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Introduction

Species tree and gene tree discordance is a pervasive phenomenon in evolution-
ary biology, arising from a complex interplay of evolutionary processes that deviate
from simple bifurcating models [1]. These discrepancies, while posing challenges
for phylogenetic inference, are increasingly recognized as windows into the intri-
cate evolutionary histories of life [1]. Understanding the drivers and implications
of discordance is paramount for accurately reconstructing evolutionary relation-
ships and for elucidating the impact of these processes on the diversification and
maintenance of biodiversity across all domains of life [1].

One of the most significant contributors to gene tree-species tree discordance is
incomplete lineage sorting (ILS) [2]. This process occurs when ancestral polymor-
phisms persist through speciation events, leading to the sorting of different gene
lineages into distinct species. The relative rates of speciation and gene coales-
cence play a critical role in determining the extent to which ILS impacts phyloge-
netic signals [2].

Gene flow, encompassing phenomena such as hybridization and introgression,
represents another powerful force shaping gene trees and causing them to di-
verge from the species tree [3]. Hybridization events can introduce novel genetic
material, effectively creating reticulate evolutionary pathways. Introgression, the
widespread transfer of alleles between species, further complicates phylogenetic
inference by generating mosaic evolutionary histories [3].

Horizontal gene transfer (HGT) is a particularly important mechanism contributing
to gene tree-species tree discordance, especially within microbial lineages and
certain eukaryotic groups [4]. HGT involves the acquisition of genetic material
from unrelated organisms, leading to gene trees that are incongruent with the or-
ganismal phylogeny and can mask true evolutionary relationships [4].

In response to these challenges, phylogenomic methods have emerged as power-
ful tools for addressing gene tree-species tree discordance [5]. These approaches
leverage large datasets, such as unlinked genes or entire genomes, to infer species
trees by averaging phylogenetic signals across numerous loci, thereby increasing
the robustness of the inferred tree [5].

Model-based methods, notably coalescent-based approaches, are essential for ex-
plicitly modeling the processes that generate discordance, such as ILS [6]. By ac-
counting for the stochastic nature of gene coalescent events, these methods can
provide more accurate species tree estimates than methods that do not incorporate
these evolutionary complexities [6].

The presence of significant discordance can mislead traditional phylogenetic anal-
yses that often operate under the simplifying assumption of a single, congruent tree

for all genes [7]. Recognizing and actively addressing this discordance is vital for
avoiding erroneous conclusions regarding evolutionary relationships, the timing of
speciation events, and the overall impact of various evolutionary forces on diver-
sification [7].

Conversely, discordance is not merely an artifact to be overcome but can also serve
as a valuable repository of information about past evolutionary events [8]. Study-
ing discordant gene trees can reveal patterns of gene flow, hybridization, and com-
plex demographic histories that are often obscured by single-locus or concatenated
phylogenetic approaches [8].

The development and application of statistical methods designed to rigorously
test for significant discordance between gene trees and species trees are crucial
for advancing phylogenetic research [9]. These statistical frameworks enable re-
searchers to distinguish genuine evolutionary signals from noise introduced by
random processes or analytical artifacts, leading to more reliable phylogenetic in-
ferences [9].

Ultimately, a comprehensive understanding of the causes and consequences of
gene tree-species tree discordance is fundamental to the field of evolutionary biol-
ogy [10]. This understanding impacts a wide range of sub-disciplines, from com-
parative genomics to conservation genetics, underscoring the necessity of accu-
rate phylogenetic reconstruction, informed by the complexities of evolutionary pro-
cesses, to decipher the intricate tree of life [10].

Description

Gene tree-species tree discordance is a widespread phenomenon in evolution-
ary hiology that arises from various evolutionary processes, including incomplete
lineage sorting, gene flow, horizontal gene transfer, and hybridization [1]. These
discrepancies present significant challenges for phylogenetic inference but also
offer invaluable insights into the complex evolutionary histories of species [1]. A
thorough understanding of discordance is therefore essential for accurately recon-
structing evolutionary relationships and for appreciating the impact of these pro-
cesses on biodiversity [1].

