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Abstract
Phylogenomics pipelines are designed to reconstruct evolutionary relationships among groups of organisms. Existing 
pipelines are dependent upon reference gene sets for which target copies may be retrieved through read-mapping. This 
read-mapping approach is limited by the availability of reference orthologs closely related to target taxa, which reduces 
its utility for nonmodel organisms. We introduce OrthoGarden, an automated and containerized de novo assembly-based 
phylogenomics pipeline aimed to recover accurate and reproducible phylogenies from any combination of short reads 
and assemblies with particular emphasis on nonmodel taxa. OrthoGarden is tested using 3 datasets of varying size, 
scope, and taxonomic identity and benchmarked against other phylogenomics pipelines for accuracy. When closely 
related reference orthologs are available, OrthoGarden produces phylogenies with comparable accuracy to existing 
pipelines; however, studies limited to distantly related reference orthologs yield increased accuracy using OrthoGarden 
relative to other mapping approaches. OrthoGarden produces highly accurate phylogenies across a wide range of taxa. 
Automated phylogenetic reconstruction using genes recovered through all-vs-all orthology inference among selected 
taxa allows for phylogenomic analysis without requiring in-group reference orthologs. Datasets using nonmodel taxa 
especially benefit from OrthoGarden’s efficacy in the absence of a closely related reference group. Its consistent 
accuracy, automated usage of computational resources, and ability to utilize both short reads and assemblies make 
OrthoGarden a community-focused pipeline for both model and nonmodel phylogenomics. OrthoGarden is publicly 
available at github.com/jacksonhturner/orthogarden.
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Introduction
The study of phylogenetics is essential to understand the relation
ships between organisms and how they change over evolutionary 
time scales. The development of phylogenetic reconstructions, 
or phylogenies, is a widely adopted approach to model 
evolutionary relationships that strengthens our understanding of 
speciation, adaptation, gene flow, and other critical aspects of evo
lutionary comparison (Neafsey et al. 2015; Allen et al. 2018; 
Lozano-Fernandez 2022; Yang et al. 2023; Dylus et al. 2024). The in
creasing availability of sequence data provides a wealth of genetic 
information upon which phylogenies may be created that extends 
upon the historical use of morphological characteristics (Wiens 
2004). Whole-genome sequencing (WGS) data in particular is in
creasingly abundant due to its applications beyond phylogenetics 
(Young and Gillung 2020; Lozano-Fernandez 2022). As sequencing 
technology continuously improves, phylogenetic models must 
scale accordingly to assimilate unprecedented amounts of 

genomic sequence data (Young and Gillung 2020). This challenge 
has been addressed by a multitude of phylogenetic tools that 
aim to create robust phylogenies from Sanger sequencing prod
ucts, short (“next-generation”) reads, and long (“third-generation”) 
reads (Allen et al. 2018; Han et al. 2022; Lozano-Fernandez 2022; 
Dylus et al. 2024). Phylogenomic pipelines, workflows that leverage 
existing tools to generate evolutionary reconstructions from WGS 
data, are employed for this purpose (Allen et al. 2018; Dylus et al. 
2024; Gupta et al. 2025). Many of these pipelines are fully auto
mated, allowing for continuous progress without the need for 
user intervention (Dylus et al. 2024; Gupta et al. 2025). As each phy
logenomic pipeline carries its own assumptions and optimal data 
types, identifying the most appropriate pipeline for a given set of 
sequencing data can be a challenging task.

Conceptual approaches to phylogenomic pipelines differ in 
their methods in using single copy exons (orthologs). The proper 
selection of loci is fundamental to achieving the correct topology 
for phylogenies, as introducing loci with divergent evolutionary 
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histories can produce misleading results (Young and Gillung 2020; 
Lozano-Fernandez 2022). A traditional approach to phylogenom
ics relies upon including only orthologous loci (usually exons), 
which may be chosen from a curated database (Allen et al. 
2018; Kriventseva et al. 2019; Dylus et al. 2024) or identified de 
novo. These orthologous loci may be acquired from whole gen
ome alignments, comparison with a reference genome, or through 
orthology inference of annotated loci (Emms and Kelly 2019). An 
alternate approach forgoes the use of orthologous exons to in
clude homologous or multi-copy loci, such as introns, ultracon
served elements, or c-genes (Gupta et al. 2025). These 
approaches have been used to produce well-supported phyloge
nies (Yang et al. 2023; Dylus et al. 2024; Gupta et al. 2025) but 
rely on high-quality genome assemblies, thus orthology remains 
widely used in phylogenomics (Young and Gillung 2020; 
Lozano-Fernandez 2022; Stiller et al. 2024).

