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Abstract
Premise: Allopolyploidy—a hybridization‐induced whole‐genome duplication event
—has been a major driver of plant diversification. The extent to which chromosomes
pair with their proper homolog vs. with their homoeolog in allopolyploids varies
across taxa, and methods to detect homoeologous gene flow (HGF) are needed to
understand how HGF has shaped polyploid lineages.
Methods: The ABBA‐BABA test represents a classic method for detecting introgression
between closely related species, but here we developed a modified use of the ABBA‐BABA
test to characterize the extent and direction of HGF in allotetraploid Coffea arabica.
Results: We found that HGF is abundant in the C. arabica genome, with both
subgenomes serving as donors and recipients of variation. We also found that HGF is
highly maternally biased in plastid‐targeted—but not mitochondrial‐targeted—genes, as
would be expected if plastid–nuclear incompatibilities exist between the two parent species.
Discussion: Together, our analyses provide a simple framework for detecting HGF and
new evidence consistent with selection favoring overwriting of paternally derived alleles
by maternally derived alleles to ameliorate plastid–nuclear incompatibilities. Natural
selection therefore appears to shape the direction and intensity of HGF in allopolyploid
coffee, indicating that cytoplasmic inheritance has long‐term consequences for polyploid
lineages.
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Whole‐genome duplication events (WGDs), in which the
entire nuclear genome is doubled resulting in polyploid
lineages, are widespread among plants, especially angiosperms
(Jiao et al., 2011; Wendel, 2015; Ruprecht et al., 2017; One
Thousand Plant Transcriptomes Initiative, 2019; Román‐
Palacios et al., 2021; Heslop‐Harrison et al., 2023). WGDs are
among the most profound mutational changes observed in
nature because they result in global genomic redundancy,
which has consequences that range from the gene to the
population level (Fox et al., 2020). At the gene level, genomic
redundancy contributes to relaxation of selective constraints
(Otto and Whitton, 2000; Douglas et al., 2015; Zhang
et al., 2020; Conover and Wendel, 2022), transcriptional
reprogramming (Schnable et al., 2011; Combes et al., 2013;

Yoo et al., 2013; Akama et al., 2014; Hu et al., 2016; Yang
et al., 2016; Edger et al., 2017; Ramírez‐González et al., 2018;
Oberprieler et al., 2019; Landis et al., 2020; Song et al., 2020),
altered epigenetic regulation (Madlung et al., 2002; Salmon
et al., 2005; Shcherban et al., 2008; Fulneček et al., 2009; Akagi
et al., 2016; Chen et al., 2017; Song et al., 2017; Ding and
Chen, 2018; Rao et al., 2023), transposable element expansion
(Ågren et al., 2016; Baduel et al., 2019), altered rates of
homologous, ectopic, and intergenomic recombination
(Chalhoub et al., 2014; Guo et al., 2014; Jarvis et al., 2017;
Chen et al., 2018; Bertioli et al., 2019; Mason and
Wendel, 2020; Gonzalo et al., 2023), chromosomal structural
changes (Chester et al., 2012; Edwards et al., 2017; Gordon
et al., 2020; Cai et al., 2021; Orantes‐Bonilla et al., 2022),
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among a host of other fundamental changes to genome
biology (Otto, 2007; Leitch and Leitch, 2008; Doyle and
Coate, 2019; Bomblies, 2020), all of which have the potential
to directly impact organismal function and fitness.

Polyploids are generally categorized into one of two
categories: allopolyploid or autopolyploid (Kihara and
Ono, 1926; Soltis et al., 2014), depending upon whether their
formation occurred via hybridization (Doyle et al., 2008) or via
unreduced gametes (Mason and Pires, 2015). The mechanism of
formation has important implications for post‐WGD evolution,
namely in the pattern of chromosome pairing during meiosis
(Comai, 2005). Autopolyploids often exhibit multisomic
inheritance in which homologs pair randomly, or even form
tetravalents, during meiosis (Ramsey and Schemske, 2003).
These unusual meiotic patterns almost certainly explain in part
why so many polyploids also reproduce asexually (Otto and
Whitton, 2000; Bomblies et al., 2016). By contrast, allopolyploids
exhibit a range of different inheritance patterns ranging from
completely disomic, in which homoeologs pair with their
correct homolog during meiosis (e.g., cotton; Endrizzi, 1962), to
tetrasomic, in which homoeologs can pair with the correct
homolog or with the homoeolog from the opposing subgenome
(e.g., peanut; Leal‐Bertioli et al., 2018). The range of inheritance
patterns exhibited by allopolyploid taxa can even be observed
within the same genome (e.g., tobacco; Edwards et al., 2017).
Pairing and recombination between homoeologs from opposite
subgenomes can even result in homoeologous exchange
(crossover) or homoeologous gene conversion (non‐
crossover), leading to gene flow across subgenomes (Mason
and Wendel, 2020), and this process is expected to be especially
prominent in relatively young allopolyploids (e.g., peanut,
coffee). This homoeologous gene flow (HGF) therefore provides
a mechanism for the production of novel genotypes that were
absent from the constituent subgenomes at the time of
polyploid formation. With the rise of long‐read sequencing
and high‐quality polyploid genomic resources, patterns of HGF
and some of its phenotypic effects have been documented in a
number of allopolyploid systems (Gaeta et al., 2007; Lashermes
et al., 2016; Xiong et al., 2020; Zhang et al., 2020; Chu
et al., 2021), although the contributions of variation derived
from HGF to allopolyploid lineage success remain poorly
understood (Deb et al., 2023).

