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Abstract: Reconstructing the Tree of Life remains a central goal in biology. Early methodologies, 

relying on comparative anatomy or alignments of small numbers of genetic loci, often yielded 

conflicting evolutionary histories, undermining confidence in the results. Investigations based on 

phylogenomics, which uses hundreds to thousands of loci for phylogenetic inquiry, often provide 

a clearer picture of life’s history, but certain branches have remained challenging to resolve. 

Particularly problematic nodes include the root of the animal tree and the relationships among 

major clades of teleost fish, a group encompassing nearly half of all vertebrates. To address these 

debates, recent studies tested the utility of an emerging phylogenomic marker: synteny, the 

conserved collinearity of orthologous loci in two or more organisms. Synteny exhibits compelling 

phylogenomic potential, while also raising new challenges. We discuss the history of phylogenetics, 

contentious branches in the Tree of Life, and the use of synteny to address them. We propose five 

research questions to help guide the use of synteny data in phylogenomic studies. Synteny-based 

analyses of highly contiguous genome assemblies mark a new chapter in the phylogenomic era and 

the quest to reconstruct the Tree of Life.  

Keywords: phylogenomics; synteny; chromosomes; long-read sequencing; tree of life; orthology; 

phylogenetic trees; incongruence 

 

“A comparison of the different gene arrangements in the same chromosome may, in certain cases, 

throw light on the historical relationships of these structures, and consequently on the history of the 

species as a whole.” Dobzhansky & Sturtevant, 1938, Genetics [1]. 

A (very) brief history of phylogenetics 

The field of phylogenetics aims to infer the evolutionary history of biological features such as 

phenotypes and genes. Arguably, the most ambitious goal in phylogenetics is to reconstruct the entire 

Tree of Life. Evolutionary histories are often represented as phylogenetic trees, diagrammatic 

representations of the evolutionary relationships among biological entities. To build phylogenetic 

trees, diverse data types have been used and our understanding of the Tree of Life has undergone 

significant transformations with each technological and methodological advance. Early approaches 

from the mid-1800′s relied on comparative morphology among extant species, where features such 

as leaves and skeletal structures were analyzed to infer the phylogenies of plants and animals, 

respectively [2–4]. However, morphology-based phylogenies often yielded incongruence (conflicting 

phylogenetic hypotheses) [5], undermining confidence in the inferred evolutionary histories. 

Meanwhile, strategies based on biomolecules—such as antigens [6] and hemoglobin crystals [7]—

demonstrated potential for phylogenetic inquiry, partly because their similarities and differences 

could be clearly quantified. 

Biomolecules received additional validation as phylogenetic characters through the 

groundbreaking work of Calvin Blackman Bridges in 1916 and Alfred Sturtevant and Theodosius 

Dobzhansky in the 1930s. Specifically, Bridges used phenotypic and cytologic analyses of crosses 
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between strains of Drosophila melanogaster to provide unequivocal evidence for the chromosome 

theory of inheritance [8]. This finding suggested that chromosomes could be used to reconstruct the 

“stream of heredity [that] makes phylogeny,” as George Gaylord Simpson would later put it [9]. 

Indeed, in the 1930s, Sturtevant and Dobzhansky successfully reconstructed phylogenetic 

relationships among populations of Drosophila pseudoobscura, relying on an innovative use of 

chromosomal inversions [1,10]. This approach involved the generation of hybrids, examination of 

chromosome pairing in polytene chromosomes from salivary gland cells, and detection of inversions 

among chromosome pairs (Figure 1B). While robust for the purposes of population-level 

phylogenetics in Drosophila, the need to generate hybrids limited this analysis to closely related 

populations and thus posed a significant barrier to the widespread analysis of chromosomal 

inversions in phylogenetics. Nevertheless, this seminal work demonstrated the potential of DNA—

and specifically variation in genome architecture—for phylogenetic inquiry.  

 

Figure 1. Data types for sequence-based phylogenetics. (A) Consider the relationships among four 

taxa (represented as T1, T2, T3, and T4) wherein the pairs T1 and T2 and T3 and T4 are sister to one 

another. These relationships can be depicted in an unrooted (top) or rooted (bottom) phylogeny and 
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be inferred using several data types. For example, (B, top) patterns of chromosome pairing among F1 

hybrids will reveal taxon pairs T1 and T2 and T3 and T4 display no evidence of inversions; in contrast, 

T2 and T3 display evidence of an inversion. (B, bottom) Thus, in a rooted phylogeny, the inversion 

event occurred in the stem lineage leading up to T1 and T2. (C, top) Multiple sequence alignments of 

single or few loci can also infer these relationships. (C, bottom) Here, a single-base mutation event 

occurred in the ancestor of T1 and T2. (D, top) Collections of multiple sequence alignments or (D, 

middle) single-locus phylogenies can be used to evolutionary histories using concatenation or 

coalescence, respectively. Here, the green, orange, and grey loci support T1 and T2 as sister taxa 

whereas the blue locus supports T2 and T3 as sister taxa. (D, bottom) Rooting these phylogenies 

provides an alternative depiction of how the blue locus support an alternative topology. Among 

markers of genome architecture (E) microsynteny (gene order), (F) macrosynteny (chromosomal 

organization), and (G) fusion events without- and (H) with-mixing can be phylogenomic markers. (E, 