To recover orthologs from WGS data, 2 main approaches for se
lecting orthologous exons are employed. One approach begins 
with read-mapping to a reference genome or set of genes, followed 
by local de novo assemblies for all reads mapping to each refer
ence gene (from here referred to as read-mapping approach). 
Recent pipelines utilizing a read-mapping approach include 
aTRAM and read2tree (Allen et al. 2018; Dylus et al. 2024). A second 
approach assembles all reads first, followed by de novo gene or 
exon annotation and ortholog identification from the resulting, 
often highly fragmented, contigs (from here referred to as assembly 
approach) (Allen et al. 2018; Montoliu-Nerin et al. 2021; Yang et al. 
2023; Dylus et al. 2024). Either approach can unintentionally intro
duce nonorthologous genes into a dataset, obfuscating phylogen
etic signal by including loci with divergent evolutionary histories 
(Lozano-Fernandez 2022; Fleming et al. 2023).

Read-mapping approaches that rely on a selected reference 
gene set may introduce unintentional error in multiple ways. 
Curated reference ortholog sets such as those from OMA 
(Orthologous Matrix) and OrthoDB (Kriventseva et al. 2019) can 
introduce error if an evolutionarily distant reference organism 
is selected, due to high sequence divergence, gene loss, and/or 
presence of gene copies (paralogs) (Lozano-Fernandez 2022). 
After selection of a reference gene set, read-mapping pipelines 
may reconstruct nonorthologous genes for the target taxa. This 
may occur when paralogs are present and their reads map equal
ly well to a single reference gene or when a gene has been lost in 
a lineage and reads from a homolog map to the reference gene. 
These problems can be further exacerbated by low sequence 
coverage, which may have insufficient reads from orthologous 
genes for high-quality reconstruction. Reads with high sequen
cing depth (>100×) elevate the likelihood for inaccurate de 
novo assembly of target loci by introducing a greater number 
of nontarget reads, disrupting phylogenetic signal (Dylus et al. 
2024). Deeply sequenced reads may allow for chimeric recon
struction of paralogous consensus sequences leading to incor
rect inference of relationships between taxa. Downsampling of 
highly sequenced taxa may ameliorate this issue but is currently 
not implemented in existing phylogenomics pipelines.

The vast majority of taxonomic groups lack high-quality reference 
genomes or ortholog resources from closely related taxa, suggesting 
a read-mapping approach may be less accurate for nonmodel spe
cies. Assembly-based pipelines avoid the bias of reference genes 
(Lozano-Fernandez 2022). This allows for increased accuracy in iden
tifying orthologs, provided the sequence data for each target taxa is 

deep enough to produce assemblies with sufficient contiguity for an
notation (Montoliu-Nerin et al. 2021; Yang et al. 2023). Higher read 
depth improves the completeness of de novo whole genome assem
bly allowing for a more informed comparison of loci between taxa 
for orthology inference (Dominguez Del Angel et al. 2018). 
Orthology inference, wherein loci are evaluated for their ability to 
best represent the evolution within a taxonomic group, is contingent 
upon identifying a set of exons that are complete for all or most tar
get taxa for accurate results (Young and Gillung 2020; Montoliu-Nerin 
et al. 2021; Lozano-Fernandez 2022). While potentially more accur
ate, assembly-based pipelines may impose a high computational 
demand. All-vs-all orthology inference compares available genes 
among all included taxa, and the high number of comparisons be
tween loci make it a resource-intensive process (Young and 
Gillung 2020). Taxonomic groups such as plants or fungi may contain 
repetitive elements and high numbers of paralogous genes which 
further increase the computational burden of orthology inference 
(Zuntini et al. 2024). De novo whole genome assembly and annota
tion are also demanding processes that require extensive processing 
time and computing power (Dominguez Del Angel et al. 2018).

