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Here we present a major advancement of the OrthoFinder method. This
extends OrthoFinder’s high-accuracy comparative genomic framework to

provide substantially enhanced scalability and accuracy. Specifically, we show
thatenhanced phylogenetic delineation of orthogroups provides a 7% relative
increasein orthogroup inference accuracy. We further demonstrate thata
new gene assignment method substantially reduces overall runtime RAM
usage without compromising accuracy. The latest version of OrthoFinder is
available via GitHub at https://github.com/OrthoFinder/OrthoFinder.

Inferring orthology between biological sequences is fundamental
to contemporary biological research. It provides the foundation for
studying the evolution and diversity of life on Earth, as well as the frame-
work for transferring biological knowledge between species. Given
the centralimportance of orthology inference to biological research,
it has been the subject of extensive methodological development for
morethan40 years'*. Diverse approaches to the computational chal-
lenge of identifying related genesin different species hasresultedina
broad array of methods with varied performance characteristics when
applied to diverse datasets>*®.

Although orthology inference has been subject to substantial
improvements since the advent of the first automated methods, one
ofthemajor challenges facing method developmentin this field is how
toachieve high orthology inference accuracy at scale”®. This challenge
has become more pressing in recent years with genome sequencing
projects such as The Darwin Tree of Life’ and The Earth BioGenome
Project’, which collectively aim to sequence, assemble and annotate
the reference genomes for all two million known species of eukary-
ote. These pioneering efforts, combined with widespread sequenc-
ing efforts that are distributed across many biological communities,
are creating an unprecedented scalability challenge for automated
orthology inference methods*". Thousands of genomes are already
available, and millions more are likely to become available; there is
aclear need to accurately and efficiently analyze these resources to
maximize their value.

There are several distinct computation bottlenecks for inferring
orthology for large numbers of species. For example, the entry point

to the majority of inference methods is an all-versus-all sequence
similarity search from which orthology relationships canbeinferred'.
Substantial efforts have been focused at increasing the computational
efficiency of individual sequence similarity searches, with methods
such as DIAMONDY, Usearch' and mmseqs" greatly advancing the
capability to efficiently identify similar sequences in large databases.
Despite majorimprovements, all-versus-all sequence searches have an
order of n? time complexity (where n is the number of species under
consideration) and are therefore not well suited to orthology inference
asthe number of species increases. Thus, alternative orthology infer-
ence approaches thatretain high accuracy whileimproving scalability
arerequired torealize the full value of global sequencing efforts.
Previously we developed the OrthoFinder method for phylo-
genetic orthology inference'?’. OrthoFinder first identifies ortho-
groups, the sets of genes that each descend from a single gene in
the last common ancestor of a group of species. OrthoFinder then
infersagenetree foreachorthogroup and analyzes these gene trees
toidentify the rooted species tree''®, OrthoFinder also identifies all
gene duplication events in the complete set of gene trees and ana-
lyzes this information in the context of the species tree, providing
genetree-and species tree-level analyses of gene duplication events.
Finally, OrthoFinder analyzes this cohort of phylogenetic informa-
tion to identify the complete set of orthologs between all species
and provide a suite of comparative genomics statistics. The phylo-
geneticapproach developedin OrthoFinder provided astep change
for comparative genomics, enabling the transition from similarity
score-based approximations of orthology to tree-based phylogenetic
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Fig.1| Theimproved phylogenetic delineation of orthogroups. OrthoFinder
reconciles gene trees with the species tree to identify duplication events within
putative MCL orthogroups. When a duplication event is identified to have
occurred before the divergence of the species set under consideration, then the
orthogroupis splitinto two (or more) independent orthogroups, ensuring that
eachresulting orthogroup contains only genes descended from a single genein
the last common ancestor of all species (the definition of an orthogroup).

relationships between genes. In recent work, we showed that it was
possible to rapidly and accurately place individual sequences into a
database of phylogenetic trees and biological sequences produced
by an OrthoFinder search. This approach provided arapid phyloge-
netic framework through whichindividual genes could be added to an
existing orthology inference run withoutincurring acomputationally
costly all-versus-all reanalysis of existing species. We hypothesized
that it should be possible to extend this single-gene approach to
support the addition of sets of species and thereby achieve improved
scalability without compromising accuracy.