As with inter‐species introgression, HGF may provide
allopolyploids access to adaptive variation that has already been
tested by nature. Adaptive variation obtained by HGF may be
particularly important for maintaining epistatic interactions in
the face of genome mergers, as it provides a means to overcome
Bateson–Dobzhansky–Muller incompatibilities (BDMIs) that
can accompany genome merger (Sharbrough et al., 2017). That
is, if HGF can facilitate replacement of incompatible compo-
nents of epistatic interactions with compatible ones, allopoly-
ploid lineages may be able to avoid some of the deleterious
consequences of hybridization. One particularly useful example
can be found in the interactions between nuclear‐encoded and
cytoplasmically encoded (i.e., mitochondria and chloroplast)
genes and gene products, which are critical for carrying out the
essential processes of respiration and photosynthesis (Rand

et al., 2004; Sloan et al., 2018). In particular, multi‐subunit
enzyme complexes that are jointly encoded by the nuclear
genome and the cytoplasmic genomes (e.g., Complexes I, III,
IV, and V of the electron transport chain in mitochondria, and
Rubisco, photosystem I and II, and the Clp protease in
chloroplasts; Forsythe et al., 2019) produce the vast majority of
the cell's energy budget. Because the cytoplasmic genomes are
usually inherited from only a single progenitor (Camus
et al., 2022), while nuclear genomes are biparentally inherited
from both progenitors, co‐evolution between nuclear and
cytoplasmic genes (i.e., cytonuclear co‐evolution) in the
maternal lineage can result in incompatibilities between
the cytoplasmic genomes and the paternally derived half of
the nuclear genome (Sharbrough et al., 2017). Maternally biased
HGF provides an opportunity to ameliorate such cytonuclear
incompatibilities in allopolyploids (just as co‐introgression can
act to maintain epistatic interactions in inter‐species gene flow;
Beck et al., 2015), while other epistatic modules may benefit
from HGF in either direction.

Coffea arabica L. (4x= 2n= 44) is an economically impor-
tant allotetraploid crop contributing to ≥65% of global coffee
consumption (~170 million bags/year in total; https://www.ico.
org/es/Market-Report-22-23-c.asp [accessed August 2023])
(Campuzano‐Duque et al., 2021), and is also an excellent
model for studying HGF. In particular, C. arabica is the result of
a hybridization event between C. canephora Pierre ex A.
Froehner (2x= 2n= 22; paternal diploid progenitor) and C.
eugenioides S. Moore (2x= 2n= 22; maternal/cytoplasmic
diploid progenitor) (Figure 1), with some debate over whether

FIGURE 1 Coffea arabica is an allotetraploid formed via hybridization
between C. eugenioides and C. canephora. Top: Images of C. arabica in a
field in Oahu, Hawaii, USA. Photos by A. Ortiz. Bottom: Cladogram
depicting the relationships between C. eugenioides, C. canephora, hybrid
tetraploid C. arabica, and outgroup Gardenia jasminoides. Coffea
eugenioides served as the maternal (cytoplasmic) donor in the hybridization
event, providing half of the nuclear genome and both organellar genomes
(purple line), while C. canephora provided the paternal half of the nuclear
genome (green line).
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it evolved recently (i.e., ~10,000–50,000 years ago (Cros
et al., 1998; Lashermes et al., 1999; Scalabrin et al., 2020) or
more anciently (610,000 years ago; Salojarvi et al., 2023).
Regardless, there has been sufficient time for HGF to occur, yet
the maternal (E subgenome) and paternal (C subgenome)
subgenomes remain distinguishable (mean dS~ 2.6%, mean
dN~ 1.0% between diploids; Sharbrough et al., 2022).

Here, we developed a new implementation of the classic
ABBA‐BABA test for inter‐species introgression (Durand
et al., 2011) to evaluate the direction and extent of HGF in
allopolyploid genomes, and we employed it to characterize
genome‐wide patterns of HGF in C. arabica. To test
whether HGF can contribute to the amelioration of epistatic
incompatibilities in allopolyploids, we also evaluated
whether genes whose products are targeted to the
mitochondria and to the chloroplasts are especially likely
to experience HGF from the maternally derived subgenome
into the paternally derived subgenome, compared to genes
whose products are targeted elsewhere in the cell. Overall,
we found clear evidence of bi‐directional HGF in the C.
arabica genome and evidence of maternally biased HGF in
nuclear‐encoded genes that function in plastid–nuclear
enzyme complexes, but a dearth of HGF (in either
direction) in nuclear‐encoded genes whose products are
subunits of mitonuclear enzyme complexes. We also
compared our method to a tree‐based approach and found
very similar patterns across both methods, indicating that
the easier‐to‐implement D‐statistic approach can be power-
fully leveraged for detecting HGF in allopolyploids.

METHODS

Developing an ABBA‐BABA test
for homoeologous gene flow

A rooted, four‐taxon bifurcating tree can have three possible
topologies: (1) (((Sp1, Sp2), Sp3), O), (2) (((Sp1, Sp3), Sp2),

O), and (3) (((Sp2, Sp3), Sp1), O), where O represents the
outgroup. All three gene tree topologies will be observed if
enough genes are sampled from the genome. In the absence
of hybridization, the most common gene tree topology
among these three possibilities will be identical to the species
branching order, while the two rarer gene tree topologies are
expected to be approximately equal in abundance, owing to
the random fixation of polymorphic alleles across the two
sequential splits (i.e., incomplete lineage sorting [ILS]).
Overabundance of one ILS tree compared to the other is a
robust indicator of hybridization (Forsythe et al., 2020). The
traditional ABBA‐BABA test (Durand et al., 2011) takes
advantage of this expectation to test whether nucleotide site
patterns exhibit asymmetrical abundance across the genome
(Appendix S1). Assuming the true species tree of four species
can be denoted as (((Sp1, Sp2), Sp3), O), the nucleotide site
pattern in which the outgroup and Sp3 share an ancestral
allele (A), whereas Sp1 and Sp2 share a derived allele (B), is
consistent with the species branching order. By contrast, a
site pattern in which Sp1 and the outgroup share the
ancestral allele (A) and Sp2 and Sp3 share the derived allele
(B) represents one ILS tree topology (denoted an ABBA site
pattern), and the opposite site pattern in which the ancestral
allele is shared by Sp2 and the outgroup and the derived allele
is shared by Sp1 and Sp3 represents the other ILS tree
topology (BABA site pattern). A relatively equal number of
discordant ABBA and BABA site patterns is expected under
ILS; however, an excess of either the ABBA or the BABA site
pattern cannot be explained by ILS alone and requires some
form of introgression between Sp2–Sp3 (overabundance of
ABBA) or between Sp1–Sp3 (overabundance of BABA).

