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Abstract: The extraordinary morphological diversity among extant mammals poses a challenge
for studies of speciation, adaptation, molecular evolution, and reproductive isolation. Despite the
recent wealth of molecular studies on mammalian phylogenetics, uncertainties remain surrounding
both ancestral and more recent divergence events that have proven difficult to resolve. Multi-gene
datasets, especially including genes that are highly divergent, often provide increased support for
higher-level affinities within Mammalia; however, such analyses require vast amounts of genomic
sequence data and at times, intensive, high-performance computational effort. Furthermore, despite
the large-scale efforts dedicated to comprehensive, multi-gene phylogenetic analyses using a combi-
nation of mitochondrial, nuclear, and other sequences (e.g., tRNA, ultra-conserved elements, and
transposable elements), many relationships across Mammalia remain highly controversial. To offer
another approach and provide a phylogenetic solution to this longstanding issue, here we present
a phylogenetic tool based on a single reproductive molecular marker, zonadhesin (gene: Zan), one
of two known mammalian speciation genes, which encodes the rapidly evolving sperm protein
zonadhesin that mediates species-specific adhesion to the egg and thereby promotes reproductive
isolation among placental mammals (Eutheria). Topological comparison of Zan Maximum Likelihood
phylogenies to a nearly complete mammalian supertree confirmed Zan’s striking phylogenetic utility
and resolution at both deeper and more terminal nodes in the placental mammalian phylogeny. This
single gene marker yielded an equivalent and/or superiorly supported topology in comparison to a
supertree generated using DNA sequences from a supermatrix of 31 genes from 5911 species (extinct
and extant). Resolution achieved with this new phylogenetic approach provides unique insights
into the divergence of both early and recent mammalian radiations. Finally, and perhaps most
importantly, the utility of zonadhesin as a singular molecular marker was especially useful in clades
where sufficient taxon sampling is impossible to achieve, and where only a subset of members of the
mammalian species tree is available. The eutherian relationships presented here provide a foundation
for future studies in the reconstruction of mammalian classifications, including reproductive isolation,
hybridization, and biodiversification of species.
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1. Introduction

One of the greatest uncertainties in mammalian evolution and phylogenetics concerns
the 38 major lineages among the 19 extant orders of eutherian mammals [1–6]. Since Simp-
son’s preeminent classification [7], systematists historically placed placental mammals in
4–5 major clusters all arranged as a polytomy (more or less), often shown radiating from a
single node [8–13]. By the late 20th century, the view of eutherian phylogenetic relation-
ships had changed radically as molecular studies supported the large-scale resolution of
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the phylogenetic tree with some level of certainty [1,2,14,15]. Indeed, molecular support for
a more stable tree has emerged from analyses of increasingly robust molecular data [14–24]
and from supertree studies [25–28], with a general consensus recognizing four major clades
of placental mammals (Afrotheria, Xenarthra, Euarchontoglires, and Laurasiatheria) and
resolving the divergence of the ancestral placental group. Nevertheless, at all taxonomic
levels, variation among phylogenies constructed by comparing diverse characters revealed
that phylogenetic relationships are complex and in need of further revision [29], especially
among mammalian groups that have received relatively little systematic attention or are
morphologically or behaviorally cryptic (e.g., insectivores or fossorial mammals, respec-
tively). Consequently, several polytomies remain contentious in the tree, both at basal
and terminal nodes. For example, many taxon groups remain unresolved at the species
level, especially within the earliest (placental root) and most rapidly evolving mammalian
lineages (speciose orders such as Chiroptera and Rodentia; [29–31]).

The difficulty in resolving the eutherian phylogenetic tree has evoked debates over
methodological issues, such as discrepancies between morphologic and molecular data,
taxon sampling, fossil calibrations, long branch attraction, incomplete lineage sorting, intro-
gression, low phylogenetic signal, and discordance between and among many nuclear and
mitochondrial genes [1,4,15,32,33]. Current approaches, especially combinatorial methods
(total evidence) that include larger datasets and increasingly complex computational mod-
els, are thought to strengthen and clarify phylogenetic relationships particularly among
the deeper nodes of the species tree and between closely related taxa [34,35]. Supertrees,
phylogenetic datasets consisting of many characters, e.g., multiple genes, morphological
datapoints, and fossil calibrations, have shown their potential to depict an overall con-
sensus of the “true” species tree, with minimal discordance. These datasets have largely
overcome variation due to incomplete taxon sampling and incomplete input data, and yet
for some, topological discordance is still observed at a large fraction of loci [36].

In 2007, Bininda-Emonds et al. published the first 99% complete species-level su-
pertree of mammals. This landmark study included 4510 of the 4554 extant mammalian
species (based on the most recent estimation at the time of publication in 2007). Despite
the abundance of characters and representative species included, this supertree still con-
tained many unresolved polytomies (>2500 polytomies [27,37]). Taking the supertree
approach a step further, in 2019, Upham et al. published another pivotal study based on a
31-gene supermatrix incorporating 5911 species, both extant and extinct (data based on
most recent species accounts as of 2019). The ~39 kb alignment included 31 genes (twenty-
two transcribed nuclear, four mitochondrial, and five non-coding genes), yet still yielded
>50% unresolved nodes [28]. Although the Upham supertree is the most comprehensive
species tree to date, it is still widely considered ‘fragmentary’ and is missing considerable
amounts of data.

Studies of different morphological [4,11] and molecular characters [1,2,14,15,32,38–44]
tend to yield disparate mammalian phylogenies, forcing decades-long disagreement regard-
ing the reliability of single-character phylogenetic studies [26,27,45]. Typically, characters
that are lineage-dependent or subject to positive selection (e.g., body size, pelage color,
mating behaviors, and adaptive traits involved in species divergence) are thought to lack
reliable phylogenetic signals because they reflect, at least in part, the functional evolution
of the character itself, not of the organism as a whole. Accordingly, molecular phylogenetic
studies routinely omit genes evolving under selective pressures that may differ between
lineages because their divergence necessarily reflects both passage of time as well as the
evolution of their products’ functions, with negative selection on products that must func-
tion the same and positive selection on products that bestow beneficial new traits in the
evolving organisms [46–54]. Rather, loci that do not evolve under positive selection and
instead evolve under neutrality are thought to provide the most accurate insights into
phylogenetic histories, as they often tend to serve simply as a clock to measure time passed
following a speciation event [55,56]. This approach is most useful for resolving more closely
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related species owing, in part, to mutation saturation and/or alignment difficulty caused
by structural variation between more distantly related species [57].

Notwithstanding the conventional wisdom that phylogenetic studies are best con-
ducted by comparing diverse characters, including large numbers of neutrally evolving
genes, it is also possible that reliable phylogenetic information could be generated by
comparing a single character that directly tracks the speciation process itself throughout a
group, regardless of the nature of selection on that character. Accordingly, the divergence
of a “speciation gene” may accurately represent species phylogeny because its evolution
does not simply serve as a clock, but instead reflects the gene’s direct contribution to spe-
ciation [58–60]. We previously found that Zan is a speciation gene in placental mammals,
and its divergence tracks the evolutionary history of Eutheria [61]. Zan encodes the sperm
protein zonadhesin, which mediates species-specific recognition of the egg, and rapid Zan
evolution by intense positive selection promotes prezygotic reproductive isolation [62–66].
Despite being a single character evolving under positive selection, the Zan tree was gener-
ally congruent to a eutherian supertree [28,61] but did exhibit significant incongruencies in
part, and presumably, because it was more highly resolved [61].

To investigate these incongruencies further, here we report detailed comparisons of
the Zan gene and mammalian supertree phylogenies at all taxonomic levels. The findings
support the view that Zan DNA sequences accurately reflect species divergence events
compared to datasets provided from a comprehensive supertree. Thus, contrary to current
assumption, a single character evolving under selection can yield remarkable phylogenetic
utility if evolution of the character directly reflects speciation.