Here, we present amajor update to OrthoFinder that substantially
enhances the scalability of the method. We show that it is possible to
rapidly search and assign sequence sets from large numbers of species
toaphylogenetically partitioned and structured database of biological
sequencesin near linear time. We demonstrate that using such anaccel-
erated search functionality does not compromise orthology inference
accuracy. Moreover, through advancements in phylogenetic interro-
gation of orthogroups, we show that it is possible to achieve scalable
inference with higher accuracy than any competitor method or previ-
ous versions of OrthoFinder. Finally, we show that the latest version
of OrthoFinder is scalable to thousands of genomes on conventional
computing resources. As before, the updated version of OrthoFinder
isaccurate and customizable, and runs with asimple command using
only protein sequences as input.

Results

Improved phylogenetic delineation of orthogroups

In previous versions of OrthoFinder, orthologs were defined phyloge-
netically, whereas orthogroups were defined solely based on Markov
Cluster Algorithm (MCL) clustering of sequence similarity search
results''®. While this method does correct for interspecies diver-
gence, it does not leverage the phylogenetic relationship between
the species representedin each orthogroup, and thus does not always
identify the true extent of an orthogroup. Errorsin orthogroup delin-
eation at this stage propagate through all subsequent steps of the
analysis, causing collateral errors in orthology inference. To address
this, we developed and implemented a phylogenetic re-evaluation of

orthogroup membership (Fig. 1). First, MCL clustering is performed as
in OrthoFinder v2,and agene treeisinferred for each orthogroup. Next,
OrthoFinder appliesits high-accuracy gene tree species tree reconcilia-
tionalgorithm®toidentify and map all gene duplication events in each
genetree. By definition, an orthogroup should not contain genes arising
from‘ancient’ duplications that predate the root of the species tree; any
such duplicationsindicate that the genes have descended from multiple
independent genes present in the last common ancestor of the set of
species under consideration. OrthoFinder splits all gene trees at such
ancient gene duplication nodes and, in doing so, creates a new set of
revised phylogenetically defined orthogroups, which are thenrecorded
and used for all subsequent downstream analyses. These orthogroups
correspondto theroot node of the species tree; however OrthoFinder
also conductsthe phylogenetic delineation analysis at every ancestral
nodeinthespeciestree. This creates orthogroups for eachnodein the
species tree. This new step splits erroneously fused orthogroups, and
prunes sequences that do not adhere to the phylogenetic definition
of the orthogroup (Fig. 1).

Totesttheimpactofthisapproachonorthogroupinference accu-
racy, we compared this new version of OrthoFinder with aset of alterna-
tive methods on the OrthoBench dataset of expert-curated reference
orthogroups??. We deployed OrthoFinder inits two most commonly
used implementations. One implementation uses multiple sequence
alignment and maximum likelihood tree inference to infer orthogroup
trees and is provided with a precomputed species tree (OF3_Align_
ST), and the otherimplementation uses the DendroBLAST method to
bypass the requirement to construct alignments and alignment-based
trees? (OF3_DB)which s the defaultimplementation in OrthoFinderv2.
Wealsoincluded the new scalable version of OrthoFinder v3 (OF3_Lin-
ear) whichis discussed in detail in the following section. The list of com-
parator methods included Broccoli**, OrthoHMM?*, SonicParanoid2’,
OrthoMCL?%, ProteinOrtho?, Hieranoid” and FastOMA®,