We extended this same logic to test whether HGF has
impacted allopolyploid genomes. Specifically, we performed
the ABBA‐BABA test in two separate comparisons (Figure 2):
(1) testing for HGF from the E genome into the C genome
(DMAT), and (2) testing for HGF from the C genome into the
E genome (DPAT). For each test, we quantified the number of
sites for which derived alleles were shared by one subgenome

F IGURE 2 Two‐way, reciprocal ABBA‐BABA test on Coffea arabica subgenomes. The two‐way reciprocal ABBA‐BABA test leverages the sister
relationship between each subgenome and its corresponding diploid to estimate the rate of homoeologous gene flow (HGF) from the other subgenome
(left: maternal overwrites paternal, right: paternal overwrites maternal). The “donor” subgenome is excluded from the test, such that HGF between
subgenomes is expected to produce an “ABBA” site pattern, with subgenomes appearing to be more closely related to the opposite diploid than to the diploid
from which they were originally derived. The opposite “BABA” site pattern is therefore used as an estimate of the expected frequency of this pattern evolving
by random chance (i.e., incomplete lineage sorting [ILS]).
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and the opposing diploid genome (ABBA sites) compared to
the number of sites for which derived alleles were shared by
the two diploid genomes (BABA sites), using Gardenia
jasminoides J. Ellis as an outgroup. If the number of ABBA
sites was greater than the number of BABA sites (i.e.,
DMAT > 0 or DPAT > 0), we could infer HGF in that particular
direction. In essence, this method tests whether the paternally
derived subgenome has become more “maternal‐like,” and
whether the maternally derived subgenome has become more
“paternal‐like,” since the allopolyploidization event. We
quantified D‐statistics for concatenated alignments of 6672
genes, using 10,000 gene‐level bootstrap replicates to assess
statistical significance (Python scripts are available at https://
github.com/albuquerque-turkey/Coffea_HGF; see Data Avail-
ability Statement). We calculated 95% confidence intervals
(CIs) from the gene‐level bootstrap replicates and performed
a Z‐test to determine whether D‐statistics departed signifi-
cantly from 0. D‐statistic point estimates, bootstrap distribu-
tions, and 95% CIs were plotted in R v4.1.2 (R Core
Team, 2023) using ggplot2 (Wickham, 2011).

Orthologous gene alignments and CyMIRA
gene classification

Our full HGF analysis was run on 6672 orthologous single‐
copy genes (Appendix S2) originally identified in Sharbrough
et al. (2022), with alignments available at doi.org/10.6084/m9.
figshare.24085830. Briefly, we obtained coding sequences
(CDS) from publicly available assemblies for C. arabica
(GCF_003713225.1), C. eugenioides (GCF_003713205.1),
C. canephora (GCA_900059795.1), and G. jasminoides
(GCA_013103745.1), and then aligned all 6672 orthologous
gene groups with MAFFT v7.480 (Katoh and Standley, 2013),
using a Perl wrapper (https://github.com/dbsloan/perl_
modules/blob/master/sloan.pm) to convert the CDS to amino
acid sequences, align with MAFFT, and then convert the
sequences back to nucleotides, as in Sharbrough et al. (2022).
We used two distinct alignment trimming strategies: Gblocks
v0.91b with the ‘‐n’ parameter set (Castresana, 2000), and
ClipKIT v1.2.0 (Steenwyk et al., 2020) with the ‐l parameter set
and using a custom Python wrapper to convert ClipKIT‐
trimmed amino acid alignments back to CDS alignments
(https://github.com/jsharbrough/protTrim2CDS). Gblocks‐
trimmed and ClipKIT‐trimmed alignments that were ≥99 bp
in length were fed into ABBA‐BABA tests to ensure that the
trimming method did not affect our inferences of HGF. In
general, Gblocks (Appendix S3) resulted in more stringently
trimmed alignments than the ClipKIT‐trimmed alignments.

To evaluate whether HGF was especially maternally biased
in genes targeted to, and interacting with, mitochondrial
and chloroplast genes and gene products, we used the
classifications from Sharbrough et al. (2022), available at
https://github.com/jsharbrough/CyMIRA_gene_classification/
tree/master/Species_CyMIRA, to classify genes into six catego-
ries: non‐organelle‐targeted (NOT); mitochondrial‐targeted,
non‐interacting (MTNI); mitochondrial‐targeted, interacting

(MTI); mitochondrial enzyme complexes (MTEC); plastid‐
targeted, non‐interacting (PTNI); plastid‐targeted, interacting
(PTI); and plastid enzyme complexes (PTEC) (Table 1). Of
those, the non‐interacting and interacting categories were
mutually exclusive for each organelle, while genes involved in
enzyme complexes were a subset of interacting genes that are
involved in cytonuclear enzyme complexes, as defined by
CyMIRA v1.0 (Forsythe et al., 2019). Mitochondrial enzyme
complexes included the mitochondrial twin arginine trans-
location (TAT) complex, the mitochondrial ribosome, NADH
dehydrogenase (Complex I of the oxidative phosphorylation
cascade [OXPHOS]), ubiquinol–cytochrome c reductase (Com-
plex III of OXPHOS), cytochrome c oxidase (Complex IV of
OXPHOS), and ATP synthase (Complex V of OXPHOS).
Plastid enzyme complexes included the heteromeric acetyl‐CoA
carboxylase (ACCase), the chloroplast ribosome, the Clp
protease, both photosystems I and II, Rubisco, the chloroplast
NADH dehydrogenase‐like complex (NDH), cytochrome b6f,
and the chloroplast ATP synthase. Gene names for each of these
complexes from all five species are available in Appendix S4.