2. Materials and Methods
2.1. Phylogenetic Analysis of Zan

The phylogenetic comparisons generated herein were based on an analysis of a Zan
DNA sequence alignment (6 kb) obtained from 170 eutherian mammals and the ZanL
gene [61] from two prototherian mammals (Ornithorhynchus and Tachyglossus, with the
former species as an outgroup) using both the Bayesian and Maximum Likelihood (ML)
inference models. The nucleotide substitution models and corresponding likelihood values
used in the analyses are found in Table S1. See Roberts et al. (2022), ref. [61], for the specific
methods and parameters used to construct the updated species tree. To assemble a family-
level Zan tree, we manually pruned the species-level tree by coalescing the terminal species-
level branches into a single family-level branch. Similarly, we manually transformed the Zan
species-level tree into individual ordinal, family, and species-level tanglegram comparisons
using standard graphics software (Microsoft PowerPoint, version 16.78.3). In addition, a
zonadhesin protein sequence alignment and pairwise sequence identities from orthologous
segments spanning the vWD0-vWD3TIL+E domains were generated on MegAlign Pro
(DNASTAR Lasergene 17) for 17 species representing 17 of 19 placental orders.

2.2. Testing the Phylogenetic Utility of Zan

To compare relationships of positive selection to phylogenetic support more broadly
across Zan and other molecular markers, we constructed individual Bayesian phylogenies
and performed corresponding PAML selection analyses for all reliable sequences of all
eutherian genes (n = 40) previously shown to have evolved by positive selection (as of
June 2022; [47,51,67–83]). Annotated gene functions ranged from reproduction (n = 23) to
sensory perception (n = 7), immunity (n = 5), metabolism (n = 3), the nervous system (n = 1),
and the cell cycle (n = 1), and the genes’ compared sequence lengths ranged from 394 nt (for
S100a2) to 8016 (for Cr2) nt (Table 1), collectively encompassing >104,000 nt of gene coding
sequence. We next assessed each gene’s relative ability to resolve nodes throughout the
placental phylogeny by calculating the difference between percent support at ≥family deep
nodes and percent support overall, then plotting the differences vs. an aggregate measure
of positive selection (intensity × frequency =ω × f ; Ref. [61]). This analysis included the
rapidly evolving but negatively selected (ω × f = 0) Cytb as a reference.
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Table 1. Taxonomic representation and compared sequence lengths of positively selected genes
(shown in bold italics and listed in alphabetical order) evaluated for phylogenetic utility.

Gene Species Families Length (nt) Gene Species Families Length (nt)

Acr 145 60 2133 Spaca6 133 51 2787
Adam2 105 51 2413 Spam1 120 50 2288

Adam18 82 41 2939 Spink2 147 55 646
Adam32 106 47 3378 Sprr4 119 50 414
Adgre1 147 57 6871 Tas1r2 85 42 2370
C5ar1 146 59 1812 Tchhl1 137 54 3294
Ccdc54 155 62 1749 Tcn1 132 60 1833

Ccl1 140 55 465 Tcte1 162 65 1972
Cfh 95 45 4884 Tecta 110 61 4317
Cr2 118 46 8016 Tectb 166 63 1102

Cytb 114 62 1095 Tpx1 87 38 846
Gpr50 155 62 2798 Tex11 130 53 4760

Izumo1 144 60 2150 Tex14 166 67 4518
Izumo1R 159 59 1605 Tnp2 124 49 1213

Lelp1 131 55 549 Usp26 139 58 3389
Man2b1 103 48 4368 Wbp2nl 155 60 1916
Prdm9 57 27 2872 Zan 170 66 6873
Prm1 66 34 890 Zp2 125 59 3639
Prm2 77 28 609 Zp3 159 64 1667

S100a2 137 59 394
Slc6a5 103 57 3128 Total: 104,962

To compare Zan’s phylogenetic utility as a single character marker not only to other
rapidly evolving genes, as described above, but also across multi-loci, concatenated datasets,
including supertrees and supermatrices, we first assessed the comparative suitability of
previous analyses that have been assessed as mammalian phylogeny hypotheses over the
past 25 years [14,15,25–28]. Specifically, we examined multiple factors, including species
representation, nodal support, and whether the analysis used outdated methodologies to
identify analyses with maximal compatibility for topological comparison via maximum
likelihood methodologies to the Zan tree. Candidate analyses included those reported by
Madsen et al. (Ref. [14], six genes and twenty-six taxa); Murphy et al. (Ref. [15], 18 genes
and 66 taxa); Liu et al. (Ref. [25], 430 source phylogenies published between 1969 and 1999,
all with varying species representation); Beck et al. (Ref. [26], 222 source phylogenies more
stringently selected from Liu et al. [25]), Bininda-Emonds et al. (Ref. [27], 66 genes and
4510 species); Campbell and Lapointe (Ref. [84], full mitogenomes which included 12 genes
and 102 species); and Upham et al. (Ref. [28], 31 genes and 5911 species). Among these
published phylogenies, the Upham et al. supertree (ST) provided the analysis with the most
recent and comprehensive methodology, most nodal support, and most appropriate taxon
representation (more species included) for inclusion in this study and for comparisons with
the Zan phylogeny, all described below.

2.3. Tanglegram Comparisons

The Zan phylogeny was compared to the Upham ST [28] described above using both
tanglegram and topological analyses. To establish maximum compatibility between studies,
the ST was pruned to only those species represented in each of the Zan superordinal-
, ordinal-, family-, and species-level trees generated in Roberts et al. (2022). Figure 1
summarizes the taxonomic relationships above Parvorder, and corresponding molecular
composition, nodal support, and branch lengths of the tree previously reported by Roberts
et al. (2022). Tanglegrams of phylogenies from both datasets (Zan and ST) were manually
drawn using the NN-tanglegram method [85]. Superorder-level trees (n = 1), ordinal-
level trees (n = 2), family-level trees (n = 5) and species-level trees (n = 5) were visually
compared using the tanglegram method at all taxonomic levels (n is equal to the number
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of trees per taxonomic rank). Tanglegrams (mirrored phylogenies with straight lines
connecting matching taxa) have been shown to be a useful method to view similarities
and differences between rooted phylogenetic trees and have proven valuable for studies of
co-evolutionary analysis under parasitic and symbiotic systems, horizontal gene transfer in
prokaryotic evolution, and phylogenetic associations between different datasets in varying
taxon groups [86]. Unfortunately, owing to limited taxon representation, i.e., less than
ten species represented, we could not conduct meaningful tanglegrams comparisons for
Orders Cingulata (n = 1), Macroscelidea (n = 0), Eulipotyphla (n = 6), Perissodactyla (n = 5),
Pholidota (n = 1), Scandentia (n = 1), Dermoptera (n = 1), and Lagomorpha (n = 2).

2.4. Topological Statistical Comparisons

To determine whether the gene trees recapitulated mammalian evolutionary rela-
tionships, we compared their topologies to the ST phylogeny [28] using both global and
intra-ordinal Shimodaira–Hasegawa (SH) and Shimodaira Approximately Unbiased (AU)
tests [87]. The supertree [28] was constructed from extensive gene sequences and is well-
represented taxonomically, so we first pruned it in Phylomatic v.3 [88] to only those species
represented in the Zan phylogeny. We ran one-tailed SH and AU tests using automated
model selection, 10,000 RELL (Resampling Estimated Log Likelihoods) bootstrap gen-
erations, and Bonferroni correction using the unconstrained gene tree and correspond-
ing pruned, constrained supertree files as input files in PAUP v4.0a166 [89]. We consid-
ered trees significantly different at p < 0.05. All SH and AU parameters can be found in
Tables S3 and S4.

2.5. Divergence/Selection Comparisons

To assess DNA sequence divergence for relative contribution of selection (negative,
positive, or neutral evolution), we used the CODEML program in the PAMLX PAML4.9j
supercomputer package depending on dataset size [90]. dN/dS ratios (ω, omega) were
first calculated from the codon alignments with two comparisons, M0 vs. M7 (tested for
neutrality) and M7 vs. M8 (tested for selection). In addition, M8 used a Bayes Empirical
Bayes approach to calculate posterior probabilities for sites under selective pressures [91].
Which model, M7 or M8, was then determined to be most appropriate with likelihood ratio
tests, using a chi-squared distribution, degrees of freedom equaling two, and statistical
significance of p < 0.05. All selection test parameters can be found in Table S5.