For each method, we calculated seven measures of accuracy: (1)
the percentage of missing reference orthogroups, (2) the percentage
of missing genes, (3) the percentage of incorrect orthogroup fusion
events, (4) the percentage of incorrect orthogroup fission events,
and (5) recall, (6) precision and (7) entropy. Entropy is the measure
of reference orthogroup fragmentation, with higher values indicat-
ing greater fragmentation. We then calculated an overall rank-based
score by evaluating the relative performance of each method across
allseven measures. Thisrevealed that OrthoFinder v3 (in eitherimple-
mentation) outperformed all other orthogroup inference methods
including OrthoFinder v2 (Fig. 2). OrthoFinder v3 had the highest
recall, lowest fraction of missing genes and lowest entropy. Moreover,
OrthoFinder v3 had 5-7% higher accuracy (f-score harmonic mean of
recall and precision; Supplementary Table1.1) than the previous version
of OrthoFinder run with identical settings (OF2_Align_ST and OF2_DB;
Fig. 2). While OrthoFinder v3 achieved lower precision than several
other methods, it showed substantially higher recall and consequently
had amuch lower rate of missing data. For example, while SonicPara-
noid2 (SP_def) showed a 3.7% higher precision than OrthoFinder v3
(OF3_Align_ST), the recall of OrthoFinder v3 was 19% higher. Almost
all tools were identical in the production of fused reference ortho-
groups (RefOG), with the exception of FastOMA, which erroneously
fused 3.5times more reference orthogroups than other methods (10%
compared with 2.85%). The spread of reference orthogroup fissions
events across the tools varied, with low-precision tools such as Broc-
coliand OrthoHMM making relatively few RefOG fissions. Analysis of
the entropy scores, which are similar to a weighted combination of
fission and fusion events, revealed that OrthoFinder tends to produce
orthogroups whose sizesand membership most accurately recapture
the reference dataset (Fig. 2). Therefore, the introduction of the phy-
logenetic delimitation of orthogroups improves overall orthogroup
inference accuracy, and OrthoFinder v3 is the most accurate method
currently available.
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Fig. 2| Comparative analysis of different orthogroup inference tools on the
OrthoBench dataset. a-g, Performance across seven orthology prediction
metrics: percentage of missing reference orthogroups (a); percentage of
missing genes (b); fusion error, measured as the percentage of reference
orthogroups fused with one or more other reference orthogroups in the same
predicted orthogroup (c); fission error, measured as the percentage of reference
orthogroups splitacross two or more predicted orthogroups (d); recall (e);
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precision (f) and entropy, which measures the dispersion of genes from each
reference orthogroup across predicted orthogroups (g). h, Overall rank score
across the seven metrics shown in a-g, calculated by ranking each method for
each metric and averaging these ranks. Lower values indicate better performance
for error-based metrics ina-d and g, whereas higher values indicate better
performance for recall and precisionin e and f. For the rank score in h, lower
values indicate better overall performance.

Achieving enhanced scalability without compromising
accuracy
In addition to improvements in the phylogenetic definition of ortho-
groups, we also developed anovelimplementation of OrthoFinder to
improve the scalability of the method. This is achieved through adapta-
tionand further development of the SHOOT profile algorithm", which
enables rapid addition of new species to existing OrthoFinder runs. This
novel scalable version of OrthoFinder is implemented as a two-step
process (Fig. 3). Before starting, the input species set are partitioned
into two non-overlapping subsets: a‘core’ subset and an ‘assign’ subset.
Itisrecommended that the core subset contain fewer than100 species
for analysis on conventional computing resources. The assign subset
canbe substantially larger, as described below. The first step of this new
implementation requires that a conventional OrthoFinder runis per-
formed onthe core subset. This creates a phylogenetically partitioned
andstructured reference database of biological sequences' thatis then
used asinput for the second stage of the algorithm. The species from the
assignsubset are thenrapidly assigned to the correct orthogroupin the
reference database, irrespective of the number of sequences contained
withineach core orthogroup. Following completion of the assignment
step, OrthoFinder’s rapid phylogeny-based orthogroup and ortholog
inference steps are performed to produce an expanded rooted species
tree, genetrees, phylogenetically determined orthogroups, orthologs,
gene duplication events and comparative genomic statistics (Fig. 3).
Totest theimpact on scalability of this new workflow, OrthoFinder
v3was compared against the set of commonly used orthology inference
tools. The time each method took to complete analyses of datasets of
different sizes was measured, unless a timeout of 7 days was reached
before completion. Peak memory usage was also calculated for each
analysis. Each tool was run on a Linux server using advanced micro