No standardized pipeline for a reference-free ortholog selection 
from raw reads and assemblies yet exists (Steenwyk et al. 2023), 
leading to a community need for an easy-to-use, automated, 
orthology-based phylogenomics pipeline applicable to nonmodel 
taxa. Existing phylogenomics workflows are composed of separate 
individual processes such as loci capture, orthology inference, 
alignment, masking, and tree inference where data must be manu
ally passed between steps (Johnson et al. 2018; Shen et al. 2018; 
Yang et al. 2023). Automating the flow of hundreds of samples 
across these existing processes into a cohesive pipeline would re
duce analysis time and user input. Additionally, several existing 
pipelines accept only short read sequencing data sets for each tax
on as input (Allen et al. 2018; Dylus et al. 2024). Applying all-vs-all 
orthology inference between in-group taxa as in OrthoFinder 
(Emms and Kelly 2019) would allow both short reads and assem
blies as inputs, integrating the many genome assemblies publicly 
available through NCBI in addition to short read inputs.

Here, we introduce OrthoGarden, an automated, scalable, 
assembly-based phylogenomics pipeline for model and nonmodel 
eukaryotic taxa. OrthoGarden is a novel phylogenomics pipeline 
that occupies a niche among existing tools by not requiring a set 
of reference genes, leveraging both reads and assemblies as inputs, 
functioning well with reads at high sequencing depths, filtering 
genes through orthology inference, and being fully automated 
and easy to implement. We benchmark OrthoGarden’s phylogenet
ic reconstruction accuracy with comparable pipelines using 3 pub
lished datasets. OrthoGarden’s unique suite of features provides it 
particular utility in supporting intrafamily systematics without the 
need for high-quality assemblies or reference genes. To model its 
anticipated use-cases with nonmodel taxa, we assess its improve
ment over a read-mapping approach that would include the influ
ence of reference gene selection.

Results
The mosquito dataset chosen for benchmarking represents a well- 
studied reference organism (Anopheles gambiae) with a well- 
established phylogeny. Different reference genes sets were chosen 
for the read-mapping pipelines read2tree and aTRAM to simulate 
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scenarios where closely related reference genes are or are not avail
able. A reference phylogeny generated from 21 selected taxa 
(Neafsey et al. 2015) was used to benchmark reconstructions for ac
curacy. OrthoGarden, aTRAM with an Anopheles reference gene set, 
and ROADIES (Gupta et al. 2025) reproduced the reference phyl
ogeny with the most accuracy with a Jaccard Robinson-Foulds 
(JRFD) score of 3. Read2tree with a close reference gene set was 
slightly less congruent, and comparable to aTRAM with a distant ref
erence gene set from Drosophila (JRFD = 6; Fig. 2h). Read2tree re
sults with a distant gene set from Drosophila (Fig. 2d) or a distant 
gene set from Diptera (excluding mosquito orthologs; Fig. 2e) 
were both notably less congruent with a JRFD of 12 for each. This 
demonstrates that genes acquired through read-mapping were 
strongly impacted by choice of reference genes (Fig. 2d, g, and e). 
Reference gene sets derived from Drosophila or Diptera increase 
the branch lengths of taxa in the A. gambiae species complex and 
deteriorate accurate relationships between in-group clades. The 
phylogeny produced with aTRAM using an Anopheles reference 
was identical to Neafsey et al. (2015), but one substituting the clos
est evolutionary reference with a more distant organism in 
Drosophila demonstrated discordance (Fig. 2a). Notably, when us
ing close evolutionary proxies that excluded Culicidae, read2tree re
covered relatively inaccurate topologies and paraphyly within 
major groupings (Fig. 2f and h). OrthoGarden produced phylogenies 
with topologies identical to Neafsey et al. (2015) irrespective of the 
selected Augustus reference organism (Fig. 2a–c).

Orthogarden was further tested with 2 input formats (fasta vs 
fastq) and 2 Augustus training models (“mosquito” vs “fly”). All 
tests yield identical JRFD values of 3. This benchmarking demon
strates OrthoGarden’s ability to reconstruct accurate relation
ships by inferring orthology using an all-to-all comparison.

