS experienced by the cytDNA can be done by simply lengthening the 374 
branches of the nuclear-based tree by a factor of four (or a different scaling factor appropriate 375 
based on the focal clade’s biology). A variety of different coalescent simulators can then be used 376 
to generate a null set of gene trees expected under the nuclear history, but with the amount of 377 
ILS approximately experienced by the cytoplasm. 378 

 379 
Once a set of cytDNA-like trees has been simulated, one can apply the same two 380 

approaches as described above for the empirical nuclear gene trees. That is, one can determine 381 
whether the total tree distance from the species tree is greater for the cytDNA tree(s) than the 382 
simulated cytDNA-like trees (Gardner et al., 2023; Zhou et al., 2022) or investigate whether 383 
branches present in the cytDNA tree(s) are also observed among simulated gene trees (Folk et 384 
al., 2017; García et al., 2017; Morales-Briones et al., 2018; Zhou et al., 2022). While simulation-385 
based approaches are capable of accounting for differences in Ne experienced by the cytoplasm—386 
an advantage not available when using only empirical gene trees—they also have several 387 
disadvantages. First, the cytDNA tree is inferred from data, while the simulated trees are not. 388 
Therefore, the cytDNA tree might be more different from the species tree simply because it 389 
contains more error. Second, misspecification of the species tree or network used to simulate 390 
gene trees could lead to an incorrect distribution of gene trees.  391 
 392 
Tests involving branch lengths 393 
 394 

The tests we describe above rely mainly on identifying differences in tree topologies; 395 
however, branch length information can also be useful for determining evidence of introgression 396 
(e.g. Hahn & Hibbins 2019; Suvorov et al. 2022). Under ILS alone, the divergence time of 397 
cytDNA should be older than a given species divergence, whereas introgression can result in 398 
cytDNA divergences that are more recent than the species divergence (Joly et al., 2009; 399 
Rosenzweig et al., 2016). However, it is important to ensure that genetic distances or branch 400 
lengths are comparable between compartments, as both mutation rates and effective population 401 
sizes differ. Fair comparisons require making clear distinctions between allelic divergence times 402 
and species divergence times (cf. Edwards & Beerli 2000) and making use of scaling factors that 403 
account for differences in mutation rates between compartments (e.g. Mikkelsen & Weir 2023; 404 
Lee-Yaw et al., 2019). 405 
 406 
Interpreting the evidence: what can we infer?  407 
 408 

Thus far, we have introduced multiple biological processes that can lead to gene tree 409 
discordance, as well as multiple different tests that can be used to distinguish whether 410 
cytonuclear discordance is due to dissonant histories. Importantly, comparisons involving tree 411 
topologies do not necessarily tell us much about the particular events or processes that have 412 
occurred, and there are often multiple possible combinations of ILS and introgression that could 413 
lead to similar sets of empirical evidence for or against dissonance. Here, we discuss what the 414 
evidence can tell us about the histories of the nuclear and cytoplasmic genomes, focusing our 415 
discussion on five scenarios implied by the tests described in the previous section (Figure 2). 416 
  417 
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Scenario 1: No cytonuclear discordance 418 
 419 
 If there is little support for cytonuclear discordance, the most straightforward 420 
interpretation is that the cytDNA has the same history as much of the nuclear genome. However, 421 
even introgressed loci do not necessarily have a discordant tree topology. It is still therefore 422 
possible that introgression (and ILS) has occurred in one or more genomic compartments in this, 423 
or any other scenario, even if there is no signal of discordance. 424 
 425 
Scenario 2: Cytonuclear discordance, but not support for cytonuclear dissonance in the absence 426 
of nuclear introgression 427 
 428 

If there is support for cytonuclear discordance, and nuclear introgression is not suspected, 429 
one can use the tests outlined above to establish whether the cytDNA tree could reasonably be 430 
produced by the inferred species tree. If the cytDNA tree is sufficiently similar to the nuclear 431 
gene trees observed, only ILS is needed to explain the discordance (e.g. DeRaad et al., 2023). It 432 
is important to note that even if the inferred cytoplasmic tree is not shown to match any 433 
particular nuclear gene tree exactly, pervasive ILS can lead to a large number of possible trees, 434 
not all of which will be necessarily be observed in the nuclear genome.  435 

 436 

 437 
 438 
Figure 2. Framework for assessing whether there is evidence of cytonuclear dissonance. Here 439 
"introgression" is used to encompass a wide array of evolutionary reticulations, including horizontal gene 440 
transfer and allopolyploidy, which all have the effect of leading to network-like nuclear histories. In any of the 441 
five scenarios described here, it is important to bear in mind that introgressed loci do not necessarily have a 442 
discordant tree topology. This means that it is possible that introgression has occurred in one or more genomic 443 
compartments even if there is no signal of discordance. 444 
 445 
Scenario 3: Support for cytonuclear dissonance in the absence of nuclear introgression 446 
 447 

If one has established that the cytDNA tree cannot be explained by ILS given the species 448 
tree, and there is no evidence of introgression within the nuclear genome, then there is evidence 449 
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that the introgression history differs between nucleus and the cytoplasm. However, one cannot 450 
necessarily conclude that the cytoplasmic element is the one that introgressed. The biology of 451 
cytoplasmic genes alone does not necessarily provide a strong argument for or against 452 
introgression of the cytoplasm (Sloan et al., 2017), and it is possible that the nuclear genome was 453 
replaced by introgression rather than the cytoplasm (see discussion of possible mechanisms 454 
below). 455 
 456 
Scenario 4: Cytonuclear discordance, but not support for cytonuclear dissonance in the presence 457 
of nuclear introgression 458 
 459 