devices (AMD) processers, alltools were allocated 32 threads (16 cores)
and up to200 GB of randomaccess memory (RAM) for each run. To test
performance on a representative set of species, the Ensembl*® rapid
release genomes (accessed 29 August 2024) were downloaded. Test
datasets ranging in size from 2 to 1,024 species were compiled by sam-
pling species fromthe Ensembl dataset using the phylogenetic diversity
analyzer (PDA%; see the Methods for more details). Allmethods were run
onthesame datasetsin their defaultimplementations unlessindicated
otherwise in the methods or figure legends. OrthoFinder v3 was run
using the standard OrthoFinder 2 workflow up to 64 species. Beyond
64 species, OrthoFinder v3was run using the new scalableimplementa-
tion, inwhichthefirst 64 species were taken as the coresetand all other
species were assigned accordingly. The final runtime for OrthoFinder v3
was calculated using the combined runtime for the core 64 species and
the assigned dataset. OrthoFinder v3 linear addition outperformed all
othertested methods, being the only method able to perform orthology
inference on 1,024 species within the 7-day cutoff (Fig. 4a). OrthoFinder
v3 completed this runin128 h.SonicParanoid2 (fast mode) and FastOMA
were the only two methods able to run 512 proteomes within the cutoff
time. OrthoFinder v3 followed a near linear runtime trend for 128-1,024
species. This new implementation of OrthoFinder was faster than all
other competitor methods tested and was substantially faster (8x) than
OrthoFinder v2 ondatasets containing more than 64 species, represent-
inganimportantimprovementin scalability over the previous version.

OrthoFinder v3 also performed well on memory usage (Fig. 4b).
OrthoFinder v3 outperformed OrthoFinder v2 on datasets contain-
ing more than 128 species, with memory savings increasing as the
number of species increased. For example, v3 linear shows a 3.4-fold
decreasein RAM consumption for 256 species compared with v2 Den-
droBlast. Onthe largest datasets that other methods could complete,
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is >64, OrthoFinder v3is used to ‘assign’ the remaining proteome to the core set
of 64 proteomes. Runtime for OrthoFinder v3 with >64 proteomes is the sum

of runtime of the ‘core’ run and runtime of the ‘assign’ run. An additional plot
showing variation in runtime for the same dataset for both OrthoFinder v3 Linear
and FastOMA is shown in Supplementary Fig. 2.

OrthoFinder v3 used approximately 4-fold lower peak memory con-
sumption (Fig. 4b). OrthoFinder, along with many other orthology
inference tools, utilizes parallel processing to accelerate parts of its
workflow. We examined how varying thread countinfluenced runtime
and memory usage for OF3_Linear and compared this with FastOMA.
Both tools were executed on a 64-proteome dataset across a series of

thread settings (4, 8,16,32, 64 and 128). For OF3_Linear, a core 16 pro-
teomes wereinitially run, after which the remaining 48 proteomes were
assigned. Full results are provided in Supplementary Fig. 1. Both tools
exhibited comparable trendsin runtime reduction and memory scaling
as thread counts increased. Runtime decreased as threads increased
up to 32, beyond which performance gains plateaued.
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To demonstrate that the alternative implementation did not
compromise orthogroup inference accuracy, the linear species addi-
tion method (OF3_Linear) was also tested on the OrthoBench data
(Fig.2).OrthoFinder v3 Linear only slightly underperformed compared
with the nonscalable version, with slight decreases in some measures
observed. However, this scalable version was more accurate than any
implementation of OrthoFinder v2 and any other competitor methods
(Fig. 2), supporting the use of this accelerated implementation of
OrthoFinder in comparative genomic analyses.

Tofurther test the scalability of OrthoFinder v3 for larger numbers
of species, datasets containing 2,048 and 4,096 bacterial species were
downloaded from Ensembl. Similarly to the eukaryotic dataset, acore
of 64 species was first created from a species tree using PDA with the
remaining species assigned to the core. FastOMA, the only other tool
that was able to achieve a run of 512 proteome in under 7 days, was
included as a comparator. OrthoFinder successfully completed the
2,048-species datasetin 50 hand the 4,096-species proteome dataset
in13 days and 15 h, with a memory consumption of 504 GB. FastOMA
completedthe 2,048-speciesbacterial datasetin14 days but was unable
to complete the 4,096-species dataset.