3. Results

To conduct a comprehensive assessment of Zan’s utility as a single speciation gene
phylogenetic marker, we first produced an updated alignment (170 spp representing
17 of 19 placental orders) that included all the authentic Zan sequences released since our
previous study (112 spp, Ref. [61]). Bayesian and ML analyses of Zan divergence, from
comparison of a 6 kb portion encoding the region of zonadhesin that mediates species-
specific egg recognition, produced a phylogenetic tree (Figure S1) that resolved all species
into monophyletic groups corresponding to recognized orders and suborders, with <5.0%
unsupported nodes (Zan = Bayes posterior probability ≤ 0.95 and ML bootstrap value ≤ 75;
ST = ML bootstrap value ≤ 75). Of the 169 placental nodes in the Zan phylogeny, only two
family-level nodes, one within Chiroptera and one within Rodentia, and five genus-level
nodes lacked nodal support, one within Cetartiodactyla, two within Carnivora, and two
within Primates. Zonadhesin amino acid sequences also diverge rapidly, consistent with
species phylogeny in placental mammals (Ref. [61] and Figure S2); pairwise identities
averaged 65.7%, with a maximal genetic distance between sloth and shrew (identity 52.8%)
and a minimum between elephant and manatee (identity 93.0%) determined by alignment
of orthologous segments spanning the zonadhesin vWD0-vWD3TIL+E domains (avg. 1280
amino acids) from species representing 17 of the 19 placental orders (armadillo, sloth,
tenrec, aardvark, manatee, treeshrew, colugo, human, elephant, shrew, little brown bat,
horse, dog, pangolin, house mouse, rabbit, and cow; platypus ZanL as outgroup)..
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The updated Zan phylogeny exhibited strikingly high levels of nodal support at all
taxonomic levels (Figure 1 and Figure S1) in contrast to the overall support observed for 38
of 39 other positively selected genes, including both non-reproductive and reproductive
genes (Figure 2 and Table 1). Total Bayesian nodal support ranged from 48.53% for S100a2
(cell cycle gene) to 95.90% for Zan (Figure 2). All but three genes (Tnp2, Tex14, and Zan)
returned lower Bayesian support at ≥family-deep nodes in comparison to support overall,
with deep node support ranging from 31.03% for S100a2 to 96.9% for Zan. To examine
the ‘erosion’ of deep node support among these genes, we compared differences between
total and deep nodal support, which varied widely from −25% for Prdm9 (reproduction
gene, and the only other speciation gene identified in mammals) to +1% for Zan (Figure 2).
Ranking the genes’ deep node support differences, according to an aggregate measure
of positive selection (ω × f), identified neither a general correlation between retention of
deep node support and overall selection intensity nor a general difference between the
deep node utility of reproductive and non-reproductive genes. Notably, however, the
two genes evolving under the highest aggregate positive selection (Tex14 and Zan) also
returned higher support at deep nodes than overall. Of these two genes, only Zan has been
identified as a speciation gene (owing to its function in species-specific gamete recognition),
and our preliminary analyses (Roberts et al., unpublished) revealed little (if any) added
phylogenetic utility from combining Tex14 and Zan sequences. We therefore proceeded
with detailed topological analysis of the Zan species phylogeny.

Not only did the single gene Zan yield higher nodal resolution in comparison to the
other rapidly evolving genes examined, but the Zan tree’s topology also closely recapitu-
lated the Upham et al. ST constructed from a 39 kb alignment obtained from 31 genes [28].
Despite its high species representation, the ST contains many unresolved polytomies at
1418 of the 5912 nodes (24.0% unsupported), whereas the Zan phylogeny exhibited much
stronger support, with Bayesian posterior values ≥ 0.95 at 162 of 169 nodes (95.9% sup-
ported overall; Figures 1 and S1). The Bayesian analyses generated a phylogenetic tree
with more resolution; therefore, the ML phylogenetic tree and sequence alignments for all
analyses generated can be found at https://doi.org/10.1186/s13059-022-02721-y. Topo-
logical comparison of the Zan tree and the ST identified incongruities at 39 of the 421 total
nodes (9.26% unsupported) across all taxonomic levels, including 1.59% at the inter-ordinal,
1.05% at the inter-familial, 4.50% at the inter-generic, and 2.12% at the inter-species levels.
Our previous study with a 112 species alignment noted Zan’s phylogenetic utility not only
at terminal branches, as expected for a rapidly evolving gene, but also at deeper nodes,
observed as minimal decreases in resolution at the family- and ordinal-level nodes [61]. In
this updated alignment with 170 placental species, deep node support actually increased
to 96.9% (63 of 65 family-level nodes supported in Figure 2), presumably reflecting Zan’s
function as a speciation gene throughout the evolution of Eutheria.

https://doi.org/10.1186/s13059-022-02721-y
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Figure 1. The Zan gene tree with corresponding taxonomic descriptions. Shown is a consolidated 
family-level Zan phylogenetic tree corresponding to the species-level tree previously reported by 
Roberts et al. [61] along with taxonomic descriptions. The nodes lacking statistical support are 
marked with a red dot (2/69 nodes unsupported; 98.8% supported). The numbers in parentheses 
denote the number of species compared in each family. Note the statistically supported monophy-
letic grouping of all families into their respective infraorders, suborders, and orders, and of all or-
ders into their respective superorders. Asterisks denote traditional clades per Refs. [19,21,24,31,92–
101]. 

Figure 1. The Zan gene tree with corresponding taxonomic descriptions. Shown is a consolidated
family-level Zan phylogenetic tree corresponding to the species-level tree previously reported by
Roberts et al. [61] along with taxonomic descriptions. The nodes lacking statistical support are
marked with a red dot (2/69 nodes unsupported; 98.8% supported). The numbers in parentheses
denote the number of species compared in each family. Note the statistically supported monophyletic
grouping of all families into their respective infraorders, suborders, and orders, and of all orders into
their respective superorders. Asterisks denote traditional clades per Refs. [19,21,24,31,92–101].
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immunity (N = 5), and the cell cycle (N = 1). Not included are the metabolism gene Mgam1, owing 
to its negligible intensity of positive selection, and the reproductive gene Prm2, owing to its low 
taxonomic representation. The numbers shown in parentheses are the calculated ω × f values for the 
six genes evolving with the highest aggregate intensity of positive selection. Note Zan’s high utility 
for resolving deep nodes and extraordinarily high aggregate intensity of positive selection (ω × f = 
191). Note also the designation of Slc6a5 as a reproductive gene based on the robust expression of 
its gene product (a sodium-coupled glycine symporter) not only in neurons but also in spermatids. 
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asiatheria and Euarchontoglires) into monophyletic groups (Figures 1 and 3). In addition, 
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Figure 2. Differences in Bayesian support at deep nodes compared to overall for genes evolving
under positive selection in Eutheria. Shown are differences in support calculated as percent support
at ≥family-deep nodes minus percent support overall (all taxonomic levels), ranked in order of
increasing aggregate selection intensity calculated as the product of selection magnitude (dN/dS = ω)
and pervasiveness (frequency = f ), as determined using Model M8 [61]. Black bars are reproductive
genes (N = 23) and gray bars are genes involved in metabolism (N = 3), sensory perception (N = 7),
immunity (N = 5), and the cell cycle (N = 1). Not included are the metabolism gene Mgam1, owing
to its negligible intensity of positive selection, and the reproductive gene Prm2, owing to its low
taxonomic representation. The numbers shown in parentheses are the calculatedω × f values for the
six genes evolving with the highest aggregate intensity of positive selection. Note Zan’s high utility for
resolving deep nodes and extraordinarily high aggregate intensity of positive selection (ω × f = 191).
Note also the designation of Slc6a5 as a reproductive gene based on the robust expression of its gene
product (a sodium-coupled glycine symporter) not only in neurons but also in spermatids.