Phylogenetic analyses

To validate the inferences made by our newly developed
method, we inferred phylogenetic trees by maximum
likelihood (ML) using RAxML v8.2.12 (Stamatakis, 2014).
For each gene tree, we used the raxmlHPC‐PTHREADS
function, employing the rapid bootstrap analysis and search

TABLE 1 Functional classification of single‐copy orthologous genes
in Coffea.

Category
No. of
genes Category description

All 6672 Genome‐wide set of single‐copy orthologous
genes

NOT 5581 Genes that are not targeted to the
mitochondria or chloroplasts

MTNI 536 Genes whose products are targeted to the
mitochondria but do not interact with
mitochondrial genes or gene products

MTI 204 Genes whose products are targeted to the
mitochondria and interact with
mitochondrial genes or gene products

MTEC 59 Subset of MTI; genes whose products are
involved in mitonuclear enzyme complexes

PTNI 731 Genes whose products are targeted to the
chloroplasts but do not interact with
plastid genes or gene products

PTI 140 Genes whose products are targeted to the
chloroplasts and interact with plastid genes
or gene products

PTEC 48 Subset of PTI; genes whose products are
involved in plastid–nuclear enzyme
complexes
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for best‐scoring ML tree in one program run (‘‐f a’
parameter), with 100 bootstrap replicates, and assuming
the GTRGAMMAIX model of molecular evolution. We
rooted each of the resulting gene trees with the G.
jasminoides sequence and determined which of the 15
possible gene tree topologies (Appendix S5) each gene tree
fit. We reasoned that if HGF was unidirectional in a given
gene, tetraploids would be expected to be sister to each
other, with the direction of HGF matching the most closely
related diploid (tree topology L or M; Appendix S6). Of
course, these topological patterns can also be produced by
ILS, recurrent mutations, and autapomorphies; however, in
the absence of HGF, the probability of the tetraploids to be
sister to each other should be equal to the probability of a
tetraploid being sister to the opposing diploid (tree topology
N or H) and to that of the two diploids being sister to one
another (tree topology I or O). Similarly, if HGF resulted in
a reciprocal exchange of DNA, we would observe a tree in
which tetraploid sequences would group with the opposing
subgenome (tree topology F), while trees derived from
random processes would find the diploids as sister to one
another and the tetraploids as sister to one another (tree
topology K). The relative abundance of the HGF trees
compared to their ILS‐derived alternatives provides a
similar comparison to the D‐statistic, but based on whole
genes and an explicit model of molecular evolution. We
compared HGF tree topology abundance using a series of
binomial, χ2, and Fisher's exact tests, correcting for multiple
comparisons using the Holm procedure for the Bonferroni
correction (Holm, 1979).

We also tested whether putative HGF trees were especially
abundant among mitochondrial and plastid enzyme complex
genes, using a Fisher's exact test to determine whether
cytonuclear enzyme complex genes exhibited an increase in
the ratio of maternally biased HGF trees compared to non‐
organelle‐targeted genes.

RESULTS

Testing for HGF in allotetraploid Coffea
arabica

We used a stepwise, reciprocal ABBA‐BABA framework to
evaluate whether homoeologous exchange and homoeologous
gene conversion contribute to gene flow between subgenomes
of allotetraploid C. arabica. These analyses of the ClipKIT‐
trimmed alignments of 6672 orthologous genes revealed strong
evidence of bidirectional HGF (i.e., DMAT and DPAT >> 0;
Table 2), as we saw extensive overwriting of the C subgenome
by the E subgenome (maternally derived HGF) and overwriting
of the E subgenome by the C subgenome (paternally derived
HGF) (Figure 3). Qualitatively similar results were obtained
from Gblocks‐trimmed alignments, which are provided in
Appendices S3 and S7, and none of the gene categories showed
different statistical patterns based on trimming method.
Maternally derived HGF (DMAT [CI95] = 0.538 [0.448–0.610])
was slightly, but not significantly, greater than paternally
derived HGF after correcting for multiple comparisons (DPAT

[CI95] = 0.416 [0.357–0.475]; Z= 2.785; P= 0.0026). Overall,
our new method indicated the presence of substantial and
bidirectional HGF in C. arabica genomes.

To evaluate the robustness of these results, we also inferred
phylogenetic trees for each of these 6672 genes. Overall, the
majority of genes exhibited the same topology as the species tree
(3671/6672, 54.7%); however, a sizeable fraction of genes
exhibited alternative topologies, and all 15 possible tree
topologies were observed in these genes (Table 3, Figure 4).
Among these, there were 1115 genes (16.7%) in which the
E subgenome, the C subgenome, and C. eugenioides formed a
clade to the exclusion of C. canephora. Of these, 316 genes
(4.7%) exhibited sister relationships between the E and
C subgenomes. We denote these 316 trees as putative
E‐overwriting‐C trees. Similarly, there were 1221 genes

TABLE 2 Reciprocal ABBA‐BABA test statistics across gene functional categories.

Categorya DMAT (CI95
b) Z‐score Pc DPAT (CI95

b) Z‐score Pc

All 0.514 (0.448, 0.609) 12.908 <0.0001* 0.416 (0.356, 0.475) 13.749 <0.0001*

MTNI 0.572 (0.268, 0.812) 4.384 <0.0001* 0.022 (−0.343, 0.417) 2.375 0.0088

MTI 0.318 (−0.153, 0.716) 3.27 0.0005* 0.450 (−0.288, 0.846) 4.466 <0.0001*

MTEC −0.704 (−0.903, −0.133) −0.965 0.1672 −0.600 (−0.832, 0.615) 1.464 0.0715

PTNI 0.493 (0.257, 0.705) 5.718 <0.0001* 0.134 (−0.398, 0.562) 3.635 0.0001*

PTI 0.520 (0.144, 0.839) 8.313 <0.0001* −0.222 (−0.598, 0.516) 7.036 <0.0001*

PTEC 0.888 (0.378, 0.987) 5.499 <0.0001* −0.581 (−0.921, 0.839) 1.522 0.0641

aSee Table 1 for gene category descriptions.
b95% Confidence intervals were produced using 10,000 gene‐level bootstrap replicates.
cP values reflect comparison to absence of homoeologous gene flow (D = 0).

