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Current genome sequencing initiatives across a wide range of life forms offer significant
potential to enhance our understanding of evolutionary relationships and support
transformative biological and medical applications. Species trees play a central role
in many of these applications; however, despite the widespread availability of genome
assemblies, accurate inference of species trees remains challenging due to the limited
automation, substantial domain expertise, and computational resources required by
conventional methods. To address this limitation, we present ROADIES, a fully auto-
mated pipeline to infer species trees starting from raw genome assemblies. In contrast
to the prominent approach, ROADIES incorporates a unique strategy of randomly
sampling segments of the input genomes to generate gene trees. This eliminates the
need for predefining a set of loci, limiting the analyses to a fixed number of genes,
and performing the cumbersome gene annotation and/or whole genome alignment
steps. ROADIES also eliminates the need to infer orthology by leveraging existing
discordance-aware methods that allow multicopy genes. Using the genomic datasets
from large-scale sequencing efforts across four diverse life forms (placental mammals,
pomace flies, birds, and budding yeasts), we show that ROADIES infers species trees
that are comparable in quality to the state-of-the-art studies but in a fraction of the
time and effort, including on challenging datasets with rampant gene tree discordance
and complex polyploidy. With its speed, accuracy, and automation, ROADIES has the
potential to vastly simplify species tree inference, making it accessible to a broader
range of scientists and applications.

phylogenetics | species tree inference | bioinformatics

The rapid progress in genome sequencing technologies and assembly methods has ushered
in an era wherein accurate and complete genome assemblies of diverse species are being
produced at an unprecedented rate. For example, tens of thousands to millions of eukar-
yotic species are expected to be sequenced and assembled in the next decade through
various ongoing projects (1-3). These genomes hold the promise to resolve long-standing
questions surrounding the evolutionary relationships of species (species trees) and illumi-
nate differences in evolutionary history across the genome (gene trees) (4-6). Species trees
are central to many comparative and evolutionary studies (7-11); however, while genome
assemblies are widely accessible, species tree inference pipelines remain challenging to use,
especially for nonexperts, due to their complexity and computational demands. In order
to fully tap into the potential of available data and support a broad range of scientific
studies, there is an urgent need for fully automated, scalable, and robust phylogenomic
pipelines capable of inferring accurate species trees directly from raw genome assemblies,
even those lacking prior annotations.

Despite this need, automation of accurate species tree inference from genome assemblies
has been an enduring challenge. While there is no universally agreed-upon method for
accurately and reliably inferring species trees, modern phylogenetic pipelines are increas-
ingly adopting methods that account for gene tree discordance and are statistically con-
sistent under various models of genome evolution (12-15). Most often, these pipelines
define “genes” by selecting and annotating loci (which are often but not always functional
genes) in exemplar species and identifying orthologous regions corresponding to those
genes in other species (9, 16-21) (Fig. 1B). However, precise gene annotations and ort-
hology inference are not only computationally slow but can require domain expertise for
tuning parameters and curating results when reference annotations are unavailable (8, 18,
22,23). Some studies (5, 8) extract orthologous loci directly from multiple whole-genome
alignments (m-WGA) (Fig. 1B), such as from Progressive Cactus (24), as input. However,
these multiple whole-genome aligners adopt a progressive alignment strategy which is
even more computationally intensive and also require high-quality guide trees to maintain
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Fig. 1. An overview of the ROADIES pipeline. (A) ROADIES input and output (B) A comparison of the different steps involved in the species tree inference in the
conventional approaches and ROADIES. (C) A detailed view of the ROADIES pipeline’s various stages and the convergence mechanism.

the alignment accuracy (24), leading to a need for alignment-free
methods to infer guide trees.

As a result of these challenges, full automation of species tree
inference has rarely been attempted. While there have been efforts
to automate parts of the phylogenetic workflow [e.g., for using
Benchmarking Universal Single-Copy Orthologs (BUSCO) genes
(25) or ultraconserved elements (UCEs) (26)], the only existing
fully automated tools focus on simpler methods that involve fewer
parameters and algorithmic stages, such as distance-based methods
(27), but have considerable limitations in terms of the accuracy,
reliability, and interpretability (Methods). There have also been
efforts to build assembly free pipelines that infer phylogenetic trees
from raw sequencing reads (28—-30). While these approaches could
be suitable in low sequencing coverage scenarios when reads are
not assembled in genome sequences, they may not provide suffi-
cient accuracy, as confirmed by our results. Moreover, in some
cases, their reliance on incomplete external databases of preanno-
tated orthologous gene markers (31) poses further challenges.

In this paper, we attempt to automate accurate, reliable, fast,
and scalable inference of species trees starting from raw genome
assemblies. Our automated tool is called ROADIES, which is an
abbreviation for “Reference-free, Orthology-free, Annotation-free,
Discordance-aware Estimation of Species Trees,” as it includes the
following key features:

1. Reference-free: ROADIES does not require a reference species,
gene set, or genome annotations. It also does not depend on a
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single genome as a reference for alignments or gene selection
and is, therefore, free from reference bias (32, 33).

2. Orthology-free: ROADIES uses multicopy gene trees (inferred
from homologous regions) and does not require orthology
to be determined prior to gene tree inference. Note that
we use the term “gene” to refer to putative coalescent genes
(c-genes), i.e., short regions of the genome that are ideally
recombination-free (34, 35), and not the more common usage
referring to functional genes.

3. Annotation-free: Unlike traditional methods, ROADIES does
not require any annotations or m-WGA to be performed. Instead,
ROADIES randomly samples loci of fixed user-configurable
length from the entire input genomes to generate gene trees.
This strategy is not susceptible to poor annotation quality (36,
37), allows sampling of an arbitrary number of loci until a desired
confidence level is reached, and can also generate guide trees for
annotation pipelines that rely on m-WGA (38, 39).

4. Discordance-aware: ROADIES uses a state-of-the-art and
statistically consistent discordance-aware method to combine
gene trees into a species tree.