A large yeast dataset was selected to evaluate OrthoGarden’s per
formance given an abundance of sequence information, which may 
pose a computational challenge for tree and orthology inference. A 
reference phylogeny constructed from selected taxa using filtered 
single copy orthologs from genome assemblies (Shen et al. 2018) 
alongside one recovered from a read-mapping alternative (Dylus 
et al. 2024) were used to benchmark for accuracy. Neither read2tree 
nor OrthoGarden achieved a topology entirely concordant with 
the reference (Fig. 3); however, conserved taxonomic groupings 
were recovered by both. Overall, OrthoGarden produced a more 
similar topology than read2tree. Consistent paraphyly is observed 
in both read2tree and OrthoGarden within the Ascomycota, 
Phaffomycetaceae, Pichiaceae, and Saccharomycetaceae clades. 
Notably, a subclade of Wickerhamiella species is nested within the 
Saccharomycetae superclade in the read2tree phylogeny that is 
not present in the OrthoGarden or reference trees. These divergent 
topologies may be due to the inclusion of additional taxa to those 
present in the reference tree (Dylus et al. 2024) or incorrect identifi
cation of taxa on NCBI which may modify the topologies of these 
trees, especially out-group taxa. The inclusion of paralogous genes 
in the original reference tree may further contribute to discordant 
topologies observed here (Tice et al. 2021). These results demon
strate OrthoGarden’s efficacy in reproducing a phylogeny from a 
large dataset comparable to reconstructions generated from 
state-of-the-art phylogenomics pipelines.

A plant dataset within Gesneriaceae with particular focus on 
Henckelia was chosen for benchmarking due to its status as a non
model taxonomic group, as it exhibits a high evolutionary distance 
from common reference organisms (Yang et al. 2023). An extensive 

history of hybridization and polyploidy in Gesneriaceae provide an 
opportunity to evaluate OrthoGarden’s ability to address the inte
gration of duplicated genetic content typical in some plants and 
fungi for accurate phylogenetic reconstruction (Yang et al. 2023). 
Monophyly of Henckelia, except for H. oblongifolia, a known taxo
nomic outlier, was recovered across all benchmarked pipelines, 
consistent with a robust phylogenomic reconstruction from a pre
vious study (Cai et al. 2019; Yang et al. 2023). Internodes anchoring 
the topology of out-group taxa and nodes depicting interclade re
lationships were the most variable across methods (Fig. 4c–f). The 
reconstructions recovered from the aTRAM and ROADIES pipelines 
performed here produced topologies similar to the reference phyl
ogeny but with divergent subclade relationships (JRFD = 5 and 
7.23, respectively). Read2tree produced the reconstruction with 
the least concordant topology to the selected reference, with con
siderable clade shifts in both in-group and out-group taxa (JRFD = 
17). Of benchmarked pipelines, the reconstruction generated with 
OrthoGarden exhibits the topology most concordant with the chos
en reference tree (JRFD = 3). Results from this dataset demon
strate OrthoGarden’s ability to generate accurate phylogenies 
from taxa with potentially challenging genomic features.

With access to high performance computational resources, 
OrthoGarden demonstrates run times comparable to and often sur
passing other phylogenomics pipelines while producing final top
ologies highly concordant with published phylogenies in tested 
benchmarking datasets. Run times for OrthoGarden most closely re
sembled those for ROADIES and read2tree (using a closely related 
reference organism) across benchmarking datasets (Figs 2b and 
4b). Notably, OrthoGarden demonstrated a shorter run time for 
short read inputs than assembly inputs (Fig. 2b). OrthoGarden, des
pite being an assembly-based pipeline, produces accurate final top
ologies using short reads with at least 3× coverage (Figure S15).

Discussion
Our benchmarking results demonstrate that the assembly- and 
orthology-based pipeline, OrthoGarden, produces accurate phylog
enies irrespective of evolutionary distance of in-group taxa to a 
model organism. Across the 3 datasets used for benchmarking, 
OrthoGarden produced phylogenetic reconstructions with accuracy 
comparable to or greater than those observed with other pipelines. 
Benchmarking comparisons of the mosquito dataset demonstrate 
highly congruent topologies produced across all methods with de
teriorating accuracy in read2tree with the use of a genetically dis
tant reference organism. OrthoGarden produced a more accurate 
phylogeny of 416 yeast accessions than read2tree with all major 
clades congruent to those exhibited in the reference phylogeny. 
OrthoGarden was also the most accurate method used in the plant 
dataset, with read2tree, aTRAM, and ROADIES producing relatively 
incongruent phylogenies. The accuracy of read2tree phylogenies 
may be reduced by the removal of OMA taxa from final phylogenies 
and the relatively low number (200) of genes used. Phylogenetic re
constructions produced by OrthoGarden are observed to be consist
ent regardless of assembly or paired short-read inputs.