OrthoFinder v3 performs accurate ortholog inference
Wealsotested theaccuracy of the orthologs predicted by OrthoFinder
v3 in multiple implementations using the Quest for Orthologs (QfO)
benchmarking service’*. QfO is the most widely used orthology bench-
marking service, which evaluates a tool’s ability to accurately predict
orthologsacrossadiverse set of taxa, including Archaea, Bacteriaand
eukaryotes. QfO gives many different measures of accuracy, includ-
ing comparisons with expert-curated reference orthologs and the
accuracy of species trees inferred from a set of orthologs. We used
the most recent published set of reference proteomes, which consists
of 78 species (23 bacteria, 48 eukaryotes and 7 archaea)*°. We com-
pared OrthoFinder v3 against the results obtained from 14 orthology
inference tools.

Analysis of theresulting scores revealed that the new OrthoFinder
v3 workflow for high scalability does not compromise accuracy (Fig. 5).
OrthoFinder v3 is on the Pareto frontier for species tree discordance
testsinboth eukaryotes (Fig.5a), and bacteria (Fig. 5b), demonstrating
its ability to perform accurate orthology inference across different
domains of life. The only other tool with scalability comparable to
OrthoFinder v3 is FastOMA, but this method has substantially lower
orthologinference accuracy (Fig. 5). For example, while the Robinson-
Foulds distance (measuring disagreement between true and inferred
species trees) for eukaryotes is marginally worse in OrthoFinder v3
compared with FastOMA (0.06 versus 0.05), OrthoFinder v3 has an
80% higherrecall (15,721 versus 8,686). Similarly, OrthoFinder v3 per-
formed marginally better than FastOMA on the bacterial species tree
discordance testin terms of Robinson-Foulds distance (0.590 versus
0.587), while again achieving a23% higher recall. OrthoFinder v3ison
the Pareto frontier for the enzyme classification test (Fig. 5c), which
measures how well predicted orthologs match to Enzyme Commission
numbers (which are given depending on the chemical reaction they
catalyze). OrthoFinder v3 is only outperformed in precision by tools
thatrely on precomputed databases (for example, Ortholnspector and
PANTHER), and is better than FastOMA in both precision (0.933 versus
0.928) and recall (183,368 versus 157,049).

OrthoFinder v3 is on the Pareto frontier for all three of the
human-curated reference sets (Fig. 5d-f), scoring particularly well
onrecall. OrthoFinder v3 achieved the highest recall of all methods
on both the Vertebrate Gene Nomenclature Committee (VGNC) and
SwissTree human-curated reference sets and was only marginally
outperformedinrecallonthe TreeFam dataset by OrthoFinderv2(0.72
versus 0.74). Insummary, similar to the high accuracy of its orthogroup
inference, OrthoFinder v3 also exhibits high accuracy ortholog infer-
ence across multiple benchmark tests.

Discussion

Planet Earth is home to more than 6,000 species of mammals®,
300,000 species of plants®, 5,000,000 species of insects* and an
unknown number of species of unicellular eukaryotes, bacteria and
archaea®®, Inferring the phylogenetic relationships between the
biological sequences of these organisms provides afoundation upon
whichwe can study evolution and molecular diversity, and enables us
tounderstand and transfer biological information between organisms.
Itislikely that asubstantial fraction of all known species on Earth will
have arepresentative genomein the coming decades, but methods to
enable analysis at this scale of data do not yet exist. Here, we present
amajor advancement to OrthoFinder that substantially improves
the scalability and accuracy of the method. We show that it is pos-
sible to rapidly assign gene sets from large numbers of species to a
phylogenetically partitioned and structured database of biological
sequences in near-linear time. We also show that using phylogenetic
delimitation improves the inference of orthogroups, enhancing the
accuracy of OrthoFinder and extending its performance advantage
over comparator methods. OrthoFinder remains an easy-to-use, fast,
accurate and fully phylogenetic orthology inference software tool.
OrthoFinder also continues to be one of the few tools to provide awide
range of outputinformationincluding gene duplications, gene trees,
sequence alignments and single-copy ortholog sequences, allowing
downstream analysis.