top) In the case of microsynteny, evidence of an inversion may occur between the blue and orange 

loci, (E, bottom) which happened in the ancestor of T1 and T2. (F) The same phenomenon can happen 

in the case of macrosynteny. (G, top) Fusion-without-mixing events between two chromosomes may 

also reflect phylogeny. (G, bottom) In this case, a fusion event may have occurred in the ancestor 

between T1 and T2. (H, top) Fusion-with-mixing can also be used to recapitulate phylogeny. (H, 

bottom) Fusion-with-mixing events occur in two steps, as depicted in the ancestor of T1 and T2. First, 

there is a fusion event. Then, extensive rearrangements occur therein. Note, the evolutionary scenarios 

at the bottom of panels B, C, E, F, G, and H depict one possible scenario. 

The development of Sanger sequencing paved the way for using alignments of DNA sequences 

from individual loci for phylogenetic inference of more deeply diverged organisms [11,12] (Figure 

1C). Genetic loci used for phylogenetics are ideally single-copy orthologs, homologous sequences 

encoded only once in the genomes of the organisms under study and, presumably, in their last 

common ancestor [13]. These loci are considered ideal for phylogenetics because they are ostensibly 

not subject to duplication and loss patterns that can complicate orthology inferences and obfuscate 

phylogenetic signal. 

Although Sanger sequencing was essential for establishing sequence-based molecular 

phylogenetics, the technology had limitations, such as a relatively short maximum sequence length 

(<1 kilobase), high cost, and difficulty in scaling up to high-throughput. Moreover, evolutionary 

histories inferred from one or even a few single-copy orthologs often exhibited incongruence [14–19]. 

Incongruence in these analyses is partly driven by the dearth of phylogenetic information in some 

highly conserved genetic loci [20]. As a result, analyses of some genes yield multiple phylogenetic 

hypotheses with near equal support  and different algorithms may lead to different “best” trees. The 

unreliability of a single or few loci for phylogenetic inference has led to frustration mirroring that 

inspired by morphology-based phylogenies and has undermined efforts to find the “true” tree within 

the vast forest of potential topologies.  

However, with the establishment of whole-genome sequencing, DNA-based markers have taken 

an even more prominent role in phylogenetics, and hundreds to thousands of loci are frequently used 

in a total evidence approach (Figure 1D) [21,22]. Two methods for genome-scale “phylogenomic” 

inference of organismal histories are concatenation, in which a data matrix is analyzed as a 

supermatrix of individual genes, and coalescence, wherein collections of gene trees are inferred under 

a framework that accounts for conflict between gene trees and species trees by integrating species 

divergences with population-level drift and mutation (the multispecies coalescent model) [21,23,24]. 

Using the coalescent framework, single-locus trees and organismal histories are either co-estimated 

or collections of single-locus phylogenies are reconciled to a single phylogeny [23]. Phylogenomics 

has successfully delineated numerous previously problematic branches within the Tree of Life, 

including the placement of turtles as sister to archosaurs (crocodiles and birds) [25] and eukaryotes 

within Archaea, suggesting a two-domain Tree of Life [26]. Confidence in these topologies partly 

stems from independent research groups reproducibly inferring the same evolutionary relationships, 

while employing different approaches and data. These successes have positioned phylogenomics as 

the current standard for reconstructing most evolutionary histories. Nonetheless, certain branches, 
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including some concerning critical evolutionary events, have proven recalcitrant and are subject to 

intense debate.  

Current approaches fail to resolve certain branches in the Tree of Life 

Resolving the root of the animal tree represents a major challenge. Two hypotheses have 

garnered significant support: the sponge-first hypothesis, which suggests that sponges were the first 

lineage to diverge from all other animals and the ctenophore-first hypothesis, which suggests that 

ctenophores (comb jellies) diverged first (Figure 2A-B) [27–29].  

 

Figure 2. Depictions of the alternate hypotheses for the base of the animal and teleost fish 

phylogenies. The debate concerning early animal evolution has largely focused on the (A) 

ctenophore-first and (B) sponge-first hypotheses positing that Ctenophores or Sponges, respectively, 

diverged first from all other animals. Among teleost fish, the debate centers on the relationships 

among three major lineages—the Elopomorpha (mostly slim-headed fish), Osteoglossomorpha 

(mostly bony-tongued fish), and Clupeocephala (all other teleost fish). (C) The 

Eloposteoglossocephala (EO-sister) hypothesis suggests a sister relationship between slim-headed 

and bony-tongued fish, whereas the (D) Elopomorpha-first and (E) Osteoglossomorpha-first 

hypotheses suggest that slim-headed fish or bony-tongued fish, respectively, diverged before the 

other lineages split from one another. Recent studies that employed synteny as a phylogenomic 

marker supported the (A) ctenophore-first and (C) EO-sister hypotheses [134,141]. Silhouette images 

were obtained from PhyloPic (https://www.phylopic.org); all credit goes to their respective 

contributors. 

Early studies based on morphology favored the sponge-first hypothesis [30,31]. Support for this 

hypothesis included the striking resemblance between sponge choanocytes and the closest living 

relatives of animals, the choanoflagellates. Specifically, both have cells with apical microvillar collars 

surrounding a single flagellum [32,33]. Sponges also lack certain cell types, including myocytes and 

neurons, found in many other animals [32–34]. Under the sponge-first hypothesis, these cell types 

evolved after the divergence of sponges from all other animals. 