If there is evidence of both cytonuclear discordance and nuclear introgression, finding 460 
support for cytonuclear dissonance requires showing that the cytDNA tree could not result from 461 
the proposed species network. If the species network could reasonably generate a similar tree 462 
through a combination of ILS and introgression, then there is no evidence that the history of the 463 
cytoplasm differs from those of the nuclear genome, and therefore no evidence of cytonuclear 464 
dissonance. Several studies have found cytonuclear discordance that is well explained by a 465 
history of introgression also observed among nuclear loci, including in bats (Foley et al., 2024), 466 
seabirds (Mikkelsen & Weir, 2023), and wild pigs (Frantz et al., 2013). 467 
 468 
Scenario 5: Support for cytonuclear dissonance in the presence of nuclear introgression 469 
 470 
 If one has established cytonuclear discordance and shown that the nuclear history of 471 
introgression cannot reasonably explain the cytDNA history, then there is evidence to support an 472 
inference of cytonuclear dissonance. Folk et al. (2017) used empirical tree comparisons and 473 
simulations (i.e. Methods I and II here) to show that neither cytDNA tree could be explained by 474 
ILS based on the histories inferred to comprise the nuclear genome in the plant genus Heuchera. 475 
 476 
Considering the causes cytonuclear dissonance 477 
 478 
 There are a multitude of biological scenarios that could lead to cytonuclear dissonance. 479 
For example, hybridization between species followed by backcrossing, possibly with strong 480 
selection, could result in cytoplasmic introgression to the exclusion of long-term nuclear 481 
introgression. During reproduction via androgenesis or gynogenesis, one parent passes on their 482 
entire nuclear genome to the next generation after mating (Schlupp 2005; Hedtke and Hillis, 483 
2011). There are very few, if any, examples of multispecies androgenetic or gynogenetic clades, 484 
which could theoretically generate apparent cytonuclear dissonance through only speciation and 485 
ILS (due to completely linked inheritance of all nuclear genes). However, it is possible that inter-486 
species mating, followed by ejection or destruction of one parent’s nuclear DNA could lead to 487 
“mismatched” nuclear and cytoplasmic genomes in a single generation (Hedtke and Hillis, 488 
2011). If this introgressed genome became widespread or fixed in a lineage, this process could 489 
result in cytonuclear dissonance. For example, a lineage of salamanders in the genus Ambystoma 490 
originated via hybridization and subsequent replacement of the parental species’ nuclear DNA, 491 
establishing starkly different histories between mitochondrial and nuclear loci (Bogart et al., 492 
2007, 2009; Denton et al., 2018). Other modes of transfer do not necessarily rely on reproductive 493 
strategies; interspecies cellular interactions resulting from parasitism or injury could result in 494 
horizontal transfer of plastids or mitochondria, which could be passed on to offspring. Transfer 495 
of plastids between species has been demonstrated in plants grafted in the lab (Thyssen et al. 496 
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2012), and there are numerous examples of apparent horizontal cytDNA transfer occurring in 497 
nature (e.g. Davis and Wurdack 2004). 498 
 499 
Which cellular compartment introgressed? 500 
 501 

In most cases where there is evidence of cytonuclear dissonance, the topology of a 502 
phylogenetic tree alone is not sufficient to reliably determine what events caused it, or even 503 
which genome introgressed. Some particularly clear examples of cytonuclear dissonance come 504 
from population-level analyses, where cytoplasmic genome variation within a species allows 505 
inference of the directionality of introgression (Denton et al., 2014; Soltis et al., 1991; Toews & 506 
Brelsford, 2012). For example, Good et al. (2015) used targeted sequence capture to show that 507 
there was no evidence of nuclear introgression, despite clear, unidirectional introgression of the 508 
mitochondrial genome in populations of Tamias chipmunks. It is important to note that 509 
monophyly of a species within a gene tree does not necessarily rule out introgression, since an 510 
introgressed locus or genome can also fix within a species (e.g. Bossu & Near 2009). 511 
 512 

There are many explanations in the literature for why genes in one or the other 513 
compartment might have introgressed, given that cytonuclear dissonance can have important 514 
functional consequences. For example, mismatches between cytoplasmic genes that cause male 515 
sterility and nuclear restorer elements underlie hybrid male sterility in several groups of plants 516 
(Fishman & Willis, 2006). Several organellar protein complexes are derived from subunits that 517 
originate from both the cytoplasmic and nuclear genomes, which coevolve to maintain the 518 
structure and function of the protein complex (Rand et al., 2004; Sloan et al., 2018; Weaver et 519 
al., 2022; Yan et al., 2019). Mismatches between these co-adapted subunits can result in genetic 520 
incompatibilities through poor physiological performance or lethality in hybrids (Chou et al., 521 
2010; Barnard-Kubow et al., 2017; Lamelza & Ailion, 2017; Moran et al., 2024; Willett & 522 
Burton, 2001). Therefore, some arguments point to the central role of mitochondria and 523 
chloroplasts in metabolism and emphasize that their genomes (and any nuclear genes to which 524 
they are co-adapted) should generally be resistant to gene flow due to reduced fitness of early 525 
hybrids (Burton & Barreto, 2012; Hill 2016). Thus, from this point of view, introgression of the 526 
cytoplasmic genomes should be rare relative to the nuclear genome.  527 

 528 
Other arguments emphasize that the uniparental inheritance and limited recombination 529 

among cytoplasmic genomes could lead to the accumulation of deleterious mutations. In such 530 
cases, a species might benefit from acquiring an overall less-impaired cytoplasmic genome 531 
through introgressive hybridization with another species (reviewed in Sloan et al., 2017). 532 
Similarly, introgression during a species' range expansion could also allow the acquisition of 533 
more locally adapted cytoplasmic genomes (Hill 2019). In these cases, one might argue that the 534 
cytoplasmic genome is more likely than most nuclear genes to introgress. 535 

 536 
As mentioned above, discordance by itself is also usually uninformative about the 537 

direction of introgression, so determining who “captured” which genome of whom requires 538 
additional data. Other biological factors may also influence the relative likelihood of nuclear 539 
versus cytoplasmic introgression. For example, there is a bias toward greater introgression of 540 
cytoplasmic loci in haplodiploid animals (Patten et al. 2015). Differences in average dispersal 541 
between males and females, and between pollen and seeds in plants, can also lead to differences 542 
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in introgression rates between compartments (Petit et al., 1993), as can sex-biased asymmetries 543 
in hybrid fitness (Toews & Brelsford 2012).  544 

 545 
Finally, it may be that nuclear genes can co-introgress with co-adapted cytoplasmic genes 546 

(Forsythe et al., 2020; Moran et al., 2024). If a small number of nuclear genes appear to share an 547 
introgression history with the cytoplasm, should one consider there to be cytonuclear 548 
dissonance? In a sense, the history of those co-introgressed nuclear genes could be considered 549 
dissonant with the rest of the nuclear history. Any threshold for how many nuclear genes can co-550 
introgress alongside the cytoplasm before the cytonuclear histories should be considered 551 
consonant is largely a matter of terminology. What is more biologically important is whether this 552 
pattern is due to co-evolution and/or selection for co-introgression between nuclear and 553 
cytoplasmic genes. One approach to detecting such scenarios is to test whether introgressed 554 
nuclear loci are enriched for genes involved in plastid or mitochondrial interactions (e.g. Lee-555 
Yaw et al., 2019; Forsythe et al., 2020). If there are more genes involved in cytonuclear 556 
interactions than expected by chance, this could be evidence that selection has caused these 557 
genes to be preferentially introgressed after or during the introgression of the cytoplasm. One 558 
should also consider the possibility that these genes are among the only ones that have not 559 
introgressed within a background of near-total nuclear replacement. Determining which situation 560 
is more likely requires additional information. 561 
 562 
Conclusions and Future Directions 563 
 564 
 We have argued for a clearer distinction between cytonuclear discordance and 565 
cytonuclear dissonance. Such a distinction will allow researchers to better differentiate between 566 
patterns observed in phylogenetic analyses and evolutionary processes, including introgression 567 
and interactions between the cytoplasmic and nuclear genomes. Many of the ideas discussed here 568 
are also relevant to studies of symbionts and their hosts, particularly bacterial endosymbionts 569 
(e.g. Symula et al. 2011; Perez-Escobar et al. 2016). Populations of such organisms would be 570 
expected to undergo ILS in much the same way as does a mitochondrial or plastid genome. This 571 
means that discordance between a host clade’s phylogeny and that of their endosymbiont does 572 
not necessarily indicate dissonant histories (i.e. host switching). Rather, one must establish 573 
evidence that the endosymbiont’s history cannot be explained by the phylogenetic tree or 574 
network of the host clade. 575 
 576 