Below, the Zan topology is assessed in detail at all taxonomic levels relative to the
Upham ST (Ref. [28]). Taxonomic and classification arrangements depicted herein followed
those presented by McKenna and Bell (Ref. [102]), Bininda-Emonds et al. (Ref. [27]), Foley
et al. (Ref. [44]), Burgin et al. (Ref. [103]), and Upham et al. (Ref. [28]).

3.1. Tanglegram Comparisons
3.1.1. Magnordinal- and Superordinal-Levels

The Zan gene tree and Upham et al. supertree (ST) both placed Magnorders At-
lantogenata (Superorders Afrotheria and Xenarthra) and Boreoeutheria (Superorders
Laurasiatheria and Euarchontoglires) into monophyletic groups (Figures 1 and 3). In
addition, Atlantogenata and Boreoeutheria grouped as sister taxa in both the Zan and
ST topologies.

Figures 3–14 depict tanglegram comparisons of the Zan tree and ST. Shown are topol-
ogy comparisons between the Zan gene tree (left) and ST (right) at hierarchical taxonomic
levels. Tangles (n = 39) denote incongruities between trees. For incongruities that did
not produce a tangle, letters (e.g., A, B) denote the incongruous node(s). Black circles
indicate nodes without statistical support (Zan = Bayes posterior probability < 0.95 and
ML bootstrap value < 75; ST = ML bootstrap value < 75). Information regarding topologies
and statistical support for the Zan tree and the reference ST can be found in the studies
published by Roberts et al. (2022; Ref. [61]) and Upham et al. (2019; Ref. [28]), respec-
tively. Figures 3 and 4 depict the superorder and ordinal trees. Figures 5–10 depict the
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Laurasiatheria family and species trees. Figures 11–14 depict the Euarchontoglires family
and species trees.
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the Zan tree the divergence of Cetartiodactyla as basal to the clade of Chiroptera and Perissodactyla.
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Cetartiodactyla and Perissodactyla, and then a clade comprising both Pholidota and Carnivora.
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Figure 7. Family-level tree for Cetartiodactyla. Note the absence of tangles among even-toed ungu-
late families. 

Figure 6. Species-level tree for Chiroptera. Note the absence of tangles between all chiropteran species,
with the exception of members of the genus Myotis: brandtii, lucifugus, and davidii. Abbreviations are
as follows: Rhinolophus f.: Rhinolophus ferrumequinum, Rhinolophus s.: Rhinolophus sinicus, Pteropus
a.: Pteropus alecto, Pteropus v.: Pteropus vampyrus, Pteropus g.: Pteropus giganteus, Phyllostomus h.:
Phyllostomus hastatus and Phyllostomus discolor, Myotis m.: Myotis myotis, Myotis d.: Myotis davidii, and
Myotis b.: Myotis brandtii, Myotis l., and Myotis lucifugus.
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dae as sisters with a clade comprising Phocidae, Otariidae, and Odobenidae, but in ST as single-
family divergences following the split of Canidae as basal. 

Figure 8. Species-level tree for Cetartiodactyla. Note the tangles within both the Camelidae and the
Phocoenidae families. Abbreviations are as follows: Camelus f.: Camelus ferus, Camelus b.: Camelus
bactrianus, Camelus d.: Camelus dromedarius, Cervus e.: Cervus elaphus, Cervus c.: Cervus canadensis,
Cervus n.: Cervus nippon, Bos g.: Bos grunniens, Bos t.: Bos taurus, Bos i., Bos indicus, Bos hybrid: Bos
indicus × taurus, Bos j.: Bos javanicus, Balaenoptera m.: Balaenoptera musculus, and Balaenoptera a.:
Balaenoptera acutorostrata.
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Figure 9. Family-level tree for Carnivora. Note in the Zan tree the grouping of Ursidae and Mustelidae
as sisters with a clade comprising Phocidae, Otariidae, and Odobenidae, but in ST as single-family
divergences following the split of Canidae as basal.
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Figure 10. Species-level tree for Carnivora. Note the tangle within Felidae, with Leopardus basal to
Lynx, Puma, and two sister clades, one comprising Acinonyx and Herpailurus and the other comprising
Felis and Prionailurus, in the Zan tree. In contrast, note in ST the Felidae split into two sister clades,
one containing Lynx, Acinonyx, Puma, and Herpailurus, and the other clade containing Felis, Leopardus,
and Prionailurus. Clade A contains members of the family Mustelidae, and Clade B contains members
of the family Ursidae. Abbreviations are as follows: Canis f.: Canis familiaris, Canis f.d.: Canis familiaris
dingo, Canis la.: Canis latrans, Canis lu.: Canis lupus, Vulpes v.: Vulpes vulpes, Vulpes l.: Vulpes lagopus,
Ursus am.: Ursus americanus, Ursus m.: Ursus maritimus, Ursus ar. h.: Ursus arctos horribilis, Ursus ar.:
Ursus arctos, Mirounga a.: Mirounga angustirostris, Mirounga l.: Mirounga leonina, Panthera t.: Panthera
tigris, Panthera l.: Panthera leo, Panthera u.: Panthera uncia, and Panthera o.: Panthera onca.
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between members of the Macaca genus and the following species: Papio, Mandrillus, Theropithecus, 
Chlorocebus, and Cercocebus. Abbreviations are as follows: Homo n.: Homo neanderthalensis, Homo s.: 
Homo sapiens, Pan t.: Pan troglodytes, Pan p.: Pan paniscus, Rhinopithecus r.: Rhinopithecus roxellana, Rhi-
nopithecus b.: Rhinopithecus bieti, Macaca n.: Macaca nemestrina, Macaca f.: Macaca fascicularis, and 
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Figure 12. Species-level tree for Primates. Note the tangles within the families Hominidae with
Gorilla and Nomascus grouping in the Zan tree as sister taxa basal to the entire Hominidae and
Cercopithecidae clade, but in ST as single-species divergences. In Cercopithecidae, many tangles exist
between members of the Macaca genus and the following species: Papio, Mandrillus, Theropithecus,
Chlorocebus, and Cercocebus. Abbreviations are as follows: Homo n.: Homo neanderthalensis, Homo s.:
Homo sapiens, Pan t.: Pan troglodytes, Pan p.: Pan paniscus, Rhinopithecus r.: Rhinopithecus roxellana,
Rhinopithecus b.: Rhinopithecus bieti, Macaca n.: Macaca nemestrina, Macaca f.: Macaca fascicularis, and
Macaca m.: Macaca mulatta.
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(Mesocricetus and Cricetulus), B (Onychomys, Peromyscus l., and Peromyscus m.), C (Myodes, Arvicola, 
Microtus orc., and Microtus ore.), and the genus Meriones between the Zan tree and ST. Abbreviations 
are as follows: Marmota mo.: Marmota monax, Marmota ma.: Marmota marmota, Marmota f.: Marmota 
flaviventris, Dipodomys o.: Dipodomys ordii, Dipodomys s.: Dipodomys spectabilis, Peromyscus l.: 
Peromyscus leucopus, Peromyscus m.: Peromyscus maniculatus, Microtus orc.: Microtus orchrogaster, 
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Figure 14. Species-level tree for Rodentia. Note that the one tangle arising from the disparate
grouping of Meriones produced a change in topology of Groups A, B, and C, but added no additional
tangles. Note also the inclusion of Perognathus in the ST (Dipodomys ordii absent from Upham et al.)
as representative of Dipodomys ordii because it serves as the closest relative to Dipodomys within the
family Heteromyidae. Group A included Mesocricetus and Cricetulus; Group B included Onychomys,
Peromyscus l., and Peromyscus m.; Group C included Myodes, Arvicola, Microtus orc., and Microtus ore.
Abbreviations are as follows: Marmota mo.: Marmota monax, Marmota ma.: Marmota marmota, Marmota
f.: Marmota flaviventris, Dipodomys o.: Dipodomys ordii, Dipodomys s.: Dipodomys spectabilis, Perognathus:
Perognathus longimembris, Peromyscus l.: Peromyscus leucopus, Peromyscus m.: Peromyscus maniculatus,
Microtus orc.: Microtus orchrogaster, Microtus ore.: Microtus oregoni, Rattus r.: Rattus rattus, Rattus n.:
Rattus norvegicus, Mus p.: Mus pahari, Mus c.: Mus caroli, and Mus m.: Mus musculus.
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3.1.2. Ordinal-Level

The Zan and ST topologies (Figures 1 and 3) both divided Order Afrosoricida into
two different clades (the tenrecs and the golden moles); however, two tangles formed with
the placement of Tubulidentata, either as basal to Afrosoricida in part (golden mole clade)
and Orders Hyracoidea, Sirenia, and Proboscidea (Zan tree topology), or as a sister taxon to
Afrosoricida in part (golden moles clade). The remaining tangle formed as an incongruity
between members of the traditional clade Paenungulata (whether Sirenia and Proboscidea
group as sister taxa (Zan) or Hyracoidea and Proboscidea group as sister taxa (ST)).