Morphological analyses also argued against the ctenophore-first hypothesis. The soft-bodied 

jelly structure of ctenophores originally suggested a close relationship to Cnidaria, the phylum that 

encompasses sea anemones and jellyfish, among other animals [27,31]. These morphological alliances 

were seemingly corroborated by animal behavior. Modern ctenophores and jellyfish (with few 

exceptions) feed on other animals, while sponges and choanoflagellates are filter feeders, capturing 

bacterial prey in their microvillar collar structures [32,35,36]. In addition, the neurons of ctenophores 

deviate in important ways from the neurons of other animals, leading some to propose that neurons 

of ctenophores might have evolved independently from those of other animals [34,37]. Thus, 

resolving these hypotheses impacts inferences about the evolution of animal cell types, development, 

and behavior. 
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During the single-locus era of phylogenetics, the sponge-first hypothesis garnered nearly 

universal support [30,38–40]. The dawn of phylogenomics, however, changed the situation, and the 

first study to support the ctenophore-first hypothesis was published in 2008 [41]. This study used 150 

genes and 77 taxa, including two sponges and two ctenophores. The following year, in 2009, the 

sponge-first hypothesis was supported by a study using 128 genes and 55 taxa, including nine 

sponges and three ctenophores [42]. Since then, numerous investigations powered by larger datasets, 

including dozens of ctenophores and sponges, as well as the latest advances in phylogenomic 

methodologies have provided compelling and contradictory evidence for the two competing 

hypotheses [27–29,42–45].  

Similarly, early branching patterns in the teleost fish phylogeny, representing the largest and 

most diverse group of extant vertebrates, are intensely debated. Within teleosts, three major clades 

exist: Elopomorpha (mostly slim-headed fish like bonefish, eels, and skipjacks), Osteoglossomorpha 

(mostly bony-tongued fish like elephantnose fish, African butterfly fish, and mormyrids), and 

Clupeocephala (the remaining extant teleosts). The ordering of these clades influences our 

understanding of osteologic evolution—namely, the number of bone fusion and fission events during 

the evolution of the pectoral girdle, fins, and anterior vertebrae, for example [46–48]. 

The Osteoglossomorpha-first hypothesis initially emerged in the late 1970s, supported by 

morphological data [49]. This hypothesis was challenged decades later when analyses of other 

morphological data or alternative coding schemes for the same morphologies favored the 

Elopomorpha-first hypothesis [50]. Phylogenetics of some single-locus data further intensified the 

debate, introducing a third hypothesis suggesting a sister relationship between Elopomorpha and 

Osteoglossomorpha—the Eloposteoglossocephala (EO-sister) hypothesis—in which the slim-headed 

and bony-tongued fish are thought to form a sister clade to all other teleosts [51]. In the phylogenomic 

era, all three hypotheses (Figure 2C-E) have received support. For example, the Elopomorpha-first 

hypothesis was frequently supported by maximum likelihood and Bayesian analysis of concatenated 

sequences, while the EO-sister hypothesis was better supported among single-locus trees. In contrast, 

the Osteoglossomorpha-first hypothesis received less support in the phylogenomic era [52–62]. 

Challenged by a history of conflict, some have suggested that the base of the teleost fish phylogeny 

is one of the most important unresolved questions in 21st-century research on ray-finned fish 

evolution [60].  

Although these are only two examples, incongruence within and across phylogenomic studies 

is prevalent and begs the question: what causes incongruence? 

Drivers of incongruence in phylogenetic analyses 

Research spanning decades has sought to unravel the biological and analytical factors contributing 

to incongruence in phylogenetic analyses and develop methods to mitigate them [23].  Biological 

factors contributing to phylogenetic incongruence include incomplete lineage sorting, 

introgression/hybridization, horizontal gene transfer, and saturation [23,63–68]. Incomplete lineage 

sorting refers to the random sorting of ancestral polymorphisms, which can sometimes lead to 

incongruence between allelic and organismal histories (Figure 3A) [69]. To address this challenge, the 

multispecies coalescent model offers a framework that directly considers incomplete lineage sorting 

when reconstructing organismal histories [70]. 
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Figure 3. Factors driving phylogenetic incongruence. In panels A, B, and C, the grey phylogeny 

represents organismal history (commonly referred to as the species tree) between four taxa, 

represented as T1, T2, T3, and T4. As depicted here, T2 is sister to the pair of taxa T3 and T4; T1 is 

sister to the lineage encompassing the three others. The blue lines represent a single locus that differs 

in evolutionary history. An inset depicts the phylogenetic of the single-locus. (A) Incomplete lineage 

sorting refers to the random sorting of ancestral alleles that can, at times, differ from the species 

history. (B) Hybridization is also a non-vertical mode of evolution. In some cases, hybridization can 

give rise to new species; for example, the origin of T2 is from a hybridization event between T1 and 

T3. In this case, two topologies may be observed. One topology supports a sister relationship between 