ROADIES has been evaluated for large-scale phylogenetic infer-
ence on four diverse datasets with a wide range of evolutionary
timescales—placental mammals, birds, pomace flies, and budding
yeasts. Additionally, ROADIES has been evaluated on a smaller
bamboo dataset that features complex polyploidy. We found that
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the phylogenetic trees generated by ROADIES were largely con-
cordant with the findings of expert-led studies on these datasets that
employed state-of-the-art practices for deducing phylogenetic rela-
tionships (5, 8, 9, 40, 41). ROADIES is highly parallelized, scalable,
and configurable. We estimate that ROADIES requires a fraction
of the runtime and no human intervention compared to the
state-of-the-art species tree estimation approaches that include either
gene annotation or m-WGA and orthology inference. We also found
ROADIES inferences to be more accurate than multiple phylog-
enomic pipelines available for generating species trees, namely
MashTree (27), Read2Tree (28), and a BUSCO-based pipeline (25).

With its speed, accuracy, scalability, and usability, we expect
ROADIES to find broad applications. These range from con-
structing guide trees for multiple whole-genome aligners (24),
which are increasingly adopted in comparative and functional
genomics research (8, 38, 39, 42-45), to contributing to various
evolutionary biology studies and aiding in the resolution of the

Tree of Life.

Results

ROADIES Overview. ROADIES is a fully automated pipeline
to produce species and gene trees from raw genome assemblies
without gene annotations (Fig. 14 and S/ Appendix). There are two
ways in which ROADIES differs from the dominant discordance-
aware coalescent-based analyses for species tree inference (Fig. 1B).
First, many (though notall) conventional analyses restrict themselves
to single-copy gene trees, ideally representing sets of orthologous
genes. However, separating orthologs from paralogs is challenging
and error-prone, especially for nonexperts (22, 46, 47). Hence,
there has been recent focus on using multicopy gene trees to
estimate species trees (13, 48-50). By allowing multicopy genes,
ROADIES frees itself from the need for orthology inference.
It performs species tree inference using ASTRAL-Pro3 (49), a
discordance-aware summary method that takes as input multicopy
gene trees without needing to separate orthologs from paralogs.
In effect, ROADIES leaves teasing out orthology and paralogy to
ASTRAL-Pro3, which can perform this step more easily based on
the gene trees. Second, most conventional pipelines rely on prior
annotation, typically of protein-coding genes (9, 17, 51-53), or
use m-WGA to select evenly sampled loci from single-copy regions
(5, 8) (Fig. 1B). Annotation tends to be computationally expensive
and requires significant care to avoid many pitfalls with wrong
annotation (35-37). Besides, some studies have noted issues in
using protein-coding genes as input to phylogenomic tools as
they violate the assumptions in multispecies coalescent (MSC)
and standard models of sequence evolution used in maximum
likelihood methods (5, 18, 54-56). The use of m-WGA is also
complicated by the difficulty of inferring such alignments,
which itself requires a guide tree (24) and finding single-copy
regions. Instead of relying on protein-coding gene annotations or
m-WGA, ROADIES samples random sequences from different
input genomes and masks out the highly repetitive regions. This
proposed approach in ROADIES offers multiple benefits: i) it
eliminates the need to perform annotations of protein-coding genes
or other regions on input genomes, ii) it eliminates reference bias,
as instead of a single genome, genes are sampled randomly from all
input genomes with a uniform distribution, iii) by not restricting
the genes from coding regions of the genome, this strategy enables
the inclusion of intergenic regions, which are more likely to adhere
to the assumptions of commonly used model of sequence evolution,
and iv) it does not require costly m-WGA and a starting guide
tree. These differences with respect to conventional methods greatly
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simplify the computational process in ROADIES, thus achieving
full automation and high speed-up without sacrificing accuracy.
ROADIES is an iterative approach (Fig. 1C) and provides
configurability in parameters with three convenient modes of
operation: accurate (default), balanced, and fast (SI Appendix).
All modes keep iterating with an increasing gene count till a
confident and stable tree is achieved. It starts with 250 randomly
sampled genes in the first iteration, each of 500 bp, selected from
randomly sampled input genomes. It then finds homologous
regions corresponding to these genes, which are identified across
genomes using LASTZ (57). Next, in accurate mode, for each
gene, a multiple-sequence alignment (MSA) of all its homologs
in all genomes is inferred using PASTA (58), followed by mult-
icopy gene tree inference using RAXML-NG (59). Balanced
mode uses FastTree (60) for faster gene tree inference. Fast mode
eliminates the MSA step and produces gene trees using MashTree
(27), a neighbor-joining-based multicopy gene tree of Mash dis-
tances inferred from homologs. All modes combine multicopy
gene trees into a single species tree using ASTRAL-Pro3 (49),
which reports substitution branch lengths (61) and local poste-
rior probability (localPP) (62) confidence scores for each branch
in the species tree. ROADIES doubles the gene count at each
iteration until the number of high-confidence branches (i.e.,
localPP = 0.95) changes by less than 1% from the previous iter-
ation. ROADIES also provides an additional setting for deep
phylogenies and uses appropriate filtering strategies between

stages to ensure the quality of final results (see S/ Appendix for
full details).

ROADIES Estimates an Accurate Phylogenetic Tree of 240
Placental Mammals. We evaluated the performance of ROADIES
in accurate mode using the genome assemblies of 240 placental
mammals provided by the Zoonomia consortium (8) (Dataset S1).
The assemblies include representative species from all 20 orders of
the placental mammalian phylogeny (Dataset S1). For accuracy
comparison, we used the tree topology provided by Zoonomia (8) as
a representative of the state-of-the-art scientific literature. We found
that the ROADIES-inferred phylogeny is largely in agreement with
the Zoonomia phylogeny (Fig. 2), with a species-level normalized
Robinson—Foulds distance (normRF) (63) of 0.038. All species
are correctly assigned to their phylogenetic orders, though minor
differences occur in the arrangement of orders (Fig. 2B). At the
order level, only two relationships changed (nodes 1 and 2, Fig. 2B),
resulting in a normRF distance of 0.11. These contested relationships
are resolved with low confidence (localPP < 0.78) compared to
other highly confident branches (localPP 2 0.95). ROADIES
samples the number of genes stochastically, achieving near-uniform
representation of all species in gene trees. However, some species,
such as rodents, have comparatively fewer aligned genes (Fig. 2A4),
likely because of their significantly faster evolution rate compared
to other neighboring orders (64, 65), which makes it challenging
to infer homology. Despite this, there is substantial representation
of the noncoding regions in ROADIES analysis (Dataset S6). Next,
we compare the two phylogenies (reference and ROADIES) with a
specific focus on historically contested branches:

Agreement on Atlantogenata. Historically, there has been a debate
over the correct placement of the superorders Afrotheria, Xenarthra,
and Boreoeutheria. ROADIES supports the Atlantogenata
hypothesis (Afrotheria + Xenarthra) with full localPP support
(Fig. 2B), aligning with the Zoonomia and prevailing scientific
consensus (66-72), although alternative hypotheses of Epitheria
(Afrotheria+ Boreoeutheria) (73) and Exafroplacentalia (Xenarthra +
Boreoeutheria) (74) have also been proposed.
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Fig. 2. ROADIES results evaluated on the dataset of 240 placental mammals (in the accurate mode). (A) The species-level phylogenetic tree of 240 placental
mammals estimated by ROADIES. The number of genes aligned to each species (blue) and the count of genes sampled from each species (green) (8) are also
shown. (B) Order-level trees of 240 placental mammals estimated by ROADIES (on the Right) and the reference tree from the Zoonomia consortium (8) (on the
Left). Dashed branches show the differences between the two trees. (C) ROADIES convergence in accurate mode. As the number of gene trees increases, we
show the percentage of highly supported species tree nodes with localPP = 0.95 (plot i), the linear increase in runtime (ii), and the normRF of the final species
tree to the reference tree (iii). (D) Quartet scores i) and localPP branch support ii) of all three topologies around three branches (marked in B), which had low

support in the final tree.

Agreement on the placement of Sirenia and Scandentia. The
placement of Sirenia within the clade Paenungulata (Hyracoidea
+ Proboscidea + Sirenia) (73, 75) and Scandentia within the
superorder Euarchontoglires have been a subject of ongoing debate
(71, 73, 75, 76), but ROADIES and Zoonomia tree topologies
are in agreement here (Fig. 2B), consistent with recent studies
(71,75, 76).

Disagreement within the Laurasiatheria phylogeny. ROADIES
differs from the Zoonomia tree in placing Perissodactyla and
Cetartiodactyla within the superorder Laurasiatheria. Zoonomia
places Perissodactyla as the sister group to Carnivora + Pholidota
(clade Zooamata). ROADIES places it as the sister group of the clade
[Cetartiodactyla, (Carnivora, Pholidota)] with a modest localPP
0f 0.77 (node 2, Fig. 2B). This is also the only order-level branch
where the ROADIES tree deviates from the inference of CASTER
(77), a recent site-based method utilizing multiple whole-genome
alignments. There is substantial gene tree discordance around this
branch, with two alternatives getting quartet support above %3, a
pattern that points to possible violations of the MSC model (78)
due to incomplete lineage sorting (ILS) (Fig. 2D). Since the correct
placement of orders within Laurasiatheria remains contentious,
with different studies suggesting Perissodactyla as the sister group
to Chiroptera (79), Carnivora (8, 68, 80), or Cetartiodactyla (71,
81), the inference made by ROADIES offers a plausible hypothesis
supported by some prior studies.

Disagreement in the placement of Macroscelidea and Tubulidentata.
ROADIES differs from the Zoonomia tree in placing two Afrotherian
orders, Macroscelidea and Tubulidentata, which contributes to the
unresolved phylogeny of early placental mammals. While Zoonomia
tree placed Macroscelidea as the sister of Tubulidentata (8, 82),
O’Leary et al. (73) inferred Tubulidentata as the sister group of
Paenungulata, whereas Meredith etal. (75) combined Tubulidentata
with Afrosoricida + Macroscelidea. ROADIES places Macroscelidea
as a sister with the clade of Tubulidentata and Afrosoricida +
Chrysochloridae, albeit with a low localPP support of 0.49 (topology
of node 1, Fig. 2B) and backed by only 34% of gene tree quartets
(Fig. 2D). This placement by ROADIES, although supported by
some prior studies (71, 83, 84), remains unresolved due to its low
confidence. Even the Zoonomia authors reported low confidence
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for these Afrotherian orders in their analysis (4), highlighting the

need for further investigation.

ROADIES Generalizes Well on Different Datasets with a Range
of Evolutionary Timescales. To evaluate the generalizability of
ROADIES, we tested it on three additional large-scale datasets:
i) 100 drosophilid (pomace fly) genomes (40) (Dataset S2), ii)
363 avian (bird) genomes (42) (Dataset $3), and iii) 332 budding
yeast genomes (subphylum Saccharomycotina) (Dataset S4). The
three datasets vary widely in evolutionary timescales, spanning
over 400 My for budding yeast species (9), and in complexity,
with the avian phylogeny being among the most confounding
cases in prior studies (5, 18, 42, 85, 86). The reference trees for
these datasets are taken from the studies of Kim et al. (40), Stiller
etal. (5), and Shen et al. (9), respectively (Methods).

Drosophilid dataset. On the dataset of 100 drosophilid genomes,
ROADIES converged in 1,105 min or 18 h 25 m (<1 d) with
1,627 gene trees (SI Appendix, Fig. S9C). The final phylogeny
had 94% high-support branches (S/ Appendix, Fig. S9 C, i).
ROADIES accurately identified all the group-level relationships
without any discrepancies with the reference (group-level normRF
is 0) (Fig. 3B and SI Appendix, Fig. S9 C, iii), which also matches
with most studies (87—-89). ROADIES also matched the reference
for the relationships within groups, apart from a few debatable
relationships within the group melanogaster as follows (species-
level normRF is 0.062).