One tangle formed between the Zan tree topology and ST (Figures 1 and 4), with
one incongruity centered on the placement of Order Chiroptera as sister to Order Perisso-
dactyla (Zan tree) or alternatively basal to the clade containing Orders Certartiodactyla,
Perissodactyla, Pholidota, and Carnivora (ST). Interestingly, the association of the tradi-
tional clade Ferae (Carnivora grouping with Pholidota) was recovered in both the Zan
and ST topologies. Within the Euarchontoglires in the Zan tree (Figures 1 and 4), Order
Dermoptera was placed as the basal-most taxon, followed by Order Scandentia, then Order
Primates (all three constitute the traditional clade Euarchonta), and the sister clade con-
taining Orders Lagomorpha and Rodentia (traditional clade: Glires). For Euarchontoglires,
there were no topological tangles between the Zan and ST topologies.

3.1.3. Intra-Ordinal Level

For orders with limited taxon representation (Cingulata: n = 1, Macroscelidea: n = 0,
Tubulidentata: n = 1, Hyracoidea: n = 1, Sirenia: n = 1, Proboscidea: n = 2, Pholidota: n = 1,
Dermoptera: n = 1, Scandentia: n = 1, and Lagomorpha: n = 2), there were no multiple
species comparisons and therefore no tanglegrams. See Table S1 for a list of these species
and taxonomic designations. Phylogenetic relationships within all other eutherian orders
are compared below:

Order Chiroptera—a tangle was formed between the Zan tree and ST (Figures 1, 5 and 6)
within the genus Myotis, with the Zan topology depicting M. myotis basal to a clade of
M. brandtii, M. lucifugus, and M. davidii, with the latter two forming a sister relationship.
However, the ST topology depicted M. myotis and M. davidii sharing a sister relationship,
as well as M. brandtii and M. lucifugus.

Order Cetartiodactyla—no tangles were formed between the ordinal Zan tree and ST
at the ordinal level (Figures 1 and 7). However, at the species level, the ST was identical
to the Zan tree (Figures 1 and 8) with the exception of two discrepancies, one of which
centered on the Camelus spp. and several tangles within members of the Delphinidae clade.

Order Carnivora—one tangle formed between the ordinal Zan and ST topologies
(Figures 1 and 9), centered on the divergence leading to the Arctoidea (bears, otters and
weasels (mustelids), and seals and walruses (pinnipeds)). In the Zan topology, Ursidae
grouped with Mustelidae in the Zan tree but instead was placed as basal to the entire
clade containing the Arctoidea in the ST. The ST was identical to the carnivore species Zan
tree (Figures 1 and 10) with the exception between the families Mustelidae (Clade A) and
Ursidae (Clade B) and within two families, Ursidae and Felidae. In Ursidae, U. americanus
grouped with U. maritimus in a sister relationship in the Zan topology, but instead as basal
to the entire Ursus clade in the ST. In Felidae, multiple incongruities were depicted between
the following spp.: Leopardus, Lynx, Puma, Acinonyx, Herpailurus, Felis, and Prionailurus.

Order Primates—the ST was identical to the ordinal Zan tree for all primate fam-
ily relationships. The primate species Zan tree and ST differed (Figures 1 and 12) in
two incongruencies, one within the Hominidae and the other within the Cercopithecidae.
The first incongruity involved the placement of Gorilla as sister with Nomascus in the Catar-
rhini in the Zan tree; however, in the ST, Nomascus was placed as basal to Pongo and also
to Gorilla. The second incongruity, found in the Cercopithecidae, involved several tangles
between the Macaca spp. clade containing M. fascicularis, M. mulatta, and M. nemestrina, and
within the clade containing Papio, Mandrillus, Theropithecus, Chlorocebus, and Cebus.
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Order Rodentia—the ordinal Zan tree and ST (Figures 1 and 13) were identical, with
the exception between the families Gerbillidae and Cricetidae. In general, the topologies
of the rodent species Zan tree and ST (Figures 1 and 14) were identical except for tangles
within the Rodentia topology centered on the placement of Meriones (basal to Cricetidae
and to Muridae—Zan, or basal to Muridae—ST) and the relationship of three clades: Clade
A—Mesocricetus and Cricetulus; Clade B—Onychomys, P. leucopus, and P. maniculatus; and
Clade C—Myodes, Arvicola, M. ochrogaster, and M. oregoni.

3.2. Topology Statistical Comparisons

To determine if Zan gene phylogeny accurately reflected eutherian species phylogeny,
we compared the Zan topology to that of a ST constructed from extensive gene sequence
data that nevertheless contains many polytomies [28]. Parsimony analysis (PAUP* v4.0a166;
Ref. [89]) yielded 55 candidate Zan trees, including one best tree (highest log likelihood)
and 54 others, each of which was about equally less likely (Table S3). The Shimodaira–
Hasegawa and Approximately Unbiased (AU) tests, with α values adjusted accordingly
using the Bonferroni correction method, revealed that the global topology of the Zan tree
differed (p = 0.0001, both tests) from a single best candidate tree constrained to the topology
of the ST, presumably because the Zan tree is more fully resolved (Table S3). Parsimony
analysis yielded single-best Zan topologies for the superorder Afrotheria and the seven
orders with four or more species represented (Eulipotyphla, Carnivora, Cetartiodactyla,
Chiroptera, Perissodactyla, Primates, and Rodentia; Table S4). The ordinal Zan topologies
did not differ (AU test) from their respective ST topologies for orders in which the ST
was well resolved (Eulipotyphla, p = 0.5; Cetartiodactyla, p = 0.5; Perissodactyla, p = 0.5;
Primates, p = 0.21; and Rodentia, p = 0.38), but did differ for the superorder Afrotheria
(p = 0.0026), as well as for orders with polytomies in the ST (Carnivora, p = 0.0005; Chi-
roptera, p < 0.0001; and Primates, p < 0.0001), consistent with the higher resolution of the
Zan tree.

3.3. Divergence/Selection Comparisons

We globally evaluated the 170 species RNA sequence alignment for relative contribu-
tions of neutral evolution, negative selection, and positive selection (PAML test, Ref. [91]).
The analysis detected intense (ω8 (dN/dS) = 8.49, f = 0.200) positive selection (PAML model
M8; Table S5) and statistically supported positive selection at 205 of 1936 sites (10.6%) in
the Zan coding region, with a Bayes Empirical Bayes posterior probability ≥0.95.

4. Discussion

We conclude that Zan sequences are remarkably informative and robust for a single
character phylogenetic marker. A comprehensive comparison between the topologies at all
taxonomic levels generated from Zan sequences and a supertree (ST) analysis revealed that
the trees were strikingly congruent for most non-controversial and literature-supported
mammalian relationships. Notably, Zan’s utility for resolving deep nodes in the eutherian
phylogeny differed markedly from the generally poor deep node support observed for
the other rapidly evolving genes examined, likely reflecting Zan’s unique contribution to
speciation throughout the divergence of placental mammals. Indeed, where the Zan tree
and ST were incongruous at both basal (ancient placental ordinal divergence) and terminal
nodes (speciose taxon groups) in the mammalian tree, the Zan tree provided plausible and
robust relationships, supported by other molecular studies. Many of these relationships are
described below.