T2 and T3, and the other supports a sister relationship between T1 and T2. (C) Horizontal gene 

transfer is the transfer of genetic material without sexual reproduction, leading to non-vertical 

evolution. Here, genetic material is transferred from T1 to T2. (D) Saturation by multiple substitutions 

occurs when the number of real substitutions exceeds the number of observable substitutions. The 

dashed line represents a perfect correlation between the number of real substitutions and observed 

ones. However, the number of real substitutions can exceed the number of observed ones, and the 

more frequently this occurs in an alignment, the worse saturation will be. (E) Substitution models 

generalize the exchange rates of different characters in an alignment. Here, arrows depict exchange 

rates between different nucleotide characters. In the simplest case, these will be the same. In a more 

complex substitution model, exchange rates may differ between purines and pyrimidines. In the most 

complex case, each arrow will be given a unique exchange rate. In site-homogeneous substitution 

models, these rates are applied to the whole alignment. In site heterogeneous models, these rates are 

applied to each site individually. (F) Gene length biases in sequence similarity scores can contribute 

to erroneous orthology inference. There is a distinct relationship between sequence length and 

sequence similarity score wherein longer sequences can have higher sequence similarity scores, 

whereas smaller ones cannot. The dashed line represents the upper limit of a sequence similarity score 

a sequence can have. Panels A-D depict biological factors driving incongruence, while panels E and 

F depict analytical ones. 

Non-vertical modes of evolution that deviate from a bifurcating tree model also drive 

incongruence. These evolutionary modes include introgression/hybridization, the interbreeding 

between distinct lineages or species, and horizontal gene transfer, the transfer of DNA between 

organisms, independent of sexual reproduction (Figure 3B and 3C) [66,71–76]. Loci originating from 

these non-vertical modes of evolution can often be identified and removed from phylogenomic data 

matrices before tree inference [64,77–80]. Alternatively, transfers can be directly modeled, which has 
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proven helpful for studies of bacteria, where horizontal gene transfer is relatively common [63,81–

83]. 

Saturation by multiple substitutions can also result in incongruence due to the loss of 

phylogenetic information [23]. The impact of saturation can be ameliorated by purging phylogenomic 

data matrices of genes subject to high degrees of saturation. Saturation can be quantified by 

comparing the number of observed mutations in a multiple sequence alignment and a phylogenetic 

tree. When multiple sequence alignments underestimate phylogenetic distances, saturation is 

inferred to be at play [84,85]. Alternatively, character recoding, the practice of grouping amino acids 

or nucleotides into fewer characters based on similar physiochemical properties, can help combat 

saturation [84–87]. 

Although methods for overcoming some biological sources of error have been developed, 

knowing when and how to implement them can be challenging. Moreover, some issues may prevail 

despite best efforts to ameliorate them. For example, saturation likely afflicts any dataset of anciently 

diverged organisms. More broadly, detecting factors contributing to incongruence among ancient 

lineages is inherently challenging, making it difficult to account for them. 

Analytical drivers of incongruence in phylogenetic analyses can be broadly categorized into 

three main groups: systematic, stochastic, and treatment errors [23]. Systematic errors encompass 

inadequate substitution models, which are meant to generalize rates of nucleotide or amino acid 

substitutions (Figure 3E) [23]. The simplest substitution models use equal character frequencies and 

substitution rates between them (e.g. the Jukes-Cantor model [88]), but often lack biological realism. 

More complex substitution models that account for variation in character frequencies and 

substitution rates can overcome insufficient model complexity but may suffer from relying on 

unsubstantiated assumptions about evolutionary processes [25,89,90]. 

Systematic errors can also stem from erroneously inferred orthology relationships between loci 

in different species [23]. These errors can stem from gene length biases in sequence similarity scores. 

Specifically, longer sequences have lower average expectation values and higher bitscores (Figure 

3F), resulting in the inappropriate exclusion of some short sequences from groups of orthologs due 

to insufficient similarity scores [91,92] and the inclusion of long sequences that are not true orthologs. 

Correcting sequence similarity scores by sequence length can at times overcome these issues. 

Although many sources of error have been uncovered and, in some cases, corrected, inaccuracies 

remain partly because of the intrinsic difficulty of algorithmically describing biological processes. For 

example, while clustering genes into groups of orthologs, users must define an inflation parameter, 

which impacts the “tightness” of inferred clusters; overly stringent or relaxed values may result in 

the over-splitting or incorrect joining of genes into groups of orthologs [93,94]. 

Stochastic errors arise from inadequate taxon and locus sampling [95–98]. Expanded genome or 

transcriptome sequencing efforts can address limited taxon sampling. Limited locus sampling can be 

overcome by using more loci, which can be obtained by identifying subgroups of single-copy 

orthologs nested within multi-copy gene families and/or pruning species-specific paralogs [99–101]. 

Treatment errors stem from undue data treatment resulting in, for example, loss of phylogenetic 

signal [23]. These treatments include excessive trimming of multiple sequence alignments [102,103]. 

Alignment trimming strategies focused on retaining informative sites can mitigate these errors [103]. 

Similarly, character recoding can sometimes worsen phylogenetic inferences in simulated conditions 

[86,87], likely due to the loss of information stemming from a reduced character alphabet [23]. 