Kim et al. (40) infer Drosophila mauritiana and Drosophila simu-
lans as sisters with a lower support value of 0.55 (localPP used by
Kim et al. (40) is reported by ASTRAL) (node 3 in red, ST Appendix,
Fig. S9A4), while ROADIES groups Drosophila sechellia and
Drosophila simulans as sisters with a support value of 0.548 (node 3,
SI Appendix, Fig. S9 B, ii). This reflects high gene tree discordance,
which is also evident from the relatively close Quartet scores for the
different alternatives (S Appendix, Fig. S9 B, i). Moreover, Kim et al.
(40) places Drosophila kurseongensis with the clade of (Drosophila
carrolli, Drosophila rhopaloa) with a support value of 0.99 (node 2
in red, ST Appendix, Fig. S9A), whereas ROADIES infers Drosophila
kurseongensis as a sister with the clade of [Drosophila fuyamai,
(Drosophila carrolli, Drosophila rhopaloa)] with localPP of 0.549
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(node 2, SI Appendix, Fig. S9 B, ii). This difference may stem from
sampling or statistical inconsistency since similar ROADIES exper-
iments (refer to the section “ROADIES is scalable and stable”)
inferred the exact topology with the reference tree with a localPP of
1. Finally, the placement of Drosophila ficusphila by ROADIES is
supported by localPP 0f 0.876 (main topology of node 1, ST Appendix,
Fig. S9 B, ii), which differs from the reference tree with the confi-
dence score of 0.51 (node 1 in red, S/ Appendix, Fig. S9A).
Avian dataset. ROADIES is estimated to require 2,811 instance
hours (117 d) on a single 16-core Amazon Web Services (AWS)
EC2 instance (r6a.4xlarge) to reach convergence for 363 avian
genomes dataset (we parallelized the pipeline using 16 such
instances to ensure it completed within approximately 8 d). The
final species tree consisted of 99% highly supported nodes but
required seven iterations and 62,413 gene trees for generating
a stable converged tree (SI Appendix, Fig. S9 E, i). The much
slower convergence of ROADIES compared to other datasets
matches the understanding that avian phylogeny is among the
most challenging. Remarkably, the gene count in ROADIES is also
close to the 63,430 gene trees Stiller et al. (5) used in their analyses.
The ROADIES phylogeny achieved a species-level normRF
score of 0.027 compared to the reference tree (S/ Appendix, Fig. S9
E, iii), suggesting a reasonably high congruence between the two
phylogenies, with differences mostly in low-support branches
(Fig. 3 Cand D). At the order level, ROADIES and the reference
tree are aligned i) in capturing the relationship of orders within
Australaves and Aequornithes within Neoaves and ii) in the rela-
tionship of orders within core waterbirds, both of which have been
involved in considerable debate, and have been even suggested by
some authors to represent a hard polytomy (90). ROADIES also
recovered the so-called magnificent seven groups that have been
identified in recent genome-wide analyses (91).
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Six ordinal-level branches were different in ROADIES compared
to the reference (order-level normRF = 0.228), and all of those are
among those that are contentious, and in every case, these had quartet
frequencies that were close to ¥3, which signifies a lack of resolution
(Fig. 3D and SI Appendix, Fig. SOE). This level of discordance is not
unusual for the avian phylogeny, and similar or higher levels of dis-
cordance are observed between the four expert-led authoritative
studies on this subject (5, 18, 85, 86) (SI Appendix, Fig. SAE).
Specifically, ROADIES differs from the reference tree in the place-
ments of Tinamiformes and Rheiformes in Palacognathae, but past
studies have not reached a consensus in this case, and some studies
support ROADIES’ findings in their main analyses (92-94). There
are also two differences in early neoavian diversification. i) ROADIES
infers Columbimorphae and Phoenicopterimorphae as sister groups,
recovering the Columbea group proposed by Jarvis et al. (18) and
Yuri et al. (95) but differs from our reference tree. As Mirarab et al.
(96) have recently shown, this result is sensitive to the choice of
loci-they reported a recombination-depleted region in chromosome
4 of chicken which has an unusually strong signal for Columbea. ii)
ROADIES infers Otidimorphae as sisters to Caprimulgiformes,
breaking the Elementaves group proposed by Stiller etal. (5).
However, the support for this relationship in ROADIES is low
(localPP = 0.69) (SI Appendix, Fig. SOE), and the ROADIES tree is
compatible with Elementaves if we contract branches with localPP
< 0.95. The remaining two differences, in which ROADIES places
Accipitrimorphae as sister to all other land birds (Telluraves) and
moves Opisthocomiformes within Elementaves, are possibilities that
Stiller et al. (5) have not fully ruled out as they had low confidence
and consistency for these relationships in their results.

Yeast dataset. We also tested ROADIES with 332 budding yeast
datasets from subphylum Saccharomycotina, collected from the

data published by Shen et al. (9) (Dataset S4), with the estimated
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divergence time of over 400 My, making it a challenging phylogeny
to accurately estimate. With this input dataser, ROADIES
consumed around 3.52 d to generate the final species tree on
64-core AWS EC2 instances, achieving a normRF of 0.170 with
2,813 gene trees and 94.52% of high-support nodes (S Appendix,
Fig. $9G).

Similar to the reference tree, ROADIES was able to accurately
capture the grouping of species within their respective clades (Fig. 3
Eand F). It successfully captured stable and consistent relationships
within Saccharomycetes, i.e., between clades Saccharomycetaceae,
Saccharomycodaceae, Phaffomycetaceae, and CUG-Ser2 (97, 98),
and among ecarly diverging clades such as Lipomycetaceae,
Trigonospidaceae, and Dipodascaceae/ Trichomonascaceae. Notably,
the clade Pichiaceae, which had been reported as nonmonophyletic
in earlier studies (97), was recovered by ROADIES.

However, some differences were observed between the ROADIES
tree and the reference tree, particularly in the placements of the clades
Sporopachydermia, Alloascoideaceae, and CUG-Serl (Fig. 35),
resulting in a clade-level normRF of 0.22. The placement of
CUG-Ser1, which consists of families Debaryomycetaceae and
Metschnikowiaceae, has historically been a subject of debate (98, 99),
and ROADIES was not confident about this placement (node 1,
localPP = 0.52, SI Appendix, Fig. S9 F, ii). Likewise, the reference
placed Sporopachydermia and Alloascoideaceae as sister clades, which
is consistent with most recent studies (100), but some earlier studies
suggested an alternative placement consistent with ROADIES (98).