4.1. Tanglegram Comparisons

With only 9.26% incongruities between the Zan tree and ST across all taxonomic
levels, the Zan tree is strikingly effective for a single character’s phylogeny. The phylogeny
obtained from the analysis of 6 kb of Zan DNA sequences yielded stronger support across
all levels of the topology with 95% of the nodes; in contrast, ST, constructed from an
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alignment with a five-fold more sequence data from 31 genes, contained fewer supported
nodes and many unresolved polytomies [28].

Our results revealed that the Zan tree proved to be superior to prior studies in affirming
not only previously proposed and supported mammalian relationships, but also many
outstanding phylogenetic controversies across all taxonomic levels of the eutherian tree
that have been traditionally difficult to resolve. In instances where Zan yielded better
resolution or a plausible alternative hypothesis than did other contemporary studies (e.g.,
Ref. [28] and many others), those potential resolutions are discussed briefly below. Owing
to limited taxon representation for orders Cingulata (n = 1), Pholidota (n = 1), Scandentia
(n = 1), Dermoptera (n = 1), and Lagomorpha (n = 2), no comments were made regarding
resolution below the taxonomic order.

4.1.1. Inter-Ordinal

Zan provided a near-complete resolution of higher-level phylogenetic relationships
including the ancestral placental divergence, resolving relationships between and within
mammalian superorders. The Zan tree resolved the placental ancestor group between
Atlantogenata and Boreoeutheria [104], with both Afrotheria and Xenarthra (called At-
lantogenata), and Laurasiatheria and Euarchontoglires (called Boreoeutheria) placed as
sister taxa, a result consistent with that observed in many morphological and molecular
studies [14,22,23,105–110] over the past 25 years.

Within Atlantogenata, the inter-ordinal relationships within the superorder Afrotheria
have long been a controversial topic; however, afrotherian relationships were supported
in the Zan tree, with members of Afrosoricida (tenrec group) placed as basal to a clade
containing Tubulidentata (aardvarks), which was basal to two distinct sister clades, one
containing members of Afrosoricida (golden mole group) and Hyracoidea (hyraxes) and
the other containing Sirenia (manatees) and Proboscidea (elephants). A representative of
Macroscelidea (elephant shrews) was not available, so we cannot comment on placement
of that group. The Zan topology largely agreed with other studies in the literature, with
the exception of the family Tenrecidae as basal to the afrotherian clade and the lack of
support for the clade Paenungulata (Sirenia, Hyracoidea, and Proboscidea). Other molec-
ular studies have instead found the families Tenrecidae and Chrysochloridae placed as
a monophyletic group, along with the family Macroscelididae (within Macroscelidea).
Unfortunately, no morphological dataset has substantiated the grouping of the afrotherian
taxa as a monophyly, presumably due to the overwhelming biodiversity among this group;
however, some chromosome and molecular datasets have shown support to validate the re-
lationships within such a diverse group of ancient mammals [110–112]. For example, when
representatives of Macroscelidea (elephant shrews) are absent from molecular analyses,
as is the case for this Zan analysis, Afrosoricida and Tubulidentata are supported as sister
taxa [14,15,38,113,114], along with a supported grouping of the entire clade Paenungu-
lata [14,15,20,38,44,115]. In contrast, an alternative sister relationship has been supported
between Tubulidentata and Macroscelidea to the exclusion of Afrosoricida, based on a mile-
stone, albeit controversial, phylogenomic study [116]. Owing to consistent discrepancies
and a lack of resolution within the afrotherian group and even support for the dissolvement
of the entire group [1,4,93,98], more studies are required, especially ones whose aim is to
delve into these incongruencies with better species representation or alternatively including
a broader application of other data, including divergence data, fossils, etc. For the sister
superorder of Afrotheria, Xenarthra, only one species was available (Dasypus novemcinctus)
in our Zan topology; therefore, we did not comment on the inter-ordinal relationships
within Xenarthra. However, further studies would require more species representation of
this group for complete resolution of the superorder as a member of Atlantogenata and as
a monophyletic group.

In contrast, Boreoeutheria represents a well-supported monophyletic group containing
the sister superorders Laurasiatheria and Euarchontoglires using both morphologic and
molecular data [103,117–119]. However, relationships within Laurasiatheria and Euarchon-
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toglires have been historically difficult to resolve, primarily because no single character
or combination of characters succinctly unites each group [19]. The Zan topology yielded
Laurasiatheria as a supported monophyletic group with Eulipotyphla as the basal-most
clade, followed by two clades, one containing the Chiroptera along with the ungulate
groups, Perissodactyla, and Cetartiodactyla, and the other clade containing the Ferae
(Pholidota and Carnivora). The Zan topology yielded Euarchontoglires as a supported
monophyletic group with Dermoptera as the basal-most order, followed by Scandentia,
and then followed by Primates as a sister Order to the Glires (Lagomorpha and Rodentia).
Studies using whole mitochondrial genome sequencing, a combination of nuclear and
mitochondrial genes, and genomic sequences have resolved various relationships between
each superorder [26,32,96,103,118–120], largely except for the placement of Chiroptera
relative to Carnivora and the ungulate groups, the position of Scandentia relative to Der-
moptera and Primates, and the position of Glires relative to Scandentia, Dermoptera, and
Primates [121–123].

Though better resolved as a distinct clade when compared to its sister superorder
Laurasiatheria, Euarchontoglires still yields few phylogenetic markers to corroborate delin-
eation of the group [17,124–126]. Euarchonta, a clade encompassing the Scandentia, Der-
moptera, and Primates, has exhibited strong support as a monophyletic group with many
molecular studies, including ultra-conserved and transposable elements [15,99,127,128].
A few alternative hypotheses have instead included Scandentia as a sister to the Glires,
which contains the Lagomorpha and Rodentia [1,129]. As a general consensus, a sister
relationship is evident between Primates and both Dermoptera and Scandentia, with the
latter placed as the basal-most taxon in most studies thus far, consistent with Zan se-
quences [15,93,127,128,130]. Many studies have not discussed the position of Dermoptera
relative to Scandentia, and the latter has traditionally been placed as a sister taxon to
Glires (Lagomorpha and Rodentia, Ref. [44], our study), a sister to Primatomorpha (Der-
moptera and Primates, Ref. [129]), a sister to Dermoptera [130], or as basal to the entire
superorder [1]. In addition, despite many molecular studies centered on the Primates–
Dermoptera–Lagomorpha–Rodentia clade, presumably due to our anthropomorphic in-
terest in Primates phylogenetic relationships, discrepancies remain regarding the precise
relationship between Primates, Dermoptera, and Rodentia [124,131] and between Rodentia
and Lagomorpha (Glires—Refs. [100,101,132]).

Within Laurasiatheria, the basal-most order, Eulipotyphla, has been suggested as
such by many morphologic and molecular studies. Once characterized as a controversial
(now invalid) and polyphyletic order, Lipotyphla, comprising the “Insectivora” clade,
Eulipotyphla now includes the family Talpidae and groups basal to a clade of sister families
Erinaceidae and Soricidae, as shown in the Zan phylogeny and other molecular studies,
including fossil calibration data [133,134].

Rapid diversification within Chiroptera or partial taxon representation in most molec-
ular and morphological studies have presumably caused the lack of deeper resolution for
the placement of Chiroptera relative to other boreoeutherian orders [135–138]. Our results
affirm the monophyly of Chiroptera within Laurasiatheria [42,139], and the position of
Chiroptera as a sister to the Perissodactyla (with Cetartiodactyla as the basal taxon). The
relationship between Chiroptera and Perissodactyla has been debated, with morphological
data [8] supporting the clade Ungulata, which includes the Cetartiodactyla, Tubulidentata,
Proboscidea, Sirenia, and Hyracoidea. Subsequent molecular studies divided the Ungulata
clade into Afrotheria and Laurasiatheria [14,15,38], which has been upheld; however, the
position of Perissodactyla within Laurasiatheria remains ambiguous with all four orders
(Carnivora, Pholidota, Perissodactyla, and Cetartiodactyla) forming the clade Fereuungu-
lata, to the exclusion of Chiroptera. The placement of the chiropteran order itself has also
been controversial, with morphological studies placing Chiroptera within the previously
long standing clade Archonta, which encompasses Primates, Dermoptera, Scandentia, and
Chiroptera [8,11,26,96]. Molecular studies reject the placing of Chiroptera within Archonta
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and instead place it within Laurasiathera, either as closely related to Fereuungulata [140]
or as representatives within the now monophyletic Eulipotyphla group [141,142].