These examples illustrate how biological and analytical errors can complicate every step in a 

phylogenomic workflow [23]. Moreover, each dataset is challenged by a unique combination and 

severity of these drivers of incongruence. For example, examining ancient divergences presents 

unique challenges compared to population-level phylogenomics. As a result, accounting for these 

errors is often done ad hoc, and designing independent measures to support certain analytical design 

choices can be difficult. Mirroring this challenge, it is impossible to design a single phylogenomic 

workflow capable of accounting for all sources of error in all datasets. 

Despite ongoing efforts to account for diverse sources of incongruence, the base of the animal 

tree and early branching patterns among teleost fish remain unresolved [27–29,41,104]. This is 
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particularly perplexing because conflicting results have been reported even after employing rigorous 

workflows that account for diverse drivers of incongruence. As a result, these findings have, at times, 

sparked ideological divisions supporting different best practices [45,89,104,105]. For example, much 

of the root of the animal tree debate revolves around the most appropriate substitution models 

[28,29,44]. More specifically, analysis of the same dataset using varying substitution model 

complexity revealed that the most highly parameterized models often support the sponge-first 

hypothesis [44]. Similarly, outgroup choice impacts support for the root of the animal tree, with 

broader outgroup taxon sampling that includes the unicellular opisthokonts and fungi tending to 

support the ctenophore-first hypothesis [44]. Among teleost fish, the degree of sequence divergence 

impacts inference. Specifically, the EO-sister hypothesis is supported by faster-evolving sequences, 

whereas studies using slower-evolving ultra-conserved elements support the Elopomorpha-first 

hypothesis [54,55,57,61]. Taken together, these observations demonstrate how tree inference can be 

sensitive to decisions about how data are collected and analyzed. Proponents of the competing 

hypotheses present compelling evidence to support their proposed methods, further intensifying the 

controversy. 

Rare genomic changes as phylogenomic markers 

Amidst these ongoing debates, the value of other phylogenetic markers, such as rare genomic 

changes, was explored [106]. For example, phylogenetic distributions of insertions and deletions, 

gene duplications and losses, and alternative genetic codes often mirror the inferred evolutionary 

relationships among major vertebrate, insect, fungal, and related lineages [107–110]. Early studies 

underscoring the promise of these phylogenetic markers were primarily conducted before widely 

available whole-genome sequences. The absence of comprehensive sequence data and algorithms 

necessary for systematically evaluating the phylogenetic value of these genomic variants stymied 

progress. Furthermore, multiple cases of convergence among rare genomic changes were brought to 

light. For example, convergent losses of gene duplicates have been repeatedly observed [90]. 

Similarly, genetic recoding of the CUG codon from Leucine to Serine in Saccharomycotina fungi (a 

subphylum of budding yeast that includes baker’s or brewer’s yeast) occurred twice independently 

[111]. Convergence can also be observed among structural genomic features. Distributions of 

mitochondrial genome size, structure, and content (e.g., intragenic spacers and open reading frames) 

are similar among Placozoa, chytrid fungi, and choanoflagellates [112]. Notably, this case of 

convergent mitochondrial genome evolution would suggest Placozoa diverged from all other 

animals first—a hypothesis largely refuted by phylogenomic analyses of nuclear genes [28,29,113].  

Despite instances of convergence that could mislead tree inference, studies of dozens to 

hundreds of genomes have uncovered several examples of rare genomic changes that recapitulate 

phylogeny. For example, copy number variants (duplicated or deleted loci) can mirror population 

structure in humans [114]. This observation has also been observed in populations of several other 

species [115–117]. Gene presence-absence polymorphisms can also reflect phylogeny. For example, 

lineage-specific gene duplication and loss events have been detected in humans [118]. Similarly, two 

lineages in the bipolar budding yeast genus Hanseniaspora can be discriminated by differential 

degrees of gene loss [110]. Of note, these examples concern more recent divergences among lineages. 

Another example is the single genetic recoding event of CUG to alanine and serine, rather than 

leucine, in a monophyletic lineage of yeast [119].  Taken with the previous examples, these 

observations underscore the need to systematically evaluate rare genomic changes as phylogenomic 

markers for ancient divergences. 

Synteny emerges in the phylogenomic era 

As abundant genome assemblies have become available, algorithm development has followed 

suit. User-friendly software has enabled the detection of collinear DNA sequences in genomes from 

related organisms [120–123], thereby streamlining robust orthology inference [21] and analyses of 

chromosome evolution (macrosynteny) and local gene order (microsynteny; Figure 1E and F). 

Although there is no widely accepted consensus for what differentiates macro- from micro-synteny, 
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macrosynteny typically refers to hundreds to thousands of collinear genes, at times spanning whole 

chromosomes, whereas microsynteny typically concerns only a handful of genes [124].  

A major molecular mechanism driving syntenic variation includes unequal crossing over during 

homologous recombination [125]. Genomes with multiple copies of similar sequences, like 

transposable elements in plant genomes, can be particularly prone to unequal homologous 

recombination [126]. Similarly, recombination between highly similar but nonallelic sequences 

(nonhomologous recombination) can also result in major mutational events, such as recurrent 

deletions or duplications [127]. Whether each mechanism results in a macro- or micro-syntenic 

change largely depends on the spacing between recombinant regions. Other error-prone DNA repair 

mechanisms—including nonhomologous end joining—can result in syntenic changes [128]. 