Demonstrating that there is cytonuclear discordance is relatively easy; providing evidence 577 
for cytonuclear dissonance requires much more work. Advances in DNA sequencing have 578 
provided a broader view of the frequency with which nuclear gene trees will be discordant with 579 
the species tree. Depending on the tempo of speciation and the history of introgression, many 580 
cases of cytonuclear discordance may be well-explained by processes that affect all cellular 581 
compartments.  582 
 583 
 There are several areas of research that may yield advances in our understanding of the 584 
causes of cytonuclear discordance and dissonance. One pattern that we find particularly 585 
interesting is that cytoplasmic gene trees often appear to be more different from the species tree, 586 
and with higher support, than any particular nuclear gene tree (e.g. Zhou et al., 2022; Gardner et 587 
al., 2023; Hendriks et al., 2023). The reasons for this pattern are unclear: it could be because 588 
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cytDNA introgresses more often, or simply that the signature of introgression is more easily 589 
observed in the relatively long, nonrecombining cytoplasmic genome. In other words, it could be 590 
that the length of recombination-free loci within the nuclear genome are generally too short to 591 
yield strongly supported, highly conflicting tree topologies. Another explanation could be that 592 
the conserved functions of chloroplasts and mitochondria mean that their genomes are capable of 593 
introgressing across further evolutionary distances without experiencing the same levels of 594 
genetic incompatibilities as the average nuclear gene. 595 
 596 

 Scientists cannot meaningfully investigate the potentially powerful consequences of 597 
cytonuclear discordance and dissonance until they are defined and reliably identified. Doing so 598 
will allow empirical studies to better assess other related processes, such as the prevalence of co-599 
introgression of nuclear and cytoplasmic loci, signatures of compensatory molecular evolution, 600 
or the functional costs of cytonuclear mismatch. Taxonomic systems that demonstrate strong 601 
signals for cytoplasmic dissonance can be used to test for potential negative effects on these 602 
types of traits (e.g. mitochondrial efficiency, organismal metabolic rate, fertility). Several studies 603 
have demonstrated that cytonuclear mismatch can carry a negative or lethal consequence, 604 
particularly in F1 hybrids or asexual lineages of animals (Cullum, 1997; Willett and Burton, 605 
2001; Denton et al., 2017; Klabacka et al., 2022; Moran et al., 2024). However, it remains 606 
unclear how common these cytonuclear scenarios are, especially compared to nuclear 607 
incompatibilities, or if the fitness costs are meaningful. Systems with a history of cytonuclear 608 
dissonance, particularly without co-introgression, should provide better insight to the ubiquity of 609 
this phenomenon. 610 

 611 
 Reliably differentiating between patterns of cytonuclear discordance and cytonuclear 612 
dissonance is an important step forward, especially as these concepts become applied to other 613 
biological disciplines. For example, cytonuclear dissonance is increasingly studied as a 614 
contributor to phenotypes associated with aging (e.g. Serrano et al., 2024). These studies often 615 
conduct crosses among strains to create new combinations of mitochondrial haplotypes on 616 
different nuclear backgrounds (Serrano et al., 2024) or to quantify selection between or within 617 
individuals that are heteroplasmic (Battersby & Shoubridge, 2001; Jenuth et al., 1997). In these 618 
instances, phylogenetic methods could help to quantify cytonuclear dissonance to contextualize 619 
experiments that measure putative physiological outcomes. The above guidelines could also 620 
contribute to the further development of ecological models that consider cytonuclear dissonance 621 
as a parameter that influences community composition, abundance, and distribution (e.g. 622 
Princepe et al., 2022). The dizzying array of terminology surrounding cytonuclear discordance 623 
and dissonance (Box 1) makes these connections across fields challenging, but we hope that the 624 
conceptual clarifications offered here help to make them more likely.  625 
 626 
Acknowledgements 627 
 628 
This work was supported by grants from the National Science Foundation: IOS-2109716 to 629 
D.A.L., DBI-2305732 to M.W.I, DEB-2045704 to R.D.D, and DEB-1936187 to M.W.H. The 630 
authors thank Alan Whittemore, Rebekah Mohn, Kieran Althaus, and Andrew Hipp for helpful 631 
discussions and suggestions, as well as Rachel Warnock, Ryan Folk, and two anonymous 632 
reviewers for their comments on an earlier version of the manuscript. 633 
 634 



16 

References 635 
 636 
Arnold, J. (1993). Cytonuclear disequilibria in hybrid zones. Annual Review of Ecology and 637 

Systematics, 24, 521–554. 638 
Arnold, J., Asmussen, M. A., & Avise, J. C. (1988). An epistatic mating system model can 639 

produce permanent cytonuclear disequilibria in a hybrid zone. Proceedings of the 640 
National Academy of Sciences, 85(6), 1893–1896. 641 

Asmussen, M. A., & Arnold, J. (1991). The effects of admixture and population subdivision on 642 
cytonuclear disequilibria. Theoretical Population Biology, 39(3), 273–300. 643 

Asmussen, M. A., Arnold, J., & Avise, J. C. (1987). Definition and properties of disequilibrium 644 
statistics for associations between nuclear and cytoplasmic genotypes. Genetics, 115(4), 645 
755–768. 646 

Barnard-Kubow, K. B., McCoy, M. A., & Galloway, L. F. (2017). Biparental chloroplast 647 
inheritance leads to rescue from cytonuclear incompatibility. New Phytologist, 213(3), 648 
1466–1476. 649 

Battersby, B. J., & Shoubridge, E. A. (2001). Selection of a mtDNA sequence variant in 650 
hepatocytes of heteroplasmic mice is not due to differences in respiratory chain function 651 
or efficiency of replication. Human Molecular Genetics, 10(22), 2469–2479. 652 