4.1.2. Intra-Ordinal

Chiroptera—relationships recovered by Zan topology revealed a basal split between
the Yangochiroptera Old World bats and the Yinpterochiroptera New World bats, each sup-
ported as monophyletic groups, consistent with current molecular evidence [136,143–145].
Each of the family-level and species-level relationships were nearly all supported by Zan
with the exception of the relationship between the Minopteridae and Vespertilionidae and
also at the species-level between the Myotis spp. included in the Zan study. Most likely,
the inclusion of more taxa from these representative chiropteran families would provide
increased resolution in future studies.

Cetartiodactyla—relationships, including the clades Cetacea (aquatic whales and dol-
phins) and Artiodactyla (terrestrial even-toed ungulates), have historically been moderately
controversial, primarily at the species level [2–4,26,28,102,146]. The Zan phylogeny recov-
ered a distinct delineation and supported monophyletic grouping between the historical
clades Cetacea and Artiodactyla. Within the supported Artiodactyla families, Camelidae is
the basal-most taxon, followed by Suidae, and a clade containing the sister taxa Cervidae
and Bovidae. Within the also supported Cetacea families, Balaenopteridae is the basal-
most taxon, followed by Physeteridae, Lipotidae, Delphinidae, and a clade containing the
sister taxa Phocoenidae and Monodontidae. All of the relationships within both Cetacea
and Artiodactyla, as indicated in the Zan topology, have been recovered with many other
molecular studies. Consistent with the trend in other studies, relationships within Cetartio-
dactyla families, such as in Camelidae, Bovidae, and Delphinidae, have been difficult to
resolve with the presence of many polytomies and contradictory information; it may be
that inclusion of more taxa within these families and within genera is required for greater
resolution. Related to that, it is also highly likely that many of the species within these
families are very closely related, e.g., Camelus spp. and Bos spp., and therefore more time
since divergence is required for greater resolution.

Carnivora—all family-level relationships were supported in the Zan topology, with
a new and plausible basal carnivore phylogenetic hypothesis. The Carnivora Zan tree
initially split with the family Canidae as the basal-most taxon, followed by a divergence
event between the remaining Canoidea (canid-like forms) and Feloidea (felid-like forms).
Within the Canoidea, two distinct clades diverged, one including the sister families Mustel-
idae and Ursideae and the other including Phocidae as the basal-most family followed by
a sister clade of the families Odobenidae and Otariidae. Finally, the Feloidea consisted
of the Felidae family as the basal-most taxon followed by a clade of the sister families
Hyaenidae and Herpestidae. The initial basal split of the Canidae family from the remain-
ing members of the Carnivore order is an exciting finding new to science, and even though
the Canidae family is the typical basal-most family of the Canoidea group, the absence
of a sister relationship with the Feloidea group remains a phylogenetic relationship that
needs to be further studied [27,28,147,148]. The remaining family-level relationships within
Carnivora provided by the Zan topology were consistent with other morphologic and
molecular studies, despite the moderately controversial issues regarding the grouping of
the clade Pinnepedia (families Phocidae, Odobenidae, and Otariidae) with the Arctoidea
clade (families Mustelidae and Ursidae), the placement of the Odobenidae family as either a
sister to Otariidae or Phocidae, and the grouping of the families Procyonidae, Herpestidae,
and Mephitidae as a monophyletic clade [1,28,105,147,149–152]. Zan sequences were not
available for representatives of the families Procyonidae and Mephitidae; therefore, we
cannot comment on these mammalian groups. Resolution within Carnivora, both at the
family- and species-level, has proven to be a systematically challenged clade for decades
to the present day [147,153–155], presumably due in large part to the felids’ rapid diver-
sification. In addition, large gaps remain in the carnivore tree, especially in the families
Herpestidae, Mephitidae, Procyonidae, and various others [114,156]. Due to the intense
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and quick radiation and diversification within the carnivore group, an increased taxon
sampling scheme (i.e., including representative species belonging to all families and genera)
is required for more complete resolution.

Primates—the Zan topology revealed complete resolution of the Primates family-
level tree, with an initial basal split between the Catarrhini Old World primates and the
Platyrrhini New World primates. Within the Catarrhini families, Galagidae was the basal-
most taxon, followed by the Indriidae, and a clade containing the sister families Lemuridae
and Cheirogalagidae. Within the Platyrrhini families, Tarsiidae was the basal-most taxon
followed by another split generating two clades, one containing Callitrichidae as basal
to Aotidae and Cebidae, and another clade containing Cercopithecidae as basal to Hylo-
batidae and Hominidae. Similar to the other mammalian orders mentioned above, each
of these familial-level relationships recovered is consistent with other morphologic and
molecular studies. At the species-level, Zan revealed disagreeing relationships primarily
within the families Hylobatidae and Hominidae, presumably because Zan sequences were
only available for one species representative (of Hylobatidae), and Cercopithecidae. The
spurious grouping of Nomascus with Gorilla probably reflects the availability of Zan se-
quences from only one member of the family Hylobatidae, and Gorilla was the most closely
related taxon available. In fact, the level of Zan sequence divergence between many of these
primate species equals <1.00% (Roberts et al. unpublished data), among other hybridizing
species included in this study. Coincident with this finding, Primates phylogenetic rela-
tionships have long been hampered due to the rapid diversification of species, especially
within highly speciose families like Cercopithecidae, and because of rampant historical and
contemporary hybridization between various species of primates [157–159].

Rodentia—a near-complete resolution of the family-level relationships was recovered
in the Zan topology with the exception of the placement of Sciuromorpha relative to Hys-
tricomorpha and the remaining superorders. This finding may be due to only 170 Zan
sequences being available for use in our study. The initial basal split in Rodentia recovered
one clade of Sciuromorpha and Hystricomorpha as sister taxa and the other clade contain-
ing Castorimorpha and Myomorpha. No Zan sequences were available for the suborder
Anomaluromorpha, so we cannot comment on the placement of that group within Rodentia.
Within Hystricomorpha, the families Caviidae, Chinchillidae, and Octodontidae formed a
monophyletic group with Caviidae as the most-basal group, and the families Heterocephal-
idae and Bathyergidae formed a sister relationship. Though considerable support exists for
the relationships within Hystricomorpha, there is longstanding and continual controversy
centered on this suborder. In fact, several studies have even postulated that members of
the Hystricomorpha group, namely the family Caviidae (guinea pig), are not even rodents,
based on morphologic and several molecular datasets [160–163]. Many morphologic and
molecular studies also disagree on the basal-most group of rodents, either Hystricomorpha
or Sciuromorpha [4,26,30,163]. Phylogenetic relationships within the remaining suborders
Castorimorpha and Myomorpha were recovered in the Zan phylogeny, with only one Cas-
torimorpha family, Heteromyidae, placed as basal to the Myomorpha families Dipodidae,
Spalacidae, Gerbillidae, Cricetidae, and Muridae. Within the suborder Myomorpha, the
family Dipodidae was placed as the basal-most taxon, followed by Spalacidae, followed by
a clade of Gerbillidae as basal to a sister group of Cricetidae and Muridae, consistent with
various other comprehensive studies [30,164–166]. At both the family- and species-levels,
the relationship and position of gerbils relative to the families Cricetidae and Muridae
has long been discordant based on morphologic and molecular characters [167,168] and
continues to be a controversy among the rodents. However, the Zan sequences provided
herein support the hypothesis that gerbils should be recognized as a separate family, within
Myomorpha and basal to the families Cricetidae and Muridae. Impressively, based on Zan
sequences, all species-level relationships within Rodentia were supported and consistent
with other studies (listed above).
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4.1.3. Resolving Controversial Relationships