*Significant after correcting for multiple comparisons. Additional pairwise comparisons made using ClipKIT‐trimmed data can be found in Appendix S9. Results from Gblocks‐
trimmed data can be found in Appendix S7.
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(18.3%) in which the C subgenome, the E subgenome, and C.
canephora all formed a clade to the exclusion of C.
eugenioides, with 289 genes (4.3%) in which the subgenomes
were sister to one another (putative C‐overwriting‐E trees).

There were also 198 genes (3.0%) in which the C subgenome
grouped with C. eugenioides and the E subgenome grouped with
C. canephora (putative reciprocal exchange trees). Together,
these phylogenetic results provide a very similar picture as the
reciprocal ABBA‐BABA test, with a substantial fraction of the
C. arabica genome exhibiting patterns consistent with HGF.

To evaluate the likelihood that these trees arose through
ILS, we compared the number of putative E‐overwriting‐C
trees, the number of putative C‐overwriting‐E trees, and the
number of putative reciprocal exchange trees to the number of
other trees that would be expected by ILS (Appendix S6). We
found significantly higher numbers in all three sets of putative
HGF gene trees compared to their ILS counterparts (Appen-
dix S8), a pattern that was true even when restricting the
analysis to those trees with ≥80 bootstrap support. Together, the
prevalence of putative HGF trees is unlikely to be explained
entirely by ILS, indicating that HGF has played a prominent
role in the genealogical history of the C. arabica genome.

Maternally biased HGF in plastid‐targeted, but
not mitochondrial‐targeted nuclear genes

Coffea arabica received both its mitochondrial and plastid
genomes from C. eugenioides, but nuclear DNA from both

F IGURE 3 Genome‐wide patterns of bidirectional HGF in
allotetraploid Coffea arabica. Reciprocal D‐statistic estimates of the E
subgenome overwriting the C subgenome (purple, DMAT) and of the C
subgenome overwriting the E subgenome (green, DPAT). Points represent
overall D‐statistics, density plots depict distributions from 10,000 gene‐
level bootstrap replicates, and error bars represent 95% CIs. Distributions
that are significantly greater than 0 are indicative of HGF in that direction.

TABLE 3 Distribution of gene tree topologies across functional gene categories.a

Topologyb ALL NOT MTNI MTI MTEC PTNI PTI PTEC

Ac 3651 3070 290 114 32 378 80 24

B 478 410 30 10 1 49 8 1

C 278 230 24 8 7 36 4 2

D 474 396 39 12 2 55 9 5

E 629 507 67 18 4 88 11 3

Fd 198 173 10 4 0 16 4 1

G 89 75 6 2 2 8 4 3

H 34 31 2 0 0 3 0 0

I 19 13 2 2 0 4 0 0

J 68 57 6 2 0 7 3 1

K 81 63 8 5 1 11 2 1

Le 316 261 26 10 3 37 8 4

Mf 289 238 25 13 3 34 5 1

N 37 31 0 2 2 2 2 2

O 31 26 1 2 2 3 0 0

Total 6672 5581 536 204 59 731 140 48

aSee Table 1 for gene category descriptions.
bSee Appendix S5 for all gene tree topologies.
cSpecies tree.
dTree consistent with reciprocal exchange across subgenomes.
eTree consistent with C subgenome overwriting E subgenome.
fTree consistent with E subgenome overwriting C subgenome.
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C. eugenioides and C. canephora (Cros et al., 1998). Because
interactions between nuclear‐encoded genes and mitochondrial‐
and plastid‐encoded genes are critical for plant function and
fitness (Kremnev and Strand, 2014; Kühn et al., 2015),
mutational changes in one genome or the other are expected
to produce intense selection for compensatory changes to
maintain respiratory and photosynthetic function (Rand
et al., 2004). It therefore stands to reason that co‐adapted
mitonuclear and plastid–nuclear epistatic interactions might be
disrupted upon genome merger (Sharbrough et al., 2017). If
conflict between the paternally derived nuclear subgenome and
the maternally derived cytoplasmic genomes exists, HGF
provides a rapid evolutionary mechanism to ameliorate the
cytonuclear mismatch by replacing paternally derived genes
targeted to the energy‐producing organelles with maternally
derived genes. We tested this hypothesis using our reciprocal
ABBA‐BABA method in sets of organelle‐targeted non‐
interacting genes, interacting genes, and genes involved in
cytonuclear enzyme complexes. There was no apparent
difference between genome‐wide patterns of HGF and
organelle‐targeted genes that do not interact with organelle
genes or gene products (nMTNI = 536; nPTNI = 731; Figures 5A,
5B). Interacting genes (nMTI = 204; nPTI = 140) also showed a
similar pattern (Figures 5C, 5D), but we found substantially
different patterns of HGF compared to non‐organelle‐targeted
genes in the subset of interacting genes that are involved in
cytonuclear enzyme complexes (nMTEC = 59; nPTEC = 48). Mito-
chondrial enzyme complex genes exhibited no evidence of HGF
in either direction (DMAT [CI95] =−0.255 [−0.692, 0.345];
Z=−0.965; P= 0.167; DPAT [CI95] = 0.333 [−0.200, 0.684];
Z= 1.464; P= 0.0715) (Figure 5E), indicating that HGF
is not acting to ameliorate mitonuclear conflicts in
C. arabica. By contrast, plastid enzyme complex genes exhibited

substantial amounts of maternally biased HGF (DMAT [CI95] =
0.750 [0.415, 0.944]; Z= 5.499; P < 0.0001), but no evidence of
paternally biased HGF (DPAT [CI95] = 0.500 [−0.333, 0.916];
Z= 1.522; P= 0.0641) (Figure 5F, Appendix S9). This pattern of
the E subgenome overwriting the C subgenome in this set of
genes is consistent with a scenario in which cytonuclear
mismatches caused by the paternally derived nuclear subge-
nome are ameliorated by maternally biased HGF.