Our results demonstrate that read-mapping approaches recover 
accurate topologies when provided ortholog sets from a closely re
lated reference organism but become consistently less effective 
when provided orthologous loci from more divergent taxa. While 
not directly tested here, this result may be caused by the 
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introduction of nontarget reads into gene assembly biased by the 
reference provided for read-mapping. Although short reads from 
many taxa may map with high frequency to a highly conserved 
gene set, short reads originating from paralogous or duplicated 
genes may contribute to false detection or chimeric sequence con
struction, depending on the reference-based approach chosen 
(Salari et al. 2018). Further investigation into this caveat of 
read-mapping-based phylogenomics is warranted to better charac
terize best practices.

Benchmarking results against the Henckelia dataset demonstrate 
OrthoGarden’s ability to recover accurate topologies in the absence 
of high-quality assemblies. ROADIES produced a comparable top
ology to that of other pipelines for the Anopheles dataset, repre
sented by high-quality assemblies of multiple mosquitoes, but 
produced a discordant tree for the Henckelia dataset relative to 
OrthoGarden. Henceklia assemblies used in this benchmarking 
test were generated from short reads using Megahit (Li et al. 2015) 
for direct comparison with OrthoGarden. Using these fragmented 
assemblies as input to ROADIES may interfere with its ability to es
tablish orthologous loci or may introduce divergent evolutionary 
signals between exon and c-gene data.

OrthoGarden produces varying numbers of single copy 
orthogroups from each dataset, which are processed downstream 
to create final phylogenies (Figure S16). This observation is likely 
driven by final assembly quality, annotation, and genomic features 
of individual taxa. Taxa that are poorly annotated or demonstrate 
histories of extensive gene duplication are especially predisposed 
to a low number of recovered single copy orthogroups. This 
observed variation in the recovered numbers of single copy 
orthologs demonstrates the value of using an adaptive orthology 
threshold for final phylogeny construction to maximize sampling 
of informative loci.

All-vs-all orthology inference, which utilizes loci recovered from 
all available taxa without a reference gene set, has previously 
been shown to identify useful orthologs across a wide range of 
taxa (Emms and Kelly 2019; Lozano-Fernandez 2022; Yang et al. 
2023). OrthoGarden’s independence from reference orthologs 
therefore provides a niche among existing tools for conducting 
phylogenetic inference with nonmodel taxa where a close refer
ence gene set is not available. Further, by using all-vs-all orthol
ogy through OrthoFinder (Emms and Kelly 2019) in combination 
with a modular pipeline approach, input data can include raw se
quence read sets, genome assemblies of varying quality, or a com
bination of both. All-vs-all orthology inference and the taxonomic 
occupancy threshold implemented to restrict the final or
thogroups considered for gene selection protect final topologies 
from long-branch attraction associated with the introduction of 
nontarget taxa. Orthology inference further benefits final topolo
gies by excluding contaminant loci. As orthology inference selects 
for relatively fast-evolving orthologous genes, it is highly unlikely 
for contaminant taxa to be retained unless they are closely related 
to in-group taxa. Additional filtering with the optional kraken2 
step of OrthoGarden is expected to further reduce the impact of 
contaminant taxa on final phylogeny outputs.

OrthoGarden’s unique supplemental features provide it utility 
within and outside phylogenomics. Summary tables represent
ing gene and taxon completeness (Table S2) characterize input 
datasets, allowing users to view their data at a glance and 
make informed analysis decisions for future runs. For instance, 
samples producing highly fragmented assemblies can be 

identified and removed from the pool of included taxa. 
Intermediate outputs such as draft assemblies and multiple se
quence alignments may be similarly applied for other 
applications.