Inthe analysis presented here, OrthoFinder and FastOMA were the
only orthology inference tools capable of analyzing datasets compris-
ing thousands of genomes. Despite differences in implementation,
the two methods share several methodological features and workflow
principles. Both methods rely on multiple sequence alignments and
gene tree inference to identify orthologs from orthogroups. Each
method also uses a species tree overlap method for identifying gene
duplication events and identifies hierarchical orthogroups at each
internalbranchinthe speciestree. However, both methods differ sub-
stantially inapproaches to scalability and requirements. OrthoFinder
has been designed to run ab initio, requiring only a set of proteomes
fromthe user. By contrast, FastOMA requires a user-specified species
tree and a copy of the OMA database that contains a set of precom-
puted hierarchical orthogroups. In terms of scalability and accuracy,
OrthoFinder outperformed FastOMA on all tests presented here and
also provided alarger array of outputs, including gene treesand com-
parative genomic statistics.

The updated OrthoFinder method is now capable of analyz-
ing thousands of species using a two-step process. Although this
process requires an additional step for the user, the only input
required is still the set amino acid sequences corresponding to the
protein-coding genes for the species of interest. The default param-
eters for OrthoFinder have been optimized for speed, accuracy and
scalability and enable the combined analysis of thousands of species
oncommonly available computing resources. OrthoFinder alsoretains
its customizability for expert users, and intermediate steps in the
algorithm (such as alignment or tree inference) can be substituted
with alternative methods should the user wish. Currently OrthoFinder
is limited to thousands of species and addressing methodological
and algorithmic limitations surrounding computation resource
requirements are paramount for future development. This upgrade
to OrthoFinder provides and important step toward the goal of being
able to provide high-accuracy phylogenetic orthology inference for
all species on Earth.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41592-026-03126-6.
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Methods
Implementation
OrthoFinder is a Python application (version >3.11), which relies on
several external dependencies. A default OrthoFinder run requires
DIAMOND to compare protein sequences, FAMSA to align orthogroup
sequences and FastTree to produce gene trees. OrthoFinder uses mul-
tiprocessing to speed up these steps by computing results in parallel.
For internal steps, OrthoFinder also requires the following well-used
libraries: Numpy, Scipy, Biopython, Rich and Scikit-learn. OrthoFinder
includesLinux versions of the binaries for all dependencies; however,
we recommend that users run OrthoFinder within a conda environ-
ment regardless of operating system. Full instructions on the instal-
lation and implementation of OrthoFinder are available via GitHub at
https://github.com/OrthoFinder/OrthoFinder. OrthoFinder now has
atest module, where we conduct integration tests comparing prede-
fined expected outputs with the results of OrthoFinder. We conduct
these tests for several features, including ortholog calling and gene
tree-species tree reconciliation.

Full details are provided in Supplementary Section 2.

The OrthoFinder v3 enhanced scalability workflow

The scalable linear species addition framework of OrthoFinder v3
requires theresults of aconventional OrthoFinder analysis of an‘core’
set of species. For each orthogroup, OrthoFinder v3 employs the
SHOOT profile algorithm" to select the most representative sequences
using k-means clustering applied to an embedding of the sequences
fromthe length L multiple sequence alignment of the orthogroup in
a2x[-dimensional space. DIAMOND" is used to assign the new genes
to the core orthogroups using these profiles. Genes not assigned to
any core orthogroups are set aside to be analyzed separately at alater
stage. Once all genes have been assigned, gene trees are inferred. To
support the analysis of larger datasets, the MAFFT multiple sequence
alignment method has been replaced with the more scalable FAMSA
method®. Users can revert back to the previous default alignment
method -A mafft. Maximum likelihood tree inference of the resulting
alignmentsis then performed using FastTree®” employing the -fastest’
runtime option. The use of other alignment or tree inference pro-
gramsis supported through use of the config.jsonfile, although users
are advised to test if they have sufficient computational resources
to use more computationally expensive programs. Once all ortho-
group trees are inferred, a revised species tree is then computed
using ASTRAL-Pro’,

As mentioned above, some genes fail to be assigned to any core
orthogroups during the initial assignment step. This occurs because
the new species (or sets of species) being added will sometimes con-
tain new genes that have arisen de novo and are not found in the core
species set.

Toresolvethis, OrthoFinder performsaroottotip tree traversal to
identify clades of species (minimum ize 2) that had no representation
inthe now sparsely sampled initial core species set.

Once identified, a conventional OrthoFinder analysis is per-
formed onthe clade, and the new orthogroups areadded to the revised
orthogroup set.