We also tested whether cytonuclear enzyme complex
genes exhibited evidence of maternally biased HGF based on
gene trees. We observed that a higher proportion of plastid
enzyme complex genes exhibited the E‐overwriting‐C
topology (n = 4, 8.3%) and a lower proportion of plastid
enzyme complex genes exhibited the C‐overwriting‐E
topology (n = 1, 2.1%) compared to the non‐organelle‐
targeted genes (nE‐over‐C = 261, 4.7%; nC‐over‐E = 238, 4.3%),
but neither difference was significant (Fisher's exact test,
PE‐over‐C = 0.274; PC‐over‐E = 1.0). Notably, the genes that did
exhibit maternally biased HGF topologies are all central
members of four distinct and essential plastid enzyme
complexes: Rubisco, NDH, photosystem I, and Clp
(Figure 6). An equal number of mitochondrial enzyme
complex genes exhibited the E‐overwriting‐C topology as the
C‐overwriting‐E topology (n = 3, 5.1% for each), which were
not different from the pattern in non‐organelle‐targeted
genes (PE‐over‐C = 0.752; PC‐over‐E = 0.737). Although the
patterns of HGF in plastid‐targeted enzyme complex genes
were not significantly different from the genome‐wide
pattern, this change in proportion is in the direction we
predicted (and is consistent with our reciprocal ABBA‐BABA
results), potentially indicating that the phylogenetic approach
lacks the power to reveal biased HGF as effectively as our
newly implemented method.

F IGURE 4 Single‐copy orthologous gene tree topologies in Coffea. Percentage of gene trees (top: all trees, bottom: only trees with >80% bootstrap
support) of various tree topologies (gray = species topology; purple = E‐overwriting‐C; green = C‐overwriting‐E; orange = reciprocal exchange; white =
other) in single‐copy orthologous gene groups.
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DISCUSSION

A stepwise, reciprocal ABBA‐BABA test to
detect HGF in allopolyploid genomes

Recombination between homoeologs provides an important
source of novel variation for allopolyploids (Mason and
Wendel, 2020), and characterizing patterns and conse-
quences of HGF represents an important endeavor for
understanding evolutionary dynamics after WGDs (Deb
et al., 2023). This can be done in a number of ways (Schiessl
et al., 2019) including comparative read mapping with long
reads (e.g., Jarvis et al., 2017; Chu et al., 2021; Oruganti
et al., 2023), single‐nucleotide (or more) variant compari-
sons (e.g., Salmon et al., 2010; Lashermes et al., 2016;

Conover et al., 2023), structural variant characterization
(e.g., Orantes‐Bonilla et al., 2022), and even cytogenetic
tools like fluorescent in situ hybridization (e.g., Stein
et al., 2017) or optical mapping (e.g., Yuan et al., 2018).
The method we implemented here incorporates the logic
developed by the introgression literature (recently reviewed
by Hibbins and Hahn, 2022) to evaluate HGF against an ILS
framework. The ABBA‐BABA statistic has been used
previously to test for the presence of interspecies introgres-
sion in polyploid genomes (e.g., Pont et al., 2019), but here
we repurposed it to characterize patterns of introgression
within the same cell.

Our method can also look for patterns of HGF in
functionally related genes (e.g., genes whose products are
targeted to the mitochondria and plastids). Because these

F IGURE 5 Patterns of HGF in mitochondria‐ and plastid‐targeted genes in allotetraploid Coffea arabica. Reciprocal D‐statistic estimates of the E
subgenome overwriting the C subgenome (purple, DMAT) and of the C subgenome overwriting the E subgenome (green, DPAT) in genes targeted to the
mitochondria (left) and to the plastid (right). Genes are grouped according to the intimacy of interaction: (A, B) non‐interacting, (C, D) interacting,
(E, F) enzyme complexes. Points represent overall D‐statistics, density plots depict distributions from 10,000 gene‐level bootstrap replicates, and error bars
represent 95% CIs. Distributions that are significantly greater than 0 are indicative of HGF in that direction.
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genes are dispersed across the genome and not closely linked,
it is possible to infer the activity of natural selection acting to
fix HGF in a particular direction. Our current implementation
is powerful enough to detect (or not detect) HGF with as few
as ~50 genes, but smaller gene sets could likely be tested by
bootstrapping at the site level, rather than at the gene level.
Relatedly, a sliding window approach may be able to identify
regions of HGF, as is implemented in the f̂d statistic (Martin
et al., 2014). Because regions of HGF caused by homo-
eologous gene conversion are expected to span ≤200 bp, even
single‐gene phylogenetic analyses of HGF may miss biologi-
cally important events. Moreover, such a sliding window
approach will be useful for characterizing the size of genomic
blocks that can be produced by neutral processes like ILS and,
as a result, will define our baseline for HGF at the local scale.
In this way, we could potentially account for two limitations
of the D‐statistic: (1) artifactual inflation of D due to small
numbers of loci being included, and (2) accounting for
artifactual inflation of D caused by low effective population
size, which could be estimated by the background ILS level.