OrthoGarden is designed to be integrated into a phylogenomics 
study and not substituted for one entirely. Other approaches used 
for phylogenetic reconstructions other than maximum likelihood 
such as coalescent-based methods, Bayesian inference, and others 
are not included within OrthoGarden at this time. Intermediate 
outputs from OrthoGarden, such as masked multiple sequence 
alignments, may be useful as input for these methods of tree con
struction. A known limitation of orthology inference is its inability 
to recover accurate phylogenies across evolutionarily distant 
groups, and OrthoGarden is currently designed for datasets at the 
order level and below. Future implementations plan to expand to 
nonexonic and multi-copy loci to handle more distantly diverged 
datasets. We recommend that results be corroborated with mor
phological evidence and other tree inference methods to evaluate 
the efficacy of resulting phylogenies constructed with OrthoGarden.

Materials and methods
Pipeline overview
OrthoGarden is an automated pipeline designed for phylogenetic 
reconstruction via de novo discovery and filtering of orthologous 
genes from annotated assemblies. Built for Linux systems, 
OrthoGarden offers users a flexible pipeline designed to accept 
any combination of taxa in the form of short read Illumina 
data or pre-assembled genomes. The pipeline, implemented in 
Nextflow, performs all user-defined downstream processes in a 
modular and repeatable manner using versioned, containerized 
tools and custom scripts (Di Tommaso et al. 2017). The pipeline 
performs a core set of functions with optional steps to increase 
versatility (Fig. 1). If assembly is required, raw, paired-end read 
data may be quality checked, filtered and trimmed using 
FastQC, MultiQC and Cutadapt (Andrews 2010; Martin 2011; 
Ewels et al. 2016). Optional filtering for nontarget DNA may be 
performed via Kraken2 (Wood et al. 2019). Reads are assembled 
using Megahit, a NGS genome assembler chosen for its scalable 
performance and low resource overhead (Li et al. 2015).

All assembled genomes are then annotated with Augustus us
ing a user-defined training organism (Stanke et al. 2006). 
Annotated proteins from all input taxa are passed to 
OrthoFinder to generate a set of orthologous gene groupings 
(Emms and Kelly 2019). Orthologous genes meeting a defined 
threshold of percent-included taxa are extracted as nucleotide 
sequences from OrthoFinder output using custom Python scripts 
(OrthoFinder Finder). The following steps are applied to produce 
a cleaned dataset to generate a ML (maximum likelihood) phyl
ogeny from input data. Recovered genes are translated into ami
no acid sequences and aligned with MAFFT (Katoh and Standley 
2013). Corresponding nucleotide sequences are mapped to 
aligned amino acid sequences to reduce alignment complexity 
and the impact of synonymous mutations. Resulting alignments 
may be masked with trimAl at a user-provided threshold (default 
= 0.4) (Capella-Gutiérrez et al. 2009). A custom Python script may 
optionally be used to mask third positions to remove the influ
ence of codon heterogeneity (Breinholt and Kawahara 2013; 

4                                                                                                                                                                                             Molecular Biology and Evolution, 2026, Volume 43, Issue 3

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msag053#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msag053#supplementary-data


Yang et al. 2023). A maximum likelihood phylogeny is created 
from resulting alignments with IQ-TREE2 with 1,000 ultrafast 
bootstraps optimized with nearest neighbor interchange and re
laxed hierarchical clustering (Minh et al. 2020). ModelFinder is 
leveraged to identify the best-performing model for sets of 

alignments (Kalyaanamoorthy et al. 2017) to minimize the im
pact of long-branch attraction on the final topology.

Output files for each step of OrthoGarden are created within a 
directory of the user’s choosing and contain subdirectories for 
each step of the pipeline including documentation on all settings 

Figure 2 Concordance and performance benchmarking across methods using the 21 taxa mosquito dataset. a) Running OrthoGarden with short read 
inputs using both Aedes and Drosophila annotation and assembly inputs produced an identical topology, which is displayed. Tips display bar plots 
demonstrating the numbers of genes recovered from each method and the number of genes at least 50% complete. b) Run times (barplots) and JRFD 
scores (open circles) are displayed for the benchmarking results across tools. Cophylogenies comparing topologies produced from c–e: read2tree, f and 
g: aTRAM, and h) ROADIES are compared against a reference tree (Neafsey et al. 2015). Dashed lines in cophylogenies connect like taxa across trees; 
green lines represent concordant topologies of like taxa and red lines show discordance.

Figure 1 Overview of OrthoGarden pipeline.