Incomplete lineage sorting (ILS) stands out as a primary driver of gene tree discor-
dance [2]. This process occurs when ancestral genetic variation persists through
speciation events, leading to the random sorting of gene lineages into different
descendant species. The relative rates of speciation and gene coalescence sig-
nificantly influence the degree to which ILS contributes to discordance [2].

Gene flow, which includes phenomena like hybridization and introgression, can
profoundly influence gene trees and create significant discordance with the
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species tree [3]. Hybridization events introduce novel genetic material from one
species into another, while introgression facilitates the widespread transfer of alle-
les between species, resulting in complex and reticulate phylogenetic signals that
deviate from simple branching patterns [3].

Horizontal gene transfer (HGT) represents another significant factor contributing
to gene tree-species tree discordance, particularly prevalent in microbial lineages
and certain eukaryotic groups [4]. HGT involves the movement of genetic ma-
terial between organisms that are not closely related, leading to gene trees that
are incongruent with the organismal phylogeny and can complicate evolutionary
analyses [4].

Phylogenomic methods are increasingly being employed to effectively address the
challenges posed by gene tree-species tree discordance [5]. These advanced
techniques analyze large datasets, such as collections of unlinked genes or whole
genomes, enabling more robust inference of species trees by averaging phyloge-
netic signals across a multitude of genetic loci [5].

Model-based methods, such as coalescent-based approaches, are critical for ex-
plicitly modeling the stochastic processes that generate gene tree discordance, like
ILS [6]. By incorporating explicit models of gene coalescent events, these methods
can provide more accurate species tree estimates by accounting for the inherent
randomness and variability in gene lineage sorting [6].

The presence of significant discordance can mislead traditional phylogenetic anal-
yses that often rely on the assumption of a single, congruent tree across all genes
[7]. Recognizing and addressing this discordance is vital to avoid erroneous con-
clusions about evolutionary relationships, the timing of speciation events, and the
overall impact of various evolutionary forces on diversification [7].

Furthermore, discordance can serve as a valuable source of information about past
evolutionary events [8]. Studying discordant gene trees can reveal patterns of gene
flow, ancient hybridization events, and complex demographic histories that might
not be apparent when analyzing single genes or concatenated sequences alone

8].

The development of robust statistical methods for testing the congruence between
gene trees and species trees is crucial for advancing phylogenetic research [9].
These methods allow researchers to distinguish between true evolutionary signals
and artifacts arising from random processes or analytical limitations, thereby im-
proving the reliability of phylogenetic conclusions [9].

In conclusion, understanding the causes and consequences of gene tree-species
tree discordance is fundamental to modern evolutionary biology, with far-reaching
implications for fields ranging from comparative genomics to conservation genet-
ics [10]. Accurate phylogenetic reconstruction, informed by a deep appreciation of
these evolutionary complexities, is key to deciphering the true tree of life [10].

Conclusion

Gene tree-species tree discordance arises from evolutionary processes such as
incomplete lineage sorting, gene flow, horizontal gene transfer, and hybridiza-
tion. These discrepancies pose challenges for phylogenetic inference but also
offer insights into evolutionary histories. Incomplete lineage sorting is a major
driver, occurring when ancestral polymorphisms persist through speciation. Gene
flow, including hybridization and introgression, significantly shapes gene trees.
Horizontal gene transfer, especially in microbes, leads to incongruent gene trees.
Phylogenomic methods and model-based approaches, like coalescent theory, are
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employed to address discordance and improve species tree estimation. Recogniz-
ing discordance is vital to avoid phylogenetic errors. It can also provide valuable
information about past evolutionary events like ancient hybridization. Statistical
methods are crucial for distinguishing true signals from noise. A comprehensive
understanding of discordance is fundamental to modern evolutionary biology and
accurate phylogenetic reconstruction.
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