Of the 39 tangles present between the Zan and ST topologies, at least 9 of them reflected
incongruities among closely related taxa and, more interestingly, 11 involved species
known to hybridize (Myotis, Camelus, and Macaca). For example, the genus Myotis contains
species that have consistently been shown to have rather undifferentiated morphologies,
and species often share many of the same characters (morphologically and genetically).
More species, and perhaps more individuals of those representative species (much more
than the four Myotis species included herein), are required to delineate relationships
among this group [169]. Another example of tangles that may represent a “tangle in
speciation” is found within the primates. Natural hybridization has been revealed to be
common among African cercopithecines (species within Papio, Macaca, and Theropithecus)
based on a plethora of morphological and genetic studies and anecdotal field reports of
hybrid monkeys and documented cases of persistent hybrid zones [170]. Further, camels
traditionally have held a substantial cultural, economic, and biological importance for
humans, and therefore ambiguities exist in relationships among Camelus spp. primarily
due to the longstanding breeding, trading, and translocation practices of individuals
for thousands of years [171–173]. Camel species commonly interbreed, and subsequent
hybrid individuals and their offspring are fertile [174]. Similar to Camelus spp., closely
related species in the Bovidae family can freely interbreed and are known to be at varying
stages of speciation due to anthropogenic-driven factors, such as intense artificial selection
(Bison bison, Bos taurus, Bos indicus, Bos mutus, Bos grunniens, etc.; [175]). Typically, Bos
spp. are distinguished based solely on morphological characters; however, recently, both
nuclear and mitochondrial DNA have been used to delineate between species, with varying
results [176,177]. Although these characters may have driven the initial divergence of Bos
spp., eventually Zan divergence will render the process of speciation irreversible.

In addition, more than half of the 39 tangles between the Zan topology and ST reflected
taxa that typically are not well represented or are controversial in most gene, multi-gene,
and ST analyses. Our Zan analysis provided more robust support for monophylies within
most speciose and, accordingly, some of the most controversial phylogenetic groups, in-
cluding Chiroptera, Carnivora, Primates, and Rodentia, which is otherwise a considerable
challenge for any single character genetic analysis. Other studies, including large com-
binatorial datasets, have instead wrestled with disparate phylogenies and often large
polytomies [1,27,28,178].

4.1.4. Zan as a Speciation Gene Phylogenetic Marker

Characters involved in adaptative evolution tend to be misleading phylogenetic mark-
ers, as they are often lineage- or site-specific and only informative in certain taxa, e.g.,
characters involved in herbivore metabolism or bat echolocation [36,179–181]. Phylogenies
generated from these types of datasets often only answer taxon- and system-dependent
questions and can be affected by incongruent generation times (new mutations’ rate de-
pends on the number of generations past rather than the time elapsed; Ref. [182]) and
population size (drift and other evolutionary processes are stronger within smaller pop-
ulations; Ref. [183]). Further, species-specific differences are inherently taxon-dependent
and can obscure taxonomic relationships and phylogenetic relationships among groups
of organisms. For example, these processes can involve sexual selection, modifications in
metabolism and reproduction, selection pervasiveness, intensity changes along a lineage,
and modifications in protein structure, function, and evolution.

Considering that evolution of a gene product is likely to reflect the selection-driven
divergence of a particular function (such as retinoid-binding genes (the retina visual cycle);
cytochrome gene metabolism; rRNA genes (RNA translation at the ribosome)) rather
than overall species divergence, Supertree phylogenies typically omit genes subjected to
selection, and instead include large numbers of neutrally evolving genes [184,185]. Further,
similar to single character comparisons, single gene comparisons are phylogenetically
unreliable, as an individual gene’s divergence necessarily reflects the potentially lineage-
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specific function of the gene product. Consequently, such “incomplete lineage sorting”
can confound single gene phylogenies. Nevertheless, hypothetically, the divergence of a
gene that disproportionately contributes to species divergence, and thus necessarily tracks
speciation events, could serve as a valid phylogenetic marker. Accordingly, as a speciation
gene [61], Zan has the potential to be a more informative and valid single gene marker of
mammalian phylogeny than other neutrally evolving genes that only serve as molecular
clocks. Indeed, as the function of Zan is to promote reproductive isolation regardless of
whether speciation occurs sympatrically, peripatrically, allopatrically, etc., its divergence
should necessarily reflect speciation independent of other selective pressures that also drive
species divergence. For example, a widely dispersed ancestral population would, owing to
rapid Zan evolution, likely harbor an uneven distribution of Zan alleles consistent with an
ongoing contribution of Zan evolution to incipient speciation events. When geographic
isolation (e.g., from a glacial event) splits the ancestral population, the pre-existing Zan
alleles would sort randomly into the newly separated populations, with different allelic
frequencies. Then, within these geographically isolated populations, Zan would continue
to evolve as a speciation gene concordant with the further divergence of the populations
into new species. Thus, by continually driving prezygotic reproductive isolation, Zan
sequence divergence would reflect the onset and progression of speciation irrespective of
other contributing factors, and thus would be expected to sort true to lineage.

Speciation events do not always generate complete reproductive isolation. Little
is known regarding the transition from partial to strong reproductive isolation and the
completion of speciation. Moreover, in mammals, many genera exhibit inter-specific
hybridization and introgression (e.g., species of Papio, Macaca, Theropithecus, Camelus, and
Bos, as mentioned above), which suggests these speciation events do not cause a directional
divergence in reproduction-driven speciation genes such as Zan.

Zan produced a notably more resolved and strongly supported phylogeny than that
produced by the supertree obtained from many genes [28]. What should the criteria be
for accepting a single gene phylogeny over a widely established supertree? Three obser-
vations bear on this question. First, previous studies [61] constraining the Zan topology
to a supertree topology [27] revealed that the Zan phylogeny is significantly different,
presumably because the Zan tree is more fully resolved and the supertree contains many
polytomies particularly at the more terminal nodes [37]. Second, in situations where the
supertree was unable to resolve polytomies at both the basal and terminal nodes, the Zan
phylogeny recovered a plausible and supported topological hypothesis, consistent with
a majority of other molecular studies. Third, there currently is substantial evidence that
Zan is a speciation gene and therefore successfully tracks species divergence events across
taxonomic levels [61–63]. Therefore, it may be that DNA sequences from the Zan gene can
ultimately serve as a means for the resolution and refinement of the genetic mammalian
species tree, especially when researching clades that are at varying divergence levels and
with varying degrees of taxon sampling.

5. Conclusions

We conclude that Zan, a rapidly evolving speciation gene encoding a gamete recogni-
tion molecule, is a remarkably informative genetic marker capable of resolving controversial
relationships spanning all taxonomic levels of the eutherian tree of life. This study rep-
resents a contemporary and necessary addition to the field of mammalian phylogenetics,
offering a unique and robust phylogenetic perspective with the use of a gamete recognition
gene. Analysis of the Zan gene not only reaffirmed established taxonomic relationships
throughout placental mammals, but also introduces new and valuable insights, particularly
concerning taxa in various mammalian orders, which have posed historical challenges in
phylogenetic studies.

The outcomes of this study bear significance for mammalian taxonomy and system-
atics, providing a robust foundation for future research. What will be required to further
assess the utility and possible limitations of Zan as a molecular marker, and describe
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species divergence events across all taxonomic levels? At a minimum, such studies must:
(1) include all mammalian orders and a more extensive assortment and number of species,
(2) test the recovery of lower taxonomic-level delineations by incorporating several pairs
of sister taxa in the most speciose genera (i.e., Mus, Peromyscus, Myotis, and Rhinolophus;
Ref. [103]), and (3) bolster Zan’s phylogenetic utility by incorporating various types of
phylogenetically informative data (fossils, divergence dating, other genes, etc.). Ultimately,
Zan may prove to be the preeminent molecular marker that defines genetic species.
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> Afrotheria > Laurasiatheria > Euarchontoglires; Table S3: Global phylogenetic comparisons by
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