The original OrthoFinder algorithm applied a per-species-pair
gene-length normalization that accounted for both evolutionary dis-
tance and gene-length dependence in pairwise bit scores between
sequences”. However, this normalization step requires alarge number
of pairwise hits between the genes in each species to fit the required
correction functions. To enable the smaller set analysis above, the
updated version of OrthoFinder employs an alternative normalization
approach. The approach separates the sequence length bias and spe-
ciesdivergencesto obtainmanyindependent estimates of the extent of
eachorthogroup. Specifically, bit scores between two sequences, B,
arelengthnormalized using geometric mean of the lengths of the query
and hit sequences, L, and Ly: By, = B/ (L L) As before, normalized

reciprocal best hits (RBHs) are treated as putative orthologs and are
used to estimate the sequence divergence between pairs of species
and ona per-orthogroup basis.

In the modified version, we calculate a set of ratios R*,, for spe-
cies Xand Y. These estimate the expected ratio of the normalized bit
score between the RBH for a pair of genes x and y from species X and
Y from some orthogroup and the normalized bit score from the gene
x to the most distant gene in that orthogroup. Let uppercase X, Y and
Zindicate species and lowercase letters x, y and z indicate genes in
those species. Let x « yindicate x is an RBH of y with respect to the
length-normalized bit scores (NBS). Note that these are similarity
scores between sequences rather than distances. Let Ry,,={B,,/B,,:
xeX,yeY,zeZ x <Y,y < z}.Thatis, forallgenesin Xthat havean RBH
inboth Yand Z, we calculate the ratio of the NBS between these pairs.
The distribution of values in Ry, gives the statistics for calculating,
given a gene x and its ortholog y with NBS B,,, the range of expected
NBS for its ortholog in Z. This distribution of ratios applies across
all orthogroups.

Foreachtriple of species X, Yand Z, let R*,,,be the 90th percentile
ofratiosin Ry, and let R*y, = min(Rxxy,VY}.

Givenan RBHx<zwithNBS B,,, it is expected that 90% of orthologs
in species Y will have an NBS greater than B,,R*,,,and that the most
distant orthologin the orthogroup will be greater than B ,R*,,.

If a gene has RBHs in multiple species, then it provides multiple
independent estimates of the cutoff for the most distant sequence in
the orthogroup. Likewise, if multiple genes froma (currently undeter-
mined) orthogroup obtain one or more RBH, then these will each
provide multiple independent estimates of the extent of the ortho-
group. These estimates are used to construct agraph such that a pair
of sequences is connected within the graph if the NBS between those
sequences fall within that gene-specific and species-specific cutoff. As
such, this graph attempts to connect as densely as possible with edges
all sequences within the same orthogroup while having as few edges
as possible between sequences in different orthogroups. To do this,
for every gene, x, its RBH are identified. The gene is connected in the
graph to all its RBH and any other gene y if B,, > B,,R*y,. Here, x ~ y
denotesthat genesxandyare connected by anedgeinthe graph. That
is, the set of nodes for the graph corresponds to the set of all genes,
andthe edgeset forthegraphisgivenby {x ~ y|3z,x & z,B,, > B,,R*XZ}.

The 90th percentile is used so that the process is intentionally
over-inclusive when gathering genes into putative orthogroups, as
the later phylogenetic delineation of orthogroups provides a more
rigorous method of assessing orthogroup inclusion or exclusion.
All that is required is that all possible members of the orthogroup
areincluded in one tree. For this, it is not a problem if the tree covers
multiple orthogroups.

As before, the MCL algorithm® is applied to identify the sets of
genes in the graph best satisfying the putative shared orthogroup
memberships encoded in the edges of this graph. Aninflation factor
of 1.2 is used, as this is the value that maximizes recall in our previ-
ous parameter training'®. While this value of inflation leads to fairly
large clusters that can merge orthogroups and harm precision, our
phylogenetic delineation algorithm corrects these errors. As with
the core orthogroups, the resulting gene trees of the putative ortho-
groups are analyzed to phylogenetically resolve the true extent of
eachorthogroup (Fig.1). The noncore orthogroups are subjected to
phylogenetic analysis to infer rooted gene trees, and subsequently
theserooted gene trees are analyzed to determine the full compara-
tive analysis, including orthologs, hierarchical orthogroups and gene
duplication events.

Assessing orthogroup inference accuracy

The full details on