Studies of macro- and micro-synteny have led to several findings. For example, angiosperms 

exhibit faster evolutionary rates at the scales of macro- and micro-synteny compared to mammals 

and Saccharomycotina yeast [129,130]. Macro- and micro-synteny can also undergo distinct 

evolutionary trajectories. Among Saccharomycotina species, macro-synteny rapidly degrades 

compared to in animals, whereas the rate of micro-synteny decay is similar in both lineages [130]. 

This finding suggests that Saccharomycotina chromosomes rapidly evolve, but local gene order is 

more conserved. Thus, ancestral state reconstructions of ancient Saccharomycotina chromosomes 

would be inherently more difficult than local gene order compared to reconstructions of animal 

chromosomes.  

This analysis also allowed examination of the relationships among shared syntenic blocks and 

the evolutionary history of a lineage inferred using concatenated multiple sequence alignments. In a 

data set of 120 yeast, nearly 99% of the detected microsyntenic blocks shared more syntenic blocks 

than expected by random chance, [130], reinforcing the notion that synteny can reflect phylogeny 

[131]. Subsequent developments in software and bioinformatic pipelines, vetted through simulations 

and examinations of empirical data, have facilitated the inference of organismal histories based on 

syntenic blocks [132,133]. Although promising, these studies primarily focused on establishing the 

utility of synteny through proof-of-principle approaches—that is, reevaluating well-established 

relationships or using simulated scenarios. Applying these methodologies to address Tree of Life 

debates has been a more recent development. 

Synteny brings fresh perspectives to Tree of Life debates  

Reconstruction of ancient gene linkages by Schultz et al. has brought new data to bear on the 

sponge- versus ctenophore-first debate at the base of the animal Tree of Life [134]. This study relied 

on a new ensemble of genome assemblies among select sponges, ctenophores, bilaterians, cnidarians, 

and three outgroup taxa—a choanoflagellate (Salpingoeca rosetta), a filasterean (Capsaspora owczarzaki), 

and an ichthyosporean (Creolimax fragrantissima). Although detecting synteny is complicated by 

chromosomal rearrangements across deep time, comparative analyses identified syntenic blocks 

conserved between outgroup and metazoan taxa; 29 and 20 syntenic blocks were shared between 

metazoans and the filasterean or choanoflagellate, respectively. Notably, all 20 syntenic regions 

identified in the choanoflagellate were also present in the filasterean. The detected syntenic blocks 

were grouped into three categories: no fusion, fusion-without-mixing, and fusion-with-mixing 

(Figure 1G and H). “No fusion” refers to syntenic blocks that remained on separate chromosomes; 

“fusion-without-mixing” refers to when the chromosomes harboring two syntenic blocks fuse into a 

single chromosome; and “fusion-with-mixing” refers to chromosomal fusion followed by 

rearrangements that cause the syntenic blocks to overlap. 

A codified matrix of fusion events was used for phylogenetic inference in a Bayesian framework. 

To account for the improbable unmixing event (i.e., reversal of a fusion-with-mixing event to the 

perfect fission of two syntenic blocks), asymmetric transition probabilities were applied to the three 

categories. This analysis strongly supported the ctenophore-first hypothesis. Direct examination of 

fusions further corroborated this finding using parsimony. Specifically, the ctenophore-first 

hypothesis was supported by seven fusion events that are shared by bilaterians, cnidarians, and 

sponges, but missing from extant ctenophores and outgroup taxa, suggesting the fusion events 
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occurred after ctenophores diverged from all other animals (Figure 4A). Four of these events occurred 

with mixing; under the sponge-first hypothesis, these data could only be explained by convergent 

fusions with mixing or precise reversions. 

 

Figure 4. Summary depictions of syntenies supporting the ctenophore-sister and EO-sister 

hypothesis. (A) Phylogeny of animal and outgroup taxa used to examine the root of the animal tree. 

Underneath each higher-order lineage name, the names of representatives used in the study are listed. 

For example, among Bilateria, species from the genera Pecten and Branchiostoma were included in the 

study [134]. Note, only fusion and mixing events relevant to rooting the animal tree are depicted. (B) 

Patterns of synteny in seven different regions most parsimoniously support the ctenophore-sister 

hypothesis. Examination of these regions indicates that all underwent fusion events and four also 

underwent mixing events. Each region is abbreviated as “R” along the phylogeny (for example, R1 

refers to region 1). The number of genes in each syntenic region is listed at the bottom of the panel. 

(C) Phylogeny of the three teleost fish groups, including an outgroup taxon, the chicken. Cartoon 

summary drawings of chromosomes are included for representative species. Common names of these 

species are provided below the taxonomic names. Highly contiguous genome assemblies facilitated 

the detection of chromosome fusing and mixing events after a whole genome duplication event. Chr 

is used as an abbreviation for chromosome. (D) Chromosomes observed in extant species are depicted 

as cartoon summaries. Complete chromosome sequences are drawn with a solid line; dashed lines 

indicate scaffolds. Separate chromosomes or regions are drawn with orange and blue colors. 

Duplicated chromosomes from a whole genome duplication event are darkened. Fused chromosomes 

have two blocks of colors while fused and mixed chromosomes have intermixed blue and orange 

blocks of sequences. Silhouette images were obtained from PhyloPic (https://www.phylopic.org); all 

credit goes to their respective contributors. 