Importantly, this reciprocal ABBA‐BABA approach requires
that introgression between diploid relatives not be extensive, as
that would increase the abundance of BABA sites in our test
and obscure patterns of HGF. Therefore, we recommend testing
for diploid introgression prior to testing for HGF (we found
no evidence of introgression between C. eugenioides and
C. canephora here). Additional important caveats of the
ABBA‐BABA approach are that it assumes the comparison of
similar (and relatively large) effective population sizes across the
taxa, as well as similar rates of evolution across genomes. For
example, Frankel and Ané (2023) found high false positive rates
in tests of introgression (e.g., D3, ABBA‐BABA, and HyDe)
pertaining to lineages with differing rates of evolution. However,
the ABBA‐BABA test remained at least somewhat robust to
differential rates of lineage evolution as compared to the three‐
taxon D3 test, which was most sensitive to such variation. In this
case, the polyploid subgenomes likely have a reduced effective
population size compared to their diploid progenitors as a result
of the post‐WGD bottleneck that appears to have occurred in
C. arabica (Mekbib et al., 2022). However, this bottleneck

A B

DC

F IGURE 6 Gene trees of four plastid enzyme complex genes that appear to exhibit maternally biased HGF. (A) Gene tree for clpp6, a nuclear‐encoded
gene whose protein product participates in the heteromeric ring of the Clp protease. (B) Gene tree for ndh48, a nuclear‐encoded gene whose protein product
is involved in the plastid NDH. (C) Gene tree for lcha1, a nuclear‐encoded gene whose protein product is involved in photosystem I (PSI). (D) Gene tree for
rbcS, a nuclear‐encoded gene whose protein product represents the small subunit of the Rubisco protein complex.
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applied to both subgenomes, meaning that they are expected to
be similarly affected. Similarly, rates of allopolyploid subgenome
evolution have been found to differ from one another
(Sharbrough et al., 2022), and differ systematically from their
diploid progenitors (e.g., Conover and Wendel, 2022), meaning
that some false positive inferences of HGF from this method
(particularly on small regions or small gene sets) could be
possible. Importantly, however, the test does not rely on direct
comparisons between the subgenomes, thus subgenomic
differences in relative evolutionary rate should not impact the
inference of HGF.

Our approach also relies upon high‐quality genome
assemblies of the polyploid subgenomes, the two diploid
relatives, and of an outgroup. Due to the availability of
PacBio HiFi reads, Hi‐C (or similar) sequencing, and ultra‐
long Oxford Nanopore reads, among other technologies,
such genomic resources are becoming increasingly available.
The coffee genomes used in the present study may represent
an important source of error, as they contain numerous
gaps (the C. arabica assembly GCF_003713225.1 comprises
3522 separate contigs), such that misassemblies could
contribute to overestimating the rate of HGF. Continuing
to improve genome assemblies (and producing pangen-
omes) will greatly facilitate our ability to evaluate the
patterns and consequences of HGF in allopolyploids.
Moreover, additional applications of the D3 test statistic
(Hahn and Hibbins, 2019) may allow for robust inferences
of HGF in taxa that lack a high‐quality outgroup genome
sequence, although we note the caveat above regarding the
potential for false positives due to variation in rate across
diploid and polyploid genomes.

In our current approach, we only considered single‐copy
genes, but expanding beyond these simple cases represents a
major area for development in the investigation of polyploid
genomes. Indeed, the repeated and cyclical nature of WGDs
in plants (Wendel, 2015) means that many, or perhaps even
most, genes in plant genomes have paralogs elsewhere in the
genome. Importantly, we expect multi‐copy genes to be
hotspots for inter‐genomic recombination and homoeolo-
gous conversion (Feliner and Rosselló, 2012), just as they
are hotspots for intra‐genomic recombination and gene
conversion (Brown et al., 1972; Zimmer et al., 1980;
Meagher et al., 1989); therefore, developing a framework
for identifying rates and patterns of homoeologous
recombination in multi‐copy genes will be critical for
understanding how allopolyploid genomes evolve post‐
WGD (Leitch and Leitch, 2008; Wendel et al., 2016). The
phylogenies underlying plant paralogs can also be complex
(Clegg et al., 1997; Nei and Rooney, 2005); for example,
inter‐copy homogenization has long been documented
(Meagher et al., 1989; Clegg et al., 1997; Kovarik et al., 2005),
and the redundancy of gene copies makes them likely
candidates for lineage‐specific loss. Gong and colleagues
investigated homoeologous recombination in several plant
polyploids (i.e., Arachis, Arabidopsis, Brassica, Gossypium,
and Nicotiana) in the frequently multi‐copy rbcS gene and
found a consistent signature of maternally biased

homoeologous conversion in each of those species (Gong
et al., 2012, 2014). The detailed analysis performed by this
group would be challenging to scale to whole genomes (or
even to hundreds of genes) because the alignments used in
these studies were highly curated and each SNP position
was evaluated individually. To foster a genomic perspective,
whole‐genome alignment methods like AnchorWave (Song
et al., 2022) can enable comparisons in a larger fraction of
the genome (Conover et al., 2023), but the gene conversion
dynamics of multi‐gene families will largely be missed by
such an approach. Including multi‐gene gene family
dynamics will require taking advantage of recent advances
in gene‐tree–species‐tree reconciliation (e.g., Mirarab
et al., 2014; Delabre et al., 2020; Morel et al., 2020; Parey
et al., 2020; Willson et al., 2022) to identify duplication and
loss events, after which the prospect of identifying
homoeologous recombination events would be tractable.

Patterns of HGF in organelle‐targeted genes

Hybrid incompatibilities between nuclear and cytoplasmic
genomes can be produced via cytonuclear co‐evolution, and
this special class of BDMIs can play a prominent role in
reinforcing species boundaries (Burton and Barreto, 2012;
Sloan et al., 2017). Polyploidy may offer a general solution
to cytonuclear incompatibilities, as the maternally derived
nuclear genes are retained following the genome merger
event. As a result, those genes can act as sources of epistatic
variation co‐adapted with the cytoplasmic genomes. This is
expected to result in either the loss of paternally derived
genes encoding products targeted to the mitochondria or
chloroplasts, HGF that overwrites paternally derived
homoeologs with maternally derived copies, or rapid
evolution in paternally derived copies under selection to
more closely “match” cytoplasmic interacting partners
(Sharbrough et al., 2017).