ROADIES Estimates Accurate Species Tree Even in the Presence
of Complex Polyploidy. Polyploidy is known to present challenges
to phylogenetic inference (101, 102). To test ROADIES’ accuracy
in the presence of polyploidy, we used a dataset of 11 bamboo
species (family: Poaceae, subfamily: Bambusoideae). As discussed
by Maetal. (41), these bamboo genomes have undergone recurrent
hybridization between diploid ancestors of woody lineages,
followed by polyploidization and introgression between ancestral
woody and herbaceous lineages, resulting in various ploidy levels
(diploid, tetraploid, and hexaploid) (Dataset S7). Both the dataset
and the reference tree for this comparison were obtained from Ma
et al. (41) (Methods).

ROADIES converged on this dataset in two iterations, inferring
263 gene trees and requiring 51 min of runtime. The resulting
species tree exhibited high support for all branches and its topol-
ogy matched exactly with the reference tree (normRF = 0,
SI Appendix, Fig. S10 A and B). Notably, ROADIES accurately
grouped multiple species of herbaceous and woody bamboos while
confidently resolving the relationships among the four major bam-
boo lineages, consistent with previous studies (41, 103). We
observed that the diploid genomes were the smallest (626 Mb, on
average) and contributed fewer copies per gene tree, as expected
(81 Appendix, Fig. S10C). However, compared to tetraploids, hexa-
ploids did not show an increase in gene copies despite higher
ploidy. This could be related to the tendency of genome assemblers
(104) to collapse polyploid regions with lower heterozygosity and
the fact that due to the accumulation of transposable elements

(105), tetraploid assemblies are larger than hexaploid ones (1.63
Gb vs. 1.12 Gb). Nonetheless, ROADIES inferred an accurate
phylogeny, demonstrating that its multicopy gene tree-based infer-
ence approach based on ASTRAL-Pro3 is robust even under com-
plex scenarios.

ROADIES Outperforms State-of-the-Art Species Tree Estimation
Pipelines. We compared ROADIES with several state-of-the-
art species tree estimation pipelines, including MashTree (27),
Read2Tree (28), and the concatenation- and coalescent-based
pipelines using BUSCO (25) genes (Table 1 and SI Appendix,
Fig. S8). These pipelines were evaluated for performance and
accuracy using a smaller 48-bird dataset meant to challenge
methods [taken from Jarvis et al. (18)—Dataset S5] on a 64-core
AWS EC2 machine, with Stiller et al.s tree (5) serving as the
reference.

Among the baseline tools, MashTree stands out as the only fully
automated pipeline that, like ROADIES, requires no other input
apart from the raw genomic assemblies. However, MashTree
employs a simple workflow based on Mash distances (106) and a
Neighbor-Joining algorithm, as implemented in QuickTree (107).
As expected, MashTree was the fastest of all methods tested, com-
pleting analyses in significantly less time than ROADIES (Table 1).
However, it also recovered only around one third of branches from
the reference phylogeny (normRF: 0.622), indicating inaccuracy.
For example, MashTree inaccurately inferred most clade relation-
ships within Neoaves (S] Appendix, Fig. S8).

Read2Tree, while similar to MashTree and ROADIES in its
goal of generating species trees in a scalable manner, uses a semi-
automated approach that differs from ROADIES in two funda-
mental ways. First, Read2Tree is an assembly-free approach which
relies on raw sequencing reads as input, making its accuracy sen-
sitive to sequencing coverage. In our experiments, Read2Tree
failed to infer phylogeny with low-coverage reads for certain spe-
cies (1aeniopygia guttata). Second, Read2 Tree also requires the users
to provide orthologous gene markers downloaded from the OMA
database (108) as input. However, the OMA database is incom-
plete; for example, it contained data for only 7 of the 48 bird
species we evaluated. We observed that when the number of ref-
erence species increased from 3 to 7, the normRF improved only
slightly from 0.711 to 0.666 (Table 1). In summary, even though
the runtime of Read2Tree was comparable to ROADIES, the
accuracy was far worse, and like MashTree, it grouped most clades
within Neoaves inaccurately (S Appendix, Fig. S8).

We also evaluated pipelines based on BUSCO genes, using both
concatenation and coalescent approaches (Merhods and
SI Appendix, Fig. S8). These pipelines, unlike ROADIES, rely on
the OrthoDB reference database (31), which provides single-copy,
complete protein-coding genes as markers. Although BUSCO has
automated the download step to a large extent, the availability
and completeness of the reference database still pose a concern.
For example, only 8,338 BUSCO genes are available for birds
(aves_odb10 database). In our evaluations, ROADIES outper-
formed BUSCO-based pipelines in terms of accuracy, achieving

Table 1. Runtime and accuracy comparison of ROADIES with state-of-the-art species tree estimation pipelines

using 48 avian species

Read2Tree Read2Tree
Pipeline ROADIES MashTree (three references) (seven references) BUSCO (concatenation) BUSCO (coalescent)
NormRF with 0.133 0.622 0.711 0.666 0.522 0.533
reference
Runtime 109 h 2 min 48h 98 h 170 h 178 h
https://doi.org/10.1073/pnas.2500553122 pnas.org
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lower normRF distances relative to the reference tree, and also in
terms of running time (Table 1). In particular, ROADIES per-
formed far better in resolving relationships within Neoaves.
Previous studies have shown that coding regions are not optimal
for Neoaves (18, 54, 55), which possibly explains the poor accu-
racy of the BUSCO pipeline.

In summary, existing tools are inaccurate relative to ROADIES
for challenging phylogenies, and some are slower too. ROADIES
stands out as the first fully automated species tree inference
method with high accuracy for challenging data and independence
from external databases.