Molecular Biology and Evolution, 2026, Volume 43, Issue 3                                                                                                                                                                                             5



and tools. Previously completed steps may be saved using 
Nextflow’s resume option, making it easy to add or remove 
taxa and allowing for experimentation in several thresholds de
fining the final set of orthologous genes.

Benchmarking OrthoGarden
Benchmarking was conducted to compare phylogenies produced 
by Orthogarden to those from other comparable phylogenomic 
tools using identical datasets. OrthoGarden was benchmarked 
by comparing its performance to existing phylogenomics pipelines 
using 3 datasets across broad taxonomic groups: Anopheline mos
quitoes (Neafsey et al. 2015), yeast (Shen et al. 2018; Dylus et al. 
2024), and Henckelia plants (Shen et al. 2018). aTRAM 2.0 and 
read2tree version 0.1.5 were selected for benchmarking as they 
contain automated steps and represent the most comparable phy
logenomic use cases to OrthoGarden. In order to fairly compare the 
2 pipelines, aTRAM output was post-processed in a downstream 
pipeline identical to OrthoGarden. Except when noted, reference 
orthologs for read-mapping approaches were chosen based on 
the closest relative to the taxonomic group of each dataset.

Anopheles dataset
The Anopheles dataset represents a small set of taxa with a well- 
documented evolutionary history and abundance of available or
thologs from closely related species. The majority of benchmarking 

tests were conducted with this dataset due to its relatively small 
size. Paired-end shotgun sequencing reads and assemblies of 21 
species for Anopheles mosquitoes, including 2 out-groups, were se
lected for benchmarking (Table S1). A reference topology for accur
acy comparisons was obtained from Neafsey et al. (2015) using 
TreeSnatcher Plus (Laubach et al. 2012). The aTRAM pipeline was 
run using a reference set of 800 single copy genes present in 90% 
of taxa from the available Anopheles species in OrthoDB 
(Kriventseva et al. 2019). An additional reference gene set was con
structed from orthologs recovered from the more distantly related 
Drosophila using OrthoDB to evaluate how a reference gene set 
phylogenetically distant from in-group taxa impacts the efficacy 
of this read-mapping approach. Read2tree was initiated under de
fault parameters, utilizing 3 distinct sets of reference genes acquired 
from the OMA browser (200 marker genes at 0.9 “Minimum fraction 
of covered species”) (Altenhoff et al. 2019; Dylus et al. 2024). Taxa 
retained from OMA reference genes were dropped from final 
read2tree phylogenies. Marker sets were limited to Anopheles, 
Drosophila, and Diptera to assess the influence of evolutionary dis
tance in the reference. Two additional read2tree runs for the Diptera 
group excluding members of Culicidae were performed to assess in- 
group presence and the impact of gene count (200 and 3,261 marker 
genes at 0.9 “Minimum fraction of covered species”). OrthoDB and 
OMA were selected for reference gene creation for aTRAM and 
read2tree pipelines, respectively, to represent their published best 
practices. OrthoGarden was benchmarked using default parame
ters with the same input reads and with Augustus gene training set
tings of either “anopheles” or “fly.” An OrthoGarden taxa occupancy 

Figure 3 OrthoGarden produces reconstruction comparable to state-of-the-art phylogenomics pipelines for a 410-taxa yeast dataset. a) Phylogenetic 
reconstruction using OrthoGarden. The number of recovered genes and genes at least 50% complete are reported per taxon. b) Phylogenetic 
reconstruction using read2tree. a) Reference tree from Shen et al. (2018). Major taxonomic groupings of terminal taxa are colored from clades provided 
in Shen et al. for visual comparison between methods.
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threshold of 1 for OrthoFinder results was chosen for runs with all 
assembly inputs, and a threshold of 0.9 was chosen for a run com
posed only of short read inputs. This taxonomic occupancy thresh
old was selected to identify phylogenetically relevant genes in a 
relatively narrow taxonomic group. Both assembly and short read 
inputs were tested to assess the consistency of results when 
OrthoGarden is provided different input formats. To this end, 3 dif
ferent inputs were benchmarked. One with only short read inputs, 
one with only assembly inputs, and one with mixed input types. 
ROADIES was run on Anopheles dataset assembly inputs under de
fault parameters.