Beresford, J., Elias, M., Pluckrose, L., Sundström, L., Butlin, R. K., Pamilo, P., & Kulmuni, J. 653 
(2017). Widespread hybridization within mound-building wood ants in Southern Finland 654 
results in cytonuclear mismatches and potential for sex-specific hybrid breakdown. 655 
Molecular Ecology, 26(15), 4013–4026. 656 

Birky, C. W., Maruyama, T., & Fuerst, P. (1983). An approach to population and evolutionary 657 
genetic theory for genes in mitochondria and chloroplasts, and some results. Genetics, 658 
103(3), 513–527. 659 

Bogart, J. P., Bartoszek, J., Noble, D. W. A., & Bi, K. (2009). Sex in unisexual salamanders: 660 
Discovery of a new sperm donor with ancient affinities. Heredity, 103(6), 483–493.  661 

Bogart, J. P., Bi, K., Fu, J., Noble, D. W. A., & Niedzwiecki, J. (2007). Unisexual salamanders 662 
(genus Ambystoma) present a new reproductive mode for eukaryotes. Genome, 50(2), 663 
119–136.  664 

Bossu, C. M., & Near, T. J. (2009). Gene trees reveal repeated instances of mitochondrial DNA 665 
introgression in orangethroat darters (Percidae: Etheostoma). Systematic Biology, 58(1), 666 
114–129. 667 

Buckley, T. R., Cordeiro, M., Marshall, D. C., & Simon, C. (2006). Differentiating between 668 
hypotheses of lineage sorting and introgression in New Zealand alpine cicadas 669 
(Maoricicada Dugdale). Systematic Biology, 55(3), 411–425. 670 

Burton, R. S., & Barreto, F. S. (2012). A disproportionate role for mtDNA in Dobzhansky–671 
Muller incompatibilities? Molecular Ecology, 21(20), 4942–4957. 672 

Burton, R. S., Pereira, R. J., & Barreto, F. S. (2013). Cytonuclear genomic interactions and 673 
hybrid breakdown. Annual Review of Ecology, Evolution, and Systematics, 44(1), 281–674 
302. 675 

Cai, L., Xi, Z., Lemmon, E. M., Lemmon, A. R., Mast, A., Buddenhagen, C. E., Liu, L., & 676 
Davis, C. C. (2021). The perfect storm: Gene tree estimation error, incomplete lineage 677 
sorting, and ancient gene flow explain the most recalcitrant ancient angiosperm clade, 678 
Malpighiales. Systematic Biology, 70(3), 491–507.  679 



17 

Chifman, J., & Kubatko, L. (2015). Identifiability of the unrooted species tree topology under the 680 
coalescent model with time-reversible substitution processes, site-specific rate variation, 681 
and invariable sites. Journal of Theoretical Biology, 374, 35–47. 682 

Chou, J.-Y., Hung, Y.-S., Lin, K.-H., Lee, H.-Y., & Leu, J.-Y. (2010). Multiple molecular 683 
mechanisms cause reproductive isolation between three yeast species. PLOS Biology, 8(7), 684 
e1000432. 685 

Davis, C. C., & Wurdack, K. J. (2004). Host-to-parasite gene transfer in flowering plants: 686 
Phylogenetic evidence from Malpighiales. Science, 305(5684), 676–678. 687 

Degnan, J. H., & Rosenberg, N. A. (2006). Discordance of species trees with their most likely 688 
gene trees. PLOS Genetics, 2(5), e68. 689 

Denton, R. D., Greenwald, K. R., & Gibbs, H. L. (2017). Locomotor endurance predicts 690 
differences in realized dispersal between sympatric sexual and unisexual salamanders. 691 
Functional Ecology, 31(4), 915–926. 692 

Denton, R. D., Kenyon, L. J., Greenwald, K. R., & Gibbs, H. L. (2014). Evolutionary basis of 693 
mitonuclear discordance between sister species of mole salamanders (Ambystoma sp.). 694 
Molecular Ecology, 23(11), 2811–2824. 695 

Denton, R. D., Morales, A. E., & Gibbs, H. L. (2018). Genome-specific histories of divergence 696 
and introgression between an allopolyploid unisexual salamander lineage and two 697 
ancestral sexual species. Evolution, 72(8), 1689–1700.  698 

DeRaad, D. A., McCullough, J. M., DeCicco, L. H., Hime, P. M., Joseph, L., Andersen, M. J., & 699 
Moyle, R. G. (2023). Mitonuclear discordance results from incomplete lineage sorting, 700 
with no detectable evidence for gene flow, in a rapid radiation of Todiramphus 701 
kingfishers. Molecular Ecology, 32(17), 4844–4862. 702 

Dobler, R., Rogell, B., Budar, F., & Dowling, D. K. (2014). A meta‐analysis of the strength and 703 
nature of cytoplasmic genetic effects. Journal of Evolutionary Biology, 27(10), 2021–704 
2034. 705 

Doebley, J. (1989). Molecular evidence for a missing wild relative of maize and the introgression 706 
of its chloroplast genome into Zea perennis. Evolution, 43(7), 1555–1559. 707 

Dong, F., Zou, F.-S., Lei, F.-M., Liang, W., Li, S.-H., & Yang, X.-J. (2014). Testing hypotheses 708 
of mitochondrial gene-tree paraphyly: Unravelling mitochondrial capture of the streak-709 
breasted scimitar babbler (Pomatorhinus ruficollis) by the Taiwan scimitar babbler 710 
(Pomatorhinus musicus). Molecular Ecology, 23(23), 5855–5867. 711 

Doyle, J. J. (2022). Defining coalescent genes: Theory meets practice in organelle 712 
phylogenomics. Systematic Biology, 71(2), 476–489. 713 

Durand, E. Y., Patterson, N., Reich, D., & Slatkin, M. (2011). Testing for ancient admixture 714 
between closely related populations. Molecular Biology and Evolution, 28(8), 2239–2252. 715 

Edmands, S., & Burton, R. S. (1999). Cytochrome c oxidase activity in interpopulation hybrids 716 
of a marine copepod: A test for nuclear‐nuclear or nuclear‐cytoplasmic coadaptation. 717 
Evolution, 53(6), 1972–1978. 718 

Edwards, S. (2009). Is a new and general theory of molecular systematics emerging? Evolution, 719 
63(1), 1–19. 720 

Edwards, S., & Beerli, P. (2000). Perspective: Gene divergence, population divergence, and the 721 
variance in coalescence time in phylogeographic studies. Evolution, 54(6), 1839–1854. 722 