In a broad sampling of angiosperm allotetraploids,
Sharbrough et al. (2022) demonstrated that paternally derived
organelle‐targeted genes do not experience global accelera-
tions in rate and are not lost at higher rates than maternally
derived copies. A number of allopolyploid angiosperms
exhibit evidence of maternally biased homoeologous gene
conversion of rbcS, the nuclear‐encoded subunit of Rubisco
(Gong et al., 2012, 2014; Li et al., 2020). Here, we found that
paternally derived genes whose products are involved
in jointly encoded plastid–nuclear enzyme complexes are
preferentially overwritten by maternally derived genes, but no
such pattern was observed in paternally derived genes
involved in mitochondrial–nuclear enzyme complexes.

There are several potential explanations for the discrep-
ancy across organellar compartments. First, plastid genomes
typically evolve at much higher rates than mitochondrial
genomes in angiosperms (Wolfe et al., 1987), and cytonuclear
incompatibilities are unlikely to occur in the absence of
accelerated rates of cytoplasmic genome evolution (Havird
et al., 2015; Rockenbach et al., 2016; Williams et al., 2019).
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Indeed, the apparent lack of HGF in either direction in
mitochondrial enzyme complex genes that we observed here
may reflect an absence of mitonuclear incompatibilities in C.
arabica, owing to a low rate of mitochondrial genome
evolution and low sequence divergence between mitochon-
drial genomes of C. eugenioides and C. canephora. Second, the
efficacy of selection acting on plastid–nuclear interactions
may be greater than that acting on mitochondrial–nuclear
interactions. Plastid enzyme complexes are expressed at much
higher rates than mitochondrial enzyme complexes (Forsythe
et al., 2022), to the extent that Rubisco is likely the most
abundant enzyme on Earth (Ellis, 1979; Raven, 2013). Genes
expressed at higher levels experience more effective selection
than genes expressed at lower levels (Drummond et al., 2005;
Yang et al., 2012). Additionally, plastid genomes are retained
at copy numbers that are orders of magnitude higher than
mitochondrial genomes (Fernandes Gyorfy et al., 2021),
which is expected to produce a higher effective population size
in plastid genomes than mitochondrial genomes.

Summary and Conclusions

Here, we implemented a repurposing of an existing method for
detecting introgression between species into a method for
detecting gene flow within a cell and tested this method in the
allotetraploid angiosperm C. arabica. This proof‐of‐principle
for a simple method to detect HGF in allopolyploid taxa
provides an important tool for characterizing the impacts of
homoeologous exchange and gene conversion in allopolyploids.
We also document patterns of maternally biased HGF in
plastid‐targeted, but not mitochondria‐targeted, genes that are
involved in plastid–nuclear enzyme complexes.
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.
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Appendix S1. Graphical depiction of the classic implemen-
tation of the ABBA‐BABA test. The relative abundance of
ABBA (middle tree) vs. BABA (right tree) site patterns in
genome‐wide alignments can be used to infer introgression
between species in a four‐taxon arrangement.

Appendix S2. Orthologous gene groups in Coffea species.
Orthogroups were inferred after running whole proteomes
through OrthoFinder v2, then a combination of phyloge-
netic (PhyML v3.3) and syntenic (pSONIC v1) information
was used to extract single‐copy orthologous gene groups
from orthogroups.

Appendix S3. Patterns of HGF in genome‐wide and
mitochondria‐ and plastid‐targeted genes using Gblocks‐
trimmed alignments in allotetraploid Coffea arabica. Reciprocal
D‐statistic estimates from Gblocks‐trimmed alignments of the E
subgenome overwriting the C subgenome (purple, DMAT) and
of the C subgenome overwriting the E subgenome (green,
DPAT) in all genes (top panel) and in genes targeted to the
mitochondria (left) and to the plastid (right). Genes are grouped
according to the intimacy of interaction: non‐interacting – top
panels, interacting – middle panels, enzyme complexes –
bottom panels. Points represent overall D‐statistics, density
plots depict distributions from 10,000 gene‐level bootstrap
replicates, and error bars represent 95% CIs. Distributions that
are significantly greater than 0 are indicative of HGF in that
direction.

Appendix S4. CyMIRA cytonuclear enzyme complex gene
names in Coffea, listing genes whose products are targeted
to the mitochondria and chloroplasts and interact with
cytoplasmically encoded gene products.

Appendix S5. Graphical depiction of the possible gene tree
topologies for rooted, five‐taxon trees. There are 15 possible

tree topologies for a rooted tree with five taxa. The
Coffea species tree is depicted in (A) (highlighted in
gray). The gene tree that would be expected if HGF were
reciprocal across subgenomes is depicted in (F) (highlighted
in orange). The gene tree that would be expected if
HGF were maternally biased (i.e., E‐overwriting‐C) is
depicted in (L) (highlighted in purple). The gene tree
that would be expected if HGF were paternally biased
(i.e., C‐overwriting‐E) is depicted in (M) (highlighted
in green).

Appendix S6. Graphical depiction of species tree, HGF
trees, and ILS tree topologies, showing the comparison
between putative HGF gene trees with alternative gene tree
topologies that are due to random sorting of alleles,
recurrent mutations, and autapomorphies. See Appendix
S5 for the possible gene tree topologies.

Appendix S7. Stepwise ABBA‐BABA statistics across gene
functional categories for Gblocks‐trimmed alignments.

Appendix S8. Tests of prevalence of putative HGF gene
trees against random expectations.

Appendix S9. Stepwise ABBA‐BABA statistics across gene
functional categories for ClipKIT‐trimmed alignments.
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