Anopheles dataset short read inputs were subset to simulate 
1×, 3×, and 5× coverage of the A. gambiae genome (264.5 Mb). 
OrthoGarden was run using these subset short read inputs, and 
resulting final topologies were assessed for concordance with 
the appropriate reference tree (Neafsey et al. 2015).

Saccharomycotina dataset
A large yeast dataset was chosen for benchmarking to evaluate 
OrthoGarden’s performance when supplied an abundance of 
taxa and genomic information. Assembly-based phylogenomic 

methods are traditionally constrained by assembly and all-vs-all 
orthology inference processes that increase computational com
plexity and analysis time with supplemental taxa. In addition to its 
scale, this dataset was used for phylogenomic benchmarking by 
read2tree and has a robust reference phylogeny with a well- 
studied evolutionary history (Shen et al. 2018; Dylus et al. 2024). 
The 416 taxa included in the yeast reconstructions produced by 
Dylus et al. (2024) (Table S2) were selected to create a phylogeny 
with OrthoGarden under default parameters using the “saccharo
myces” Augustus training model and a taxa occupancy threshold 
of 0.75 for OrthoFinder results. Selected taxa were chosen from 
Dylus et al. to more effectively compare OrthoGarden’s perform
ance with read2tree. This threshold value was selected to include 
informative genes for the wide taxonomic range represented in 
this dataset. OrthoGarden results are compared to topologies re
covered in Shen et al. (2018) and read2tree (Dylus et al. 2024).

Henckelia dataset
The plant dataset chosen for benchmarking represents a non
model group with high evolutionary distance from conventional 
reference organisms. Existing phylogenetic reconstructions 

Figure 4 Concordance and performance benchmarking across methods using the 29 taxa Henckelia dataset. a) A phylogeny produced by OrthoGarden; 
the proportion of recovered genes and the number of genes that are at least 50% complete are displayed for each taxon. b) Runtime and concordance 
benchmarking of 4 different phylogenomics pipelines (aTRAM, OrthoGarden, read2tree, and ROADIES) is shown, with run times (barplots) and JRFD 
scores (open circles) reported for each. The corresponding cophylogenies (indicated by solid color bar) were constructed using OrthoGarden (c), 
read2tree (d), aTRAM (e), and ROADIES (f) and were compared with a reference phylogeny (Yang et al. 2023). Dashed lines of cophylogenies connect like 
taxa across trees; green lines represent concordant topologies of like taxa and red lines show discordance.
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generated from genome and plastome sequences provide a 
baseline for accuracy. Paired-end shotgun sequencing reads 
of 29 species of Henckelia and out-group taxa (Table S1) were 
used to recreate the genus phylogeny from Yang et al. (2023). 
The process of identifying reference genes from a well- 
annotated in-group reference genome and mapping target 
loci from target taxa makes this a particularly robust reference 
topology for benchmarking. The reference topology for accur
acy comparisons was recovered from Yang et al. (2023) with 
TreeSnatcher Plus (Laubach et al. 2012). Accession numbers 
for reads are available at Table S1. A reference set of 800 single- 
copy reference genes was created with OrthoDB from Dorcoceras 
hygrometricum, the most closely related organism available 
(Kriventseva et al. 2019). An aTRAM-based pipeline identical to 
that leveraged for the Anopheles dataset was executed for this da
taset (Allen et al. 2018). Read2tree was initiated with a pipeline 
identical to the read2tree pipeline used for the Anopheles dataset, 
except with a reference gene set derived from Solanum lycoperis
cum (Dylus et al. 2024). Orthogarden was run under default pa
rameters and a taxa occupancy threshold of 0.75 with selected 
reads using the S. lycopersicum Augustus training model for all 
taxa, as it is the most closely related Augustus training species 
available. This threshold was chosen to identify phylogenetically 
useful genes in a group with high genomic content and structural 
diversity. ROADIES was run using Henckelia dataset assembly 
intermediate outputs produced from OrthoGarden under default 
parameters.

Evaluating performance
Resulting phylogenies were evaluated for accuracy by compar
ing them with published reference trees. Out-group taxa not 
represented in ground-truth trees were dropped. JRFD scores 
were calculated between reference and generated phylogenies 
with the TreeDist package in RStudio (Smith 2020). Lower JRFD 
scores represent more concordant topologies between recon
structions. Reference trees were generated from the topologies 
of phylogenies created in the studies from which the datasets 
were chosen.
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