ROADIES Offers Flexibility in Balancing Speed and Accuracy.
Species tree inference often involves a trade-off between the speed
and accuracy of the final results. In most biological applications,
accuracy is paramount, though speed is desirable and often a
constraint. We have implemented ROADIES as a Snakemake
workflow (109), which allows modular implementation and
exposes numerous parameters of individual tools to end users to
provide flexibility (S Appendix). We anticipate that most users will
not need to adjust the ROADIES pipeline, staying with the default
mode, which prioritizes accuracy. However, we have provided two
convenient additional modes in ROADIES, fast and balanced,
to cater to users who might be resource-constrained or might be
working with datasets or applications that might be more tolerant
of errors (see SI Appendix for details).

We evaluated ROADIES’ balanced and fast modes of operation
for mammals, pomace flies, and birds datasets (S Appendix,
Fig. S1). For mammals, ROADIES in balanced mode used 3,738
gene trees, converging in 160 h 55 m (6.7 d) with 96% high-support
nodes on a 16-core AWS EC2 instance (r6a.4xlarge) (SI Appendix,
Fig. S1 E, ). Fast mode required 14,929 gene trees and took 98 h
21 m (4.1 d), achieving 97% high-support nodes (SI Appendix,
Fig. S1 F, 7). Both modes were 1.33-fold and 2.17-fold faster than
the accurate mode, respectively, resolving the once-highly debated
relationship between Afrotheria, Xenarthra, and Boreoeutheria
(66-72), (SI Appendix, Fig. S1 A and B). The balanced mode aligns
more closely with the reference tree (order-level normRF: 0.05),
differing only in the placement of Perissodactyla and Cetartiodactyla
(SI Appendix, Fig. S1C), while the fast mode showed additional
differences which were previously debated, including the place-
ments of Afrosoricida and Tubulidentata (71, 73, 75, 84),
Scandentia in Euarchontoglires (71, 73, 75, 76), Perissodactyla
and Cetartiodactyla in Laurasiatheria (68, 71, 73, 79-81), and
Proboscidea in the clade Paenungulata (73, 75) (order-level
normRF: 0.33, ST Appendix, Fig. S1D).

For pomace flies, balanced mode required 8,192 gene trees and
16 h 17 m to get a converged tree with 100% highly supported
nodes (group-level normRF: 0.071, S Appendix, Fig. S2 E, i), while
fast mode required 4,096 gene trees and 1 h 59 m, with 95%
high-support branches (group-level normRF: 0.214, ST Appendix,
Fig. S2 F, i). Both modes captured stable orders well (87-89),
though fast mode showed some placement differences, such as for
Tumiditarsus and Zaprionus (S8 Appendix, Fig. S2 C and D). For
birds, the balanced mode required 62,441 gene trees and 1,066 h
(44.4 d), while the fast mode needed 31,692 gene trees and 101 h
(4.2 d) runtime to converge with 98% and 96% support, respec-
tively (SI Appendix, Fig. S3). However, even though the balanced
and fast modes provided 2.6-fold and 27.8-fold speed-up over the
accurate mode, they both struggled with accuracy, resulting in
order-level normRFs of 0.6 and 0.743, respectively.

In summary, the balanced and fast modes demonstrate good
speed-ups with reasonable accuracy and might be suitable for cer-
tain resource-constrained applications. However, like our baseline
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methods (Table 1), even these modes struggle with accuracy when
presented with a challenging phylogeny, such as birds.

ROADIES Is Scalable and Stable. We have designed ROADIES to
support large-scale phylogenetic analyses on high-performance
computing environments, leveraging Snakemake (109) for
efficient parallelization. Specifically, it exploits thread and process-
level parallelism, supporting large datasets with scalable workflows.
To characterize the strong scaling efficiency, we tested ROADIES
with varying numbers of system cores on AWS EC2 instance
for 100 drosophilid datasets in accurate mode (Methods), fixing
the gene count to 4,000. We observed roughly linear speed-up
with the number of cores—the runtime decreased by 7.3-fold
(from 3,147 to 430 min) as core count increased from 8 to 128,
achieving a scaling efficiency of 57.7% (SI Appendix, Fig. S5A).
A slight runtime increase with 256 cores is primarily due to the
communication overheads, which we will address in the future
releases. Runtime also scaled well with the number of input
species, increasing 19.8-fold (from 90 to 1,778 min) as species
count grew 6.7-fold (from 15 to 100), indicating a superlinear
but subquadratic scaling (S7 Appendix, Fig. S5B).

Given that ROADIES uses random sampling of genes from
input genomes, it could be susceptible to sampling noise. To eval-
uate ROADIES’ consistency despite random gene sampling, we
conducted four separate trials on the drosophilid dataset, each
using a different set of randomly selected genes. While one trial
(experiment ID 3) converged in four iterations compared to five
in others, the resulting phylogenies were nearly identical, with a
maximum species-level normRF distance of 0.04 between them
(SI Appendix, Fig. S5 C-F). Moreover, the percentage of highly
supported nodes in the final converged species tree varied mini-
mally across trials and followed similar trends with increasing gene
tree count (87 Appendix, Fig. SSE).

Slight differences in species-level normRF distances between
trials result from a few debated drosophilid phylogenies: i)
Drosophila fuyamai and Drosophila kurseongensis, where experi-
ments alternated between matching or diverging from the refer-
ence, both with low support (localPP = 0.587 and 0.652); ii)
Drosophila mauritiana, Drosophila simulans, and Drosophila
sechellia, where all trials consistently differed from the reference,
which also had low support (localPP = 0.55); and iii) Drosophila
quadrilineata and Drosophila repletoides, where 3 of 4 trials
matched the reference. At the order level, normRF distances were
consistent except for Tumiditarsus (Drosophila repletoides), which
caused occasional jumps from 0 to 0.07. Overall, ROADIES pro-
duced stable phylogenies with negligible dependence on specific
sampled genes, with differences only limited to a few debatable
and low-confidence topologies.