Nonetheless, other findings from synteny analysis contradict well-established evolutionary 

relationships. For example, despite phylogenomic analyses robustly supporting choanoflagellates as 

the closest living relatives of animals [135,136], the filasterean shared more syntenic blocks with 

Metazoans compared to the choanoflagellate (29 syntenic blocks compared to 20). There are also more 

unique syntenic blocks shared between the filasterean and animals than the choanoflagellate (nine 

syntenic blocks compared to two). The incongruence between the pattern of synteny conservation 

and prior findings from phylogenomics either suggest a previously undetected close evolutionary 

relationship between filastereans and animals or lineage-specific loss of synteny in choanoflagellates. 

Indeed, the strong and consistent phylogenomic support for the sister-group relationship between 
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choanoflagellates and animals indicates that at least some choanoflagellates may have undergone 

unique, accelerated genome evolution. Specifically, the choanoflagellate, S. rosetta, used in the Schultz 

et al. study has experienced rapid gene family evolution compared with other choanoflagellates, 

resulting in a reduced gene repertoire relative to that of the last common ancestor of animals and 

choanoflagellates [137]. Accordingly, S. rosetta may not be the best sole representative of 

choanoflagellates for phylogenetics, highlighting the importance of expanded taxon sampling. 

Similarly, unbiased phylogenetic analysis of fusion states did not recover the monophyly of Porifera, 

which contradicts more recent phylogenomic studies supporting the monophyly of the lineage 

[41,42,113]. Although some analyses support paraphyly among Porifera [138,139], the exemplar 

sponges belong to the class Demospongiae, which most analyses support as monophyletic [140]. 

More broadly, this observation calls for caution in using syntenic blocks, especially when synteny has 

been lost. 

Syntenic blocks and expanded taxon sampling were also used to investigate early branching 

patterns in the teleost fish phylogeny by Parey et al. [141]. Specifically, new highly contiguous genome 

assemblies were generated for seven slim-headed fish species, a previously undersampled group. 

Analyses of macro- and micro-synteny data (Figure 1E and 1F) using neighbor joining analysis both 

supported the EO-sister hypothesis. Evidence of a chromosome fusion event unique to slim-headed 

and bony-tongued fish and another unique to other teleosts further corroborated the EO-sister 

hypothesis (Figure 4B). 

In addition to synteny-based analyses, standard phylogenomic approaches were employed 

(Figure 1D). Phylogenomic analyses (concatenation and coalescence-based summary tree methods) 

and distributions of single-gene support frequencies supported the EO-sister hypothesis. 

Interestingly, this finding was not supported by previous studies using maximum likelihood analysis 

of concatenated sequences [57,62]. Thus, with this set of taxa, the EO-sister hypothesis is supported 

by synteny analysis as well as concatenation and coalescence, pointing to the potential influence of 

expanded taxon sampling. 

In the case of teleost fish, the precise impact of taxon sampling remains to be investigated. More 

broadly, analyzing data from more taxa generally improves phylogenetic inference, particularly 

among close relatives of phylogenetically unstable taxa [23,142,143]. For example, when represented 

by a single taxon, the placement of the Saccharomycotina family Ascoideaceae conflicted between 

two phylogenomic studies that likely did not suffer from insufficient locus sampling [96,144]. 

However, expanded sampling of three genomes from the Ascoideaceae and close relatives robustly 

supported one hypothesis [97]. Additional analyses suggested that increased taxon sampling resulted 

in improved model fit and greater phylogenetic stability of focal lineages. These studies demonstrate 

how additional taxon sampling can improve phylogenetic inference. Moreover, the benefits of high-

quality, chromosome-scale genome assemblies are multifold. For example, standard phylogenomic 

analyses have benefitted from synteny data to improve orthology predictions, and multiple data 

types, such as patterns of macro- and micro-synteny, provide additional lines of evidence for 

phylogenomic inquiry [145]. 

Challenges and opportunities for synteny-based Tree of Life constructions 

As highly contiguous genome assemblies become more commonplace, our understanding of 

synteny as a phylogenomic marker will mature. Here, we outline five questions to guide using 

synteny as a phylogenomic marker. 

When should different types of syntenic markers be used? 

The appropriate use of different syntenic events still needs to be explored. For example, whether 

macrosynteny, microsynteny, or fusion-and-mixing events are more helpful for addressing ancient 

versus more recent divergences remains an open question. The utility of each will likely be influenced 

by each lineage’s rate of chromosome evolution. For example, as mentioned above, plant 

chromosomes exhibit rapid evolutionary dynamics compared to their mammalian and yeast 
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counterparts [129,130]. Determining the most informative syntenic markers for lineages across time 

and rates of evolution is an intriguing avenue for future exploration. 

What makes a good syntenic marker? 

Not all loci have equal phylogenetic information. Among multiple sequence alignments and 

single-locus trees, diverse measures are available to quantify the usefulness of different loci 

[84,146,147]. For example, genes displaying a clock-like pattern of evolution have often been favored 

for divergence time analysis [148–150].  

Methods for evaluating the phylogenetic information in syntenic markers are underdeveloped. 

Several parameters may influence the phylogenetic signal of syntenic markers. For example, the 

genomic location may affect the signal because different regions of chromosomes evolve at different 

rates [151–153]. The size of the syntenic block may also influence the usefulness of a marker. 