Edwards, S., & Bensch, S. (2009). Looking forwards or looking backwards in avian 723 
phylogeography? A comment on Zink and Barrowclough 2008. Molecular Ecology, 724 
18(14), 2930–2933. 725 



18 

Ferris, S. D., Sage, R. D., Huang, C.-M., Nielsen, J. T., Ritte, U., & Wilson, A. C. (1983). Flow 726 
of mitochondrial DNA across a species boundary. Proceedings of the National Academy 727 
of Sciences, 80(8), 2290–2294. 728 

Fields, P. D., McCauley, D. E., McAssey, E. V., & Taylor, D. R. (2014). Patterns of cyto-nuclear 729 
linkage disequilibrium in Silene latifolia: Genomic heterogeneity and temporal stability. 730 
Heredity, 112(2), 99–104. 731 

Fishman, L., & Willis, J. H. (2006). A cytonuclear incompatibility causes anther sterility in 732 
Mimulus hybrids. Evolution, 60(7), 1372–1381. 733 

Foley, N. M., Harris, A. J., Bredemeyer, K. R., Ruedi, M., Puechmaille, S. J., Teeling, E. C., 734 
Criscitiello, M. F., & Murphy, W. J. (2024). Karyotypic stasis and swarming influenced 735 
the evolution of viral tolerance in a species-rich bat radiation. Cell Genomics, 4(2). 736 

Folk, R. A., Mandel, J. R., & Freudenstein, J. V. (2017). Ancestral gene flow and parallel 737 
organellar genome capture result in extreme phylogenomic discord in a lineage of 738 
angiosperms. Systematic Biology, 66(3), 320–337. 739 

Forsythe, E. S., Nelson, A. D., & Beilstein, M. A. (2020). Biased gene retention in the face of 740 
introgression obscures species relationships. Genome Biology and Evolution, 12(9), 741 
1646–1663. 742 

Frantz, L. A., Schraiber, J. G., Madsen, O., Megens, H.-J., Bosse, M., Paudel, Y., Semiadi, G., 743 
Meijaard, E., Li, N., Crooijmans, R. P., Archibald, A. L., Slatkin, M., Schook, L. B., 744 
Larson, G., & Groenen, M. A. (2013). Genome sequencing reveals fine scale 745 
diversification and reticulation history during speciation in Sus. Genome Biology, 14(9), 746 
R107. 747 

Funk, D. J., & Omland, K. E. (2003). Species-level paraphyly and polyphyly: Frequency, causes, 748 
and consequences, with insights from animal mitochondrial DNA. Annual Review of 749 
Ecology, Evolution, and Systematics, 34(1), 397–423. 750 

García, N., Folk, R. A., Meerow, A. W., Chamala, S., Gitzendanner, M. A., Oliveira, R. S. de, 751 
Soltis, D. E., & Soltis, P. S. (2017). Deep reticulation and incomplete lineage sorting 752 
obscure the diploid phylogeny of rain-lilies and allies (Amaryllidaceae tribe 753 
Hippeastreae). Molecular Phylogenetics and Evolution, 111, 231–247. 754 

Gardner, E. M., Bruun-Lund, S., Niissalo, M., Chantarasuwan, B., Clement, W. L., Geri, C., 755 
Harrison, R. D., Hipp, A. L., Holvoet, M., Khew, G., Kjellberg, F., Liao, S., Pederneiras, 756 
L. C., Peng, Y.-Q., Pereira, J. T., Phillipps, Q., Ahmad Puad, A. S., Rasplus, J.-Y., Sang, 757 
J., … Rønsted, N. (2023). Echoes of ancient introgression punctuate stable genomic 758 
lineages in the evolution of figs. Proceedings of the National Academy of Sciences, 759 
120(28), e2222035120. 760 

Gemmell, N. J., & Allendorf, F. W. (2001). Mitochondrial mutations may decrease population 761 
viability. Trends in Ecology & Evolution, 16(3), 115–117. 762 

Good, J. M., Vanderpool, D., Keeble, S., & Bi, K. (2015). Negligible nuclear introgression 763 
despite complete mitochondrial capture between two species of chipmunks. Evolution, 764 
69(8), 1961–1972. 765 

Green, R. E., Krause, J., Briggs, A. W., Maricic, T., Stenzel, U., Kircher, M., Patterson, N., Li, 766 
H., Zhai, W., Fritz, M. H.-Y., Hansen, N. F., Durand, E. Y., Malaspinas, A.-S., Jensen, J. 767 
D., Marques-Bonet, T., Alkan, C., Prüfer, K., Meyer, M., Burbano, H. A., … Pääbo, S. 768 
(2010). A Draft Sequence of the Neandertal Genome. Science, 328(5979), 710. 769 

Gyllensten, U., & Wilson, A. C. (1987). Interspecific mitochondrial DNA transfer and the 770 
colonization of Scandinavia by mice. Genetical Research, 49(1), 25–29. 771 



19 

Hahn, M. W., & Hibbins, M. S. (2019). A three-sample test for introgression. Molecular Biology 772 
and Evolution, 36(12), 2878–2882. 773 

Havird, J. C., Fitzpatrick, S. W., Kronenberger, J., Funk, W. C., Angeloni, L. M., & Sloan, D. B. 774 
(2016). Sex, mitochondria, and genetic rescue. Trends in Ecology & Evolution, 31(2), 775 
96–99. 776 

Havird, J. C., Forsythe, E. S., Williams, A. M., Werren, J. H., Dowling, D. K., & Sloan, D. B. 777 
(2019). Selfish mitonuclear conflict. Current Biology, 29(11), R496–R511. 778 

Havird, J. C., Whitehill, N. S., Snow, C. D., & Sloan, D. B. (2015). Conservative and 779 
compensatory evolution in oxidative phosphorylation complexes of angiosperms with 780 
highly divergent rates of mitochondrial genome evolution. Evolution, 69(12), 3069–3081. 781 

Hedtke, S. M., & Hillis, D. M. (2011). The potential role of androgenesis in cytoplasmic–nuclear 782 
phylogenetic discordance. Systematic Biology, 60(1), 87–96. 783 

Hendriks, K. P., Kiefer, C., Al-Shehbaz, I. A., Bailey, C. D., Hooft van Huysduynen, A., 784 
Nikolov, L. A., Nauheimer, L., Zuntini, A. R., German, D. A., Franzke, A., Koch, M. A., 785 
Lysak, M. A., Toro-Núñez, Ó., Özüdoğru, B., Invernón, V. R., Walden, N., Maurin, O., 786 
Hay, N. M., Shushkov, P., … Lens, F. (2023). Global Brassicaceae phylogeny based on 787 
filtering of 1,000-gene dataset. Current Biology, 33(19), 4052-4068.e6. 788 