Discussion

ROADIES can perform discordance-aware species tree construction
directly from raw (unannotated) genome assemblies without relying
on a single reference genome, input alignments, gene annotations,
and predefined orthology. With genomic data continuing to grow
exponentially, and with telomere-to-telomere assemblies now pos-
sible for complex genomes at reasonable costs (8, 42, 110),
ROADIES is addressing a critical problem of automating species
tree inference from genomes with high accuracy. ROADIES achieves
these results based on three design decisions. Firsz, instead of pre-
defined genomic regions with specific characteristics, such as
protein-coding genes, UCEs (111), or transposons (80, 112, 113),
ROADIES is based on a random sampling of loci from input
genomes. This eliminates the need for genome annotations and the
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bias caused by using a single reference genome. Second, the summary
method that ROADIES uses for species tree inference can work
with multicopy gene trees that account for both orthology and
paralogy (49). This eliminates the need for strict orthology inference
from genomes—a longstanding problem in automating reliable
pipelines. While good progress has been made on this problem in
recent years, such as the development of TOGA (114), orthology
inference typically requires intensive algorithms to accurately dis-
tinguish orthologs from paralogs and pseudogenes. On the other
hand, homology (a combination of orthology and paralogy) is not
just easier to infer; it is also computationally less expensive. Once
gene trees are inferred, many cases of paralogy become immediately
clear, a fact that ASTRAL-Pro exploits. 7hird, choosing the correct
number of gene trees is a challenge when genomes are available, as
it heavily depends on the complexity of the evolutionary histories
of the input genomes, which is often unknown in advance.
ROADIES tackles this issue through a convergence algorithm. As
expected, ROADIES requires a far greater number of gene trees to
converge for the bird phylogeny, the most complicated case in our
datasets, compared to the phylogeny of mammals, flies, bamboos,
and yeasts. Another alternative to predefining loci is to use genome-
wide site-based species tree estimation tools, such as CASTER (77).
However, unlike ROADIES, CASTER requires m-WGA as input,
which is computationally intensive to generate and requires an input
guide tree. Thus, ROADIES can complement CASTER by provid-
ing an accurate guide tree for the m-WGA step. Furthermore, note
that CASTER is less suitable for organisms with rampant duplica-
tion since it is currently limited to single-copy regions.

In the future, we aim to further improve the capabilities of
ROADIES. While our current implementation is scalable for
thousands of genome sequences, the runtime might be unreason-
ably high for tens of thousands of genomes or beyond. We believe
GPUs could be leveraged to accelerate the critical stages of our
pipeline (115, 116), but this would necessitate the development of
new GPU-accelerated libraries. Moreover, incorporating recently
proposed divide-and-conquer strategies for species tree construc-
tion (117) also presents a promising avenue for improving the
runtime of ROADIES and would enable placing new taxons on
existing species trees.

Methods

Input Datasets and Reference Phylogenies. Four large-scale genomic assem-
bly datasets from recent studies were used for evaluation: 1) 240 species from
the infraclass Placentalia (alternatively referred to as "placental mammals”), 2)
100 species belonging to the subfamily of Drosophilinae and Steganinae, 3) 363
species from the class Aves, and 4) 332 budding yeast species from the subphylum
Saccharomycotina. We also used other smaller datasets, such as 1) 48 species
from the class Aves for the baseline comparison, 2) 11 species of bamboo from
the family Poaceae and subfamily Bambusoideae for evaluating ROADIES with
polyploid genomes, and 3) 10 species of whales from the order Cetartiodactyla
(subset of 240 species of mammalian dataset) for evaluating gene length variation.
Dataset details, including taxonomy and NCBI IDs, are provided in Datasets S1-S8.

The 240 species of placental mammals are collected from the Zoonomia
consortium (8). Zoonomia consortium earlier published 241 species with two
assemblies from the same species—Canis lupus familiaris (Domestic dog). We
removed the duplicate dog assembly (with NCBI ID GCF_000002285.3) and kept
the one with NCBI ID GCA_004027395.1. The 363 avian species are collected
from the Birds 10k Genome Project's dataset (42). For 100 drosophilid genomes,
we collected the dataset from NCBI BioProject ID PRINA675888 used by Kim
et al. (40). Genomic data of 332 yeast species were collected from the Figshare
repository published by Shen et al. (9). Genomic assemblies of 11 species of
bamboo were taken from Ma et al. (41).

We used reference trees from authoritative studies as a proxy for ground truth to
compare the accuracy of the species tree estimated by ROADIES. The reference tree
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of the mammalian dataset from Zoonomia consortium (8), was generated using
Progressive Cactus (24). The reference tree of 100 drosophilid genomes, from Kim
etal.(40), was generated using 250 single-copy BUSCO genes (using Amino acid
sequences) and running MAFFT, RAXML-NG, and ASTRAL-MP (in summary mode)
sequentially. For the avian dataset, these studies in the last decade by Kuhl et al.
(86), Prum et al. (85), Jarvis et al. (18), Feng et al. (42), and Stiller et al. (5) are
considered authoritative. While these studies include all major orders of the avian
phylogeny, there is observable discordance between them (S Appendix, Fig. S4).
We chose Stilleretal.(5) as our reference [which used 63,430 loci (44,846 intronic,
14,972 exonic, and 4,985 UCE loci)] since it is the largest and the most recent,
involving all 363 species we used in our evaluation. The yeast phylogeny followed
Shen et al. (9), and the bamboo tree is taken from Ma et al. (41).

Execution Environment and Runtime Estimates. ROADIES was executed
in a custom conda environment set up via a custom script roadies_env.sh.
All experiments (Figs. 2 and 3) ran on 16-core memory-optimized AWS Réa
(réa.4xlarge) instances. Input datasets, downloaded from NCBI (IDs in Datasets
$1-S5), were stored in AWS EBS volumes as .fa.gz files and provided as the
GENOMES parameter in the configuration file. To parallelize ROADIES for higher
GENE_COUNT values, we ran the pipeline across multiple AWS instances. For
GENE_COUNT=64000, ROADIES was executed on 16 réa.4xlarge EC2 instances,
each processing 4000 genes. After completion, gene trees and mapping files from
all instances were merged to create the final input for ASTRAL-Pro3, generating
the final species tree. ROADIES also records the total runtime in time_stamps.csv,
representing wall-clock execution time. In converge mode, runtimes for all itera-
tions are logged and reported for all experiments in the manuscript.