Specifically, small syntenic blocks (e.g., those containing five or fewer genes) likely have different 

phylogenetic signal than larger blocks (e.g., those containing 100 or more genes). Exploration of these 

factors will shed light on the relative phylogenetic signal of different syntenic markers, provide the 

foundations to quantify signals, and aid in refining their usage and interpretation within 

phylogenomic analyses. 

How do biological and analytical factors drive incongruence in synteny data? 

Drivers of incongruence have received significant research attention in the context of multiple 

sequence alignments (Figure 3) [23]. Although drivers of incongruence in synteny-based 

phylogenomic analysis are underexplored, there are factors we expect will impact synteny-based 

analysis. Among biological factors, phenomena such as incomplete lineage sorting and 

hybridization/introgression likely manifest among syntenic blocks. Other factors may obscure the 

phylogenetic signal carried by synteny. For example, glass sponges were removed from synteny 

analyses in Schultz et al. due to their extensive lineage-specific chromosomal rearrangements [134]. 

More broadly, this suggests that different evolutionary rates of large-scale genome variation may 

contribute to differences in phylogenetic signal. These complexities highlight the need to investigate 

further the biological factors that can influence tree inference using synteny data.  

Similarly, the impact of analytical factors on incongruence remains unclear. For example, an 

appropriate quality control threshold for assembly continuity remains an open question. Different 

quality control thresholds may be warranted for macro- versus micro-synteny analyses. Specifically, 

the continuity threshold may be higher for macrosynteny compared to microsynteny. Errors in 

genome assembly will certainly mislead phylogenomic inference. Another potential source of error 

concerns how the conservation or loss of synteny is modeled. 

How can evolutionary processes of synteny be modeled? 

In standard molecular phylogenetics, substitution models approximate the evolutionary process 

of transitions between character states. These models vary in complexity. Among nucleotide 

substitution models, the simplest is the Jukes-Cantor model, which assumes equal substitution rates 

and base frequencies across a multiple sequence alignment [88]. Other models consider variation in 

exchange rates between transitions and transversions, such as the HKY model [154]. The General 

Time Reversible model incorporates a higher level of parameterization, allowing unequal rates and 

base frequencies [155]. Models tailored to particular lineages or organelles have been developed in 

specific cases, such as the mitochondrial substitution model for mammals [156]. Analogous 

substitution models for syntenic data have not yet, to our knowledge, been developed. 

Previous studies have modeled syntenic evolution in different ways. Some studies 

implementing binary presence/absence matrices of syntenic blocks have used a Jukes-Cantor-like 

model developed for morphological data to describe exchange rates [130,133]. In contrast, in Schultz 

et al., transitions between no fusion, fusion-without-mixing, and fusion-with-mixing were modeled 

using asymmetric transition probabilities, accounting for the unlikely reversion of fusion-with-
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mixing to fusion-without-mixing or fission [134]. However, it is unclear how to weight these 

transition probabilities. In the teleost fish study context, transitions between states were not explicitly 

modeled; instead, a distance-based approach was used [141]. The empirical determination of best 

practices for model selection will be important for future studies. Additionally, the absence of direct 

measures of exchange rates between synteny states prohibits the development of synteny-specific 

substitution models. Modeling the process of syntenic evolution remains an outstanding challenge.  

How do we weigh synteny evidence against other sources of data? 

The adequacy of synteny in elucidating evolutionary history remains largely untested. Since 

synteny-based phylogenomics is relatively new, it may be wise to consider synteny as a corroborating 

line of evidence. For example, as previously discussed, strict reliance on synteny data in the Schultz 

et al. study of the root of the animal Tree of Life would erroneously suggest filastereans are sister to 

animals, not choanoflagellates [134]. This observation suggests that lineage-specific loss of synteny 

may lead to erroneous findings. Moreover, divergences in deep time are challenged by having few 

informative synteny-breaking events that can be reliably identified. Whether each event should be 

equally weighted remains unclear. Thus, it stands to reason that synteny data will complement more 

traditional phylogenomic analyses (i.e., concatenation and coalescence) rather than stand alone. 

Conclusion 

The advancement of genomic data has revolutionized the quest to reconstruct the Tree of Life. 

With cutting-edge technologies and algorithms that enable the inference of highly contiguous 

genomes, synteny has emerged—or rather reemerged—as a powerful marker for Tree of Life 

inquiries. Two studies tackling longstanding debates in animal phylogeny serve as key early studies 

for demonstrating the potential utility of synteny for reconstructing life’s history [134,141]. In the 

phylogenomic era, this marks a new chapter wherein synteny-based phylogenomics holds promise 

to bring fresh insights, but also new challenges. Tackling these challenges head-on will help shape 

best practices and deepen our understanding of synteny-based phylogenomics. 

It is unlikely that Sturtevant and Dobzhansky, pioneers of their time in the 1930s, could have 

foreseen the far-reaching implications of their work on synteny as a phylogenetic marker. 

Nonetheless, their efforts have laid the groundwork for discoveries that continue to unfold today, 

nearly a century later, as technological advancements enabled the realization of their ambition. In 

light of this, we close by expanding the scope of Sturtevant and Dobzhansky’s quote referenced at 

the beginning of the article—a comparison of genome architecture, in certain cases, may throw light 

on the history of a species and the Tree of Life as a whole. 
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