Hibbins, M. S., & Hahn, M. W. (2019). The timing and direction of introgression under the 789 
multispecies network coalescent. Genetics, 211(3), 1059–1073. 790 

Hibbins, M. S., & Hahn, M. W. (2022). Phylogenomic approaches to detecting and 791 
characterizing introgression. Genetics, 220(2), iyab173. 792 

Hill, G. E. (2016). Mitonuclear coevolution as the genesis of speciation and the mitochondrial 793 
DNA barcode gap. Ecology and Evolution, 6(16), 5831–5842. 794 

Hill, G. E. (2019). Reconciling the mitonuclear compatibility species concept with rampant 795 
mitochondrial introgression. Integrative and Comparative Biology, 59(4), 912–924. 796 

Hill, G. E. (2020). Mitonuclear compensatory coevolution. Trends in Genetics, 36(6), 403–414. 797 
Hoekstra, L. A., Siddiq, M. A., & Montooth, K. L. (2013). Pleiotropic effects of a 798 

mitochondrial–nuclear incompatibility depend upon the accelerating effect of temperature 799 
in Drosophila. Genetics, 195(3), 1129–1139. 800 

Hudson, R. R. (1983). Testing the constant-rate neutral allele model with protein sequence data. 801 
Evolution, 37(1), 203–217. 802 

Jarvis, E. D., Mirarab, S., Aberer, A. J., Li, B., Houde, P., Li, C., Ho, S. Y. W., Faircloth, B. C., 803 
Nabholz, B., Howard, J. T., Suh, A., Weber, C. C., da Fonseca, R. R., Li, J., Zhang, F., 804 
Li, H., Zhou, L., Narula, N., Liu, L., … Zhang, G. (2014). Whole-genome analyses 805 
resolve early branches in the tree of life of modern birds. Science, 346(6215), 1320–1331. 806 

Jenuth, J. P., Peterson, A. C., & Shoubridge, E. A. (1997). Tissue-specific selection for different 807 
mtDNA genotypes in heteroplasmic mice. Nature Genetics, 16(1), 93–95. 808 

Joly, S., McLenachan, P. A., & Lockhart, P. J. (2009). A statistical approach for distinguishing 809 
hybridization and incomplete lineage sorting. The American Naturalist, 174(2), E54–E70. 810 

Kimball, R. T., Guido, M., Hosner, P. A., & Braun, E. L. (2021). When good mitochondria go 811 
bad: Cyto-nuclear discordance in landfowl (Aves: Galliformes). Gene, 801, 145841. 812 

Klabacka, R. L., Parry, H. A., Yap, K. N., Cook, R. A., Herron, V. A., Horne, L. M., Wolak, M. 813 
E., Maldonado, J. A., Fujita, M. K., Kavazis, A. N., Oaks, J. R., & Schwartz, T. S. 814 
(2022). Reduced mitochondrial respiration in hybrid asexual lizards. The American 815 
Naturalist, 199(5), 719–728. 816 



20 

Lamelza, P., & Ailion, M. (2017). Cytoplasmic-nuclear incompatibility between wild isolates of 817 
Caenorhabditis nouraguensis. G3 Genes|Genomes|Genetics, 7(3), 823–834. 818 

Larson, D. A., Staton, M. E., Kapoor, B., Islam-Faridi, N., Zhebentyayeva, T., Fan, S., Stork, J., 819 
Thomas, A., Ahmed, A. S., Stanton, E. C., Houston, A., Schlarbaum, S. E., Hahn, M. W., 820 
Carlson, J. E., Abbott, A. G., DeBolt, S., & Nelson, C. D. (2025). A haplotype-resolved 821 
reference genome of Quercus alba sheds light on the evolutionary history of oaks. New 822 
Phytologist, 246(1), 331–348. 823 

Latta, R. G. (2006). Integrating patterns across multiple genetic markers to infer spatial 824 
processes. Landscape Ecology, 21(6), 809–820. 825 

Latta, R. G., Linhart, Y. B., & Mitton, J. B. (2001). Cytonuclear disequilibrium and genetic drift 826 
in a natural population of ponderosa pine. Genetics, 158(2), 843–850. 827 

Leducq, J.-B., Henault, M., Charron, G., Nielly-Thibault, L., Terrat, Y., Fiumera, H. L., Shapiro, 828 
B. J., & Landry, C. R. (2017). Mitochondrial recombination and introgression during 829 
speciation by hybridization. Molecular Biology and Evolution, 34(8), 1947–1959. 830 

Lee-Yaw, J. A., Grassa, C. J., Joly, S., Andrew, R. L., & Rieseberg, L. H. (2019). An evaluation 831 
of alternative explanations for widespread cytonuclear discordance in annual sunflowers 832 
(Helianthus). New Phytologist, 221(1), 515–526. 833 

Lee-Yaw, J. A., Jacobs, C. G. C., & Irwin, D. E. (2014). Individual performance in relation to 834 
cytonuclear discordance in a northern contact zone between long-toed salamander 835 
(Ambystoma macrodactylum) lineages. Molecular Ecology, 23(18), 4590–4602. 836 

Maddison, W. P. (1997). Gene trees in species trees. Systematic Biology, 46(3), 523–536. 837 
Martin, W. F., Garg, S., & Zimorski, V. (2015). Endosymbiotic theories for eukaryote origin. 838 

Philosophical Transactions of the Royal Society B: Biological Sciences, 370(1678), 839 
20140330. 840 

McDiarmid, C. S., Hooper, D. M., Stier, A., & Griffith, S. C. (2024). Mitonuclear interactions 841 
impact aerobic metabolism in hybrids and may explain mitonuclear discordance in 842 
young, naturally hybridizing bird lineages. Molecular Ecology, 33(12), e17374. 843 

McDonald, J. H., & Kreitman, M. (1991). Adaptive protein evolution at the Adh locus in 844 
Drosophila. Nature, 351(6328), 652–654. 845 

Meiklejohn, C. D., Holmbeck, M. A., Siddiq, M. A., Abt, D. N., Rand, D. M., & Montooth, K. L. 846 
(2013). An incompatibility between a mitochondrial tRNA and its nuclear-encoded tRNA 847 
synthetase compromises development and fitness in Drosophila. PLOS Genetics, 9(1), 848 
e1003238. 849 

Mikkelsen, E. K., & Weir, J. T. (2023). Phylogenomics reveals that mitochondrial capture and 850 
nuclear introgression characterize Skua species proposed to be of hybrid origin. 851 
Systematic Biology, 72(1), 78–91. 852 

Monsen, K. J., Honchak, B. M., Locke, S. E., & Peterson, M. A. (2007). Cytonuclear 853 
disequilibrium in Chrysochus hybrids is not due to patterns of mate choice. Journal of 854 
Heredity, 98(4), 325–330. 855 