Cophylogenetic Plots and Accuracy Estimates. ROADIES generates rooted
trees by default. To produce rooted trees, we determined the mostidentical node
in the final species tree produced by ROADIES to match the root of the reference
tree (which is provided through the REFERENCE parameter in the config.yaml
file) through a custom reroot.py script. We manually derived the order-level
phylogeny from the final roadies.nwk output. After generating the species and
order level tree, we constructed the cophylogenetic plot to compare the tip dis-
placements and topological differences between ROADIES and reference tree
using iTOL software (118). We manually rotated the tips for better one-on-one
mapping between both trees with minimal tip displacements. ROADIES quantifies
tree differences using the normalized Robinson-Foulds distance, estimated with
the ETE3 function (119) tree2.compare(tree1).

Stability and Scalability Analysis. To perform the stability test, we ran ROADIES
with 100 drosophilid genomes and the same set of configuration parameters
(with fixed GENE_COUNT = 4,000). After getting the final species trees from four
independent instances, we calculated the normRF for all four species trees with
the reference tree. Following the same approach, we performed the scalability
test, with the difference of providing different numbers of genomes and varying
GENE_COUNT as input across four AWS instances.

Local PP and Quartet Score Analysis. The final species tree generated by
ROADIES was compared to the reference tree, with dissimilar branches analyzed
using localPP scores and quartet scores as metrics of comparison, which are esti-
mated by ASTRAL-Pro3. LocalPP represents the likelihood of a branch being true
based on the input gene trees. ASTRAL-Pro3 provides localPP values for each of the
three possible topologies of a quartet formed by a specific internal branch. When
the main topology's localPP value is significantly higher than the others, it indi-
cates less contention, a clearer resolution, and strong support from the input gene
trees, while similar values across topologies suggest ambiguity. The quartet score
quantifies how many gene trees support a specific topology formed by an internal
branch. If all three topologies of a branch have nearly equal quartet scores (around
0.33),itsuggests no clearwinner, whereas a dominant score reflects strong support.

Baseline Methods. To assess ROADIES' performance, we compared the runtime
and accuracy of the final tree it generated with those produced by the state-of-
the-art pipelines described below. All the baseline experiments were run on a
64-core AWS EC2 instance (r6a.16xlarge). We estimated the total runtime in
seconds by measuring its wall clock time.

Analysis of Read2Tree. We compared ROADIES with another semiautomated
phylogenetic approach, Read2Tree (version 0.1.5) (28) which generates species
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tree from raw reads and orthologous gene markers from reference species as
input. We used three species as reference (Taeniopygia guttata, Gallus gallus,
Meleagris gallopavo), downloading orthologous gene markers through the OMA
database (by setting Minimum fraction of covered species as 0.8 and Maximum
nr of markers as —1). The rest of the species’ input data are downloaded as raw
reads from the Sequence Read Archive (SRA) database in .fastq format. After col-
lecting the input data, we ran Read2Tree for all species. We repeated the same
experiment entirely for 48 birds species dataset by choosing seven reference
species (Haliaeetus leucocephalus, Anas platyrhynchos platyrhynchos, Meleagris
gallopavo, Gallus gallus, Taeniopygia quttata, Melopsittacus undulatus, Tyto alba)
and downloaded their orthologous markers from OMA database and rest of the
41 species as raw reads.

Analysis of BUSCO-based pipeline. For a deeper comparison of ROADIES with
otherwidely used tools and pipelines, we ran BUSCO (version 5.7.1)(25) (https:/
gitlab.com/ezlab/busco) to generate gene markers and created two pipelines:
one using a concatenation-based approach, and another using coalescent-based
methods to estimate final species tree of 48-bird dataset. For the concatenation-
based pipeline, we adapted an open-source BUSCO pipeline originally designed
for protein sequences to support DNA sequences (https://gitlab.com/ezlab/
busco_usecases). The six-stage pipeline begins with running BUSCO in genome
mode with Augustus as the gene predictor. We selected Aves OrthoDB database
(aves_odb10) database (31), considering the nature of our input dataset. Next, we
prepared a custom script to extract single-copy complete BUSCO genes present
in all 48 species, yielding around 500 genes out of a total of 8,338 BUSCOs from
the Aves OrthoDB database. These extracted genes were individually aligned
using MAFFT (version 7.526)(120) and then filtered using TrimAl (version 1.5.0)
(121). Last, we ran a custom script to concatenate all filtered MSAs and to create
a supermatrix, which is then passed to RAXML(122) (version 8) to generate the
final species tree. Unlike ROADIES, which allows some missing data (up to 4
or 10% of species, whichever is maximum), this pipeline requires genes to be
present in all species.
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We also created a coalescent version of the BUSCO pipeline to match closely
with the ROADIES pipeline, since both are coalescent-based approaches and
support missing data (single-copy complete genes, which may not be present
inall 48 input genomes). This pipeline consists of five stages. First, we ran BUSCO
(version 5.7.1) (25) with the same parameters as the previous pipeline. Next, a
custom script extracted all single-copy complete genes that are at least present in
one of the 48 species, retrieving 8,328 out of 8,338 genes from the Aves OrthoDB
database. We then performed multiple sequence alignment and filtering of all
extracted genes using MAFFT (version 7.256) (120) and TrimAl (version 1.5.0)
(121), similar to the previous concatenation-based pipeline. In the final stage,
we ran ParGenes (version 1.2.0) (123) to generate the gene trees and estimate
the final species tree (using --use-astral command). This pipeline closely mirrors
ROADIES's coalescent-based approach, except the fact that ROADIES considers
multicopy genes and does not require any input gene annotations.

Data, Materials, and Software Availability. The source code of ROADIES is
freely available under the MIT License on GitHub (124), and the documentation
for ROADIES is available at ref. 125.The details of the input datasets used in the
manuscriptare listed in Datasets S1-S8. All inferred gene trees and species trees
are deposited to Dryad (126).
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