Morales-Briones, D. F., Liston, A., & Tank, D. C. (2018). Phylogenomic analyses reveal a deep 856 
history of hybridization and polyploidy in the Neotropical genus Lachemilla (Rosaceae). 857 
New Phytologist, 218(4), Article 4. 858 

Moran, B. M., Payne, C. Y., Powell, D. L., Iverson, E. N. K., Donny, A. E., Banerjee, S. M., 859 
Langdon, Q. K., Gunn, T. R., Rodriguez-Soto, R. A., Madero, A., Baczenas, J. J., 860 
Kleczko, K. M., Liu, F., Matney, R., Singhal, K., Leib, R. D., Hernandez-Perez, O., 861 



21 

Corbett-Detig, R., Frydman, J., … Schumer, M. (2024). A lethal mitonuclear 862 
incompatibility in complex I of natural hybrids. Nature, 626(7997), 119–127. 863 

Naser-Khdour, S., Minh, B. Q., Zhang, W., Stone, E. A., & Lanfear, R. (2019). The prevalence 864 
and impact of model violations in phylogenetic analysis. Genome Biology and Evolution, 865 
11(12), 3341–3352. 866 

Neigel, J. E., & Avise, J. C. (1986). Phylogenetic relationships of mitochondrial DNA under 867 
various demographic models of speciation. In E. Nevo & S. Karlin (Eds.), Evolutionary 868 
processes and theory (pp. 515–534). Academic Press. 869 

Patten, M. M., Carioscia, S. A., & Linnen, C. R. (2015). Biased introgression of mitochondrial 870 
and nuclear genes: A comparison of diploid and haplodiploid systems. Molecular Ecology, 871 
24(20), 5200–5210.  872 

Pease, J. B., Haak, D. C., Hahn, M. W., & Moyle, L. C. (2016). Phylogenomics reveals three 873 
sources of adaptive variation during a rapid radiation. PLOS Biology, 14(2), e1002379. 874 

Pérez-Escobar, O. A., Balbuena, J. A., & Gottschling, M. (2016). Rumbling orchids: How to 875 
assess divergent evolution between chloroplast endosymbionts and the nuclear host. 876 
Systematic Biology, 65(1), 51–65. 877 

Petit, R. J., Kremer, A., & Wagner, D. B. (1993). Finite island model for organelle and nuclear 878 
genes in plants. Heredity, 71(6), 630–641. 879 

Powell, J. R. (1983). Interspecific cytoplasmic gene flow in the absence of nuclear gene flow: 880 
Evidence from Drosophila. Proceedings of the National Academy of Sciences, 80(2), 881 
492–495. 882 

Princepe, D., de Aguiar, M. A. M., & Plotkin, J. B. (2022). Mito-nuclear selection induces a 883 
trade-off between species ecological dominance and evolutionary lifespan. Nature 884 
Ecology & Evolution, 6(12), 1992–2002. 885 

Pritchard, V. L., & Edmands, S. (2013). The genomic trajectory of hybrid swarms: Outcomes of 886 
repeated crosses between populations of Tigriopus californicus. Evolution, 67(3), 774–887 
791. 888 

Rand, D. M., Haney, R. A., & Fry, A. J. (2004). Cytonuclear coevolution: The genomics of 889 
cooperation. Trends in Ecology & Evolution, 19(12), 645–653. 890 

Rannala, B., Leache, A., Edwards, S., & Yang, Z. (2020). The multispecies coalescent model and 891 
species tree inference. In Phylogenetics in the genomic era. Self Published. 892 

Reich, D., Thangaraj, K., Patterson, N., Price, A. L., & Singh, L. (2009). Reconstructing Indian 893 
population history. Nature, 461(7263), 489–494. 894 

Rieseberg, L. H., Beckstrom-Sternberg, S., & Doan, K. (1990a). Helianthus annuus ssp. texanus 895 
has chloroplast DNA and nuclear ribosomal RNA genes of Helianthus debilis ssp. 896 
cucumerifolius. Proceedings of the National Academy of Sciences, 87(2), 593–597. 897 

Rieseberg, L. H., Carter, R., & Zona, S. (1990b). Molecular tests of the hypothesized hybrid 898 
origin of two diploid Helianthus species (Asteraceae). Evolution, 44(6), 1498–1511. 899 

Rieseberg, L. H., & Soltis, D. (1991). Phylogenetic consequences of cytoplasmic gene flow in 900 
plants. Evolutionary Trends in Plants, 5(1), 65–84. 901 

Rieseberg, L. H., & Wendel, J. F. (1993). Introgression and its consequences in plants. In Hybrid 902 
Zones and the Evolutionary Process (pp. 70–109). Oxford University Press. 903 

Robinson, D. F., & Foulds, L. R. (1981). Comparison of phylogenetic trees. Mathematical 904 
Biosciences, 53(1), 131–147. 905 

Rose, J. P., Toledo, C. A. P., Lemmon, E. M., Lemmon, A. R., & Sytsma, K. J. (2021). Out of 906 
sight, out of mind: Widespread nuclear and plastid-nuclear discordance in the flowering 907 



22 

plant genus Polemonium (Polemoniaceae) suggests widespread historical gene flow 908 
despite limited nuclear signal. Systematic Biology, 70(1), 162–180. 909 

Rosenzweig, B. K., Pease, J. B., Besansky, N. J., & Hahn, M. W. (2016). Powerful methods for 910 
detecting introgressed regions from population genomic data. Molecular Ecology, 25(11), 911 
2387–2397. 912 

Sackton, T. B., Haney, R. A., & Rand, D. M. (2003). Cytonuclear coadaptation in Drosophila: 913 
Disruption of cytochrome c oxidase activity in backcross genotypes. Evolution, 57(10), 914 
2315–2325. 915 

Sambatti, J. B., Ortiz‐Barrientos, D., Baack, E. J., & Rieseberg, L. H. (2008). Ecological 916 
selection maintains cytonuclear incompatibilities in hybridizing sunflowers. Ecology 917 
Letters, 11(10), 1082–1091. 918 

Secci-Petretto, G., Englmaier, G. K., Weiss, S. J., Antonov, A., Persat, H., Denys, G. P. J., 919 
Schenekar, T., Romanov, V. I., Taylor, E. B., & Froufe, E. (2023). Evaluating a species 920 
phylogeny using ddRAD SNPs: Cyto-nuclear discordance and introgression in the 921 
salmonid genus Thymallus (Salmonidae). Molecular Phylogenetics and Evolution, 178, 922 
107654. 923 

Serrano, I. M., Hirose, M., Valentine, C. C., Roesner, S., Schmidt, E., Pratt, G., Williams, L., 924 
Salk, J., Ibrahim, S., & Sudmant, P. H. (2024). Mitochondrial haplotype and mito-nuclear 925 
matching drive somatic mutation and selection throughout ageing. Nature Ecology & 926 
Evolution, 8(5), 1021–1034. 927 

Schlupp, I. (2005). The evolutionary ecology of gynogenesis. Annual Review of Ecology, 928 
Evolution, and Systematics, 36(1), 399–417. 929 

Shen, X.-X., Hittinger, C. T., & Rokas, A. (2017). Contentious relationships in phylogenomic 930 
studies can be driven by a handful of genes. Nature Ecology & Evolution, 1(5), 0126. 931 

Sullivan, A. R., Schiffthaler, B., Thompson, S. L., Street, N. R., & Wang, X.-R. (2017). 932 
Interspecific plastome recombination reflects ancient reticulate evolution in Picea 933 
(Pinaceae). Molecular Biology and Evolution, 34(7), 1689–1701. 934 

Suvorov, A., Kim, B. Y., Wang, J., Armstrong, E. E., Peede, D., D’Agostino, E. R. R., Price, D. 935 
K., Waddell, P. J., Lang, M., Courtier-Orgogozo, V., David, J. R., Petrov, D., Matute, D. R., 936 
Schrider, D. R., & Comeault, A. A. (2022). Widespread introgression across a phylogeny of 937 
155 Drosophila genomes. Current Biology, 32(1), 111-123.e5. 938 

Symula, R. E., Marpuri, I., Bjornson, R. D., Okedi, L., Beadell J., Alam, U., Aksoy, S., & 939 
Caccone, A. (2011). Influence of host phylogeographic patterns and incomplete lineage 940 
sorting on within-species genetic variability in Wigglesworthia species, obligate symbionts 941 
of Tsetse flies. Applied and Environmental Microbiology, 77(23), 8400–8408. 942 

Sloan, D. B., Havird, J. C., & Sharbrough, J. (2017). The on-again, off-again relationship 943 
between mitochondrial genomes and species boundaries. Molecular Ecology, 26(8), 944 
2212–2236. 945 

Sloan, D. B., Triant, D. A., Wu, M., & Taylor, D. R. (2014). Cytonuclear interactions and 946 
relaxed selection accelerate sequence evolution in organelle ribosomes. Molecular 947 
Biology and Evolution, 31(3), 673–682. 948 

Sloan, D. B., Warren, J. M., Williams, A. M., Wu, Z., Abdel-Ghany, S. E., Chicco, A. J., & 949 
Havird, J. C. (2018). Cytonuclear integration and co-evolution. Nature Reviews Genetics, 950 
19(10), 635–648. 951 



23 

Soltis, D. E., Soltis, P. S., Collier, T. G., & Edgerton, M. L. (1991). Chloroplast DNA variation 952 
within and among genera of the Heuchera group (Saxifragaceae): Evidence for 953 
chloroplast transfer and paraphyly. American Journal of Botany, 78(8), 1091–1112. 954 

Than, C. V., & Rosenberg, N. A. (2011). Consistency properties of species tree inference by 955 
minimizing deep coalescences. Journal of Computational Biology, 18(1), 1–15. 956 

Thyssen, G., Svab, Z., & Maliga, P. (2012). Cell-to-cell movement of plastids in plants. 957 
Proceedings of the National Academy of Sciences, 109(7), 2439–2443. 958 

Toews, D. P., & Brelsford, A. (2012). The biogeography of mitochondrial and nuclear 959 
discordance in animals. Molecular Ecology, 21(16), 3907–3930. 960 

Tsitrone, A., Kirkpatrick, M., & Levin, D. A. (2003). A model for chloroplast capture. Evolution, 961 
57(8), 1776–1782. 962 

Wang, S., Ore, M. J., Mikkelsen, E. K., Lee-Yaw, J., Toews, D. P. L., Rohwer, S., & Irwin, D. 963 
(2021). Signatures of mitonuclear coevolution in a warbler species complex. Nature 964 
Communications, 12(1), 4279. 965 

Weaver, R. J., Rabinowitz, S., Thueson, K., & Havird, J. C. (2022). Genomic signatures of 966 
mitonuclear coevolution in mammals. Molecular Biology and Evolution, 39(11), 967 
msac233. 968 

Weisrock, D. W. (2012). Concordance analysis in mitogenomic phylogenetics. Molecular 969 
Phylogenetics and Evolution, 65(1), 194–202. 970 

Wielstra, B., & Arntzen, J. W. (2020). Extensive cytonuclear discordance in a crested newt from 971 
the Balkan Peninsula glacial refugium. Biological Journal of the Linnean Society, 130(3), 972 
578–585. 973 

Willett, C. S., & Burton, R. S. (2001). Viability of cytochrome c genotypes depends on 974 
cytoplasmic backgrounds in Tigriopus californicus. Evolution, 55(8), 1592–1599. 975 

Won, Y., Hallam, S. J., O’Mullan, G. D., & Vrijenhoek, R. C. (2003). Cytonuclear 976 
disequilibrium in a hybrid zone involving deep-sea hydrothermal vent mussels of the 977 
genus Bathymodiolus. Molecular Ecology, 12(11), 3185–3190. 978 

Wright, S. I., Nano, N., Foxe, J. P., & Dar, V.-U. N. (2008). Effective population size and tests 979 
of neutrality at cytoplasmic genes in Arabidopsis. Genetics Research, 90(1), 119–128. 980 

Wu, M., Kostyun, J. L., Hahn, M. W., & Moyle, L. C. (2018). Dissecting the basis of novel trait 981 
evolution in a radiation with widespread phylogenetic discordance. Molecular Ecology, 982 
27(16), 3301–3316. 983 

Yan, Z., Ye, G., & Werren, J. H. (2019). Evolutionary rate correlation between mitochondrial-984 
encoded and mitochondria-associated nuclear-encoded proteins in insects. Molecular 985 
Biology and Evolution, 36(5), 1022–1036. 986 

Zhang, F., & Broughton, R. E. (2013). Mitochondrial-nuclear interactions: Compensatory 987 
evolution or variable functional constraint among vertebrate oxidative phosphorylation 988 
genes? Genome Biology and Evolution, 5(10), 1781–1791. 989 

Zhou, B.-F., Yuan, S., Crowl, A. A., Liang, Y.-Y., Shi, Y., Chen, X.-Y., An, Q.-Q., Kang, M., 990 
Manos, P. S., & Wang, B. (2022). Phylogenomic analyses highlight innovation and 991 
introgression in the continental radiations of Fagaceae across the Northern Hemisphere. 992 
Nature Communications, 13(1), 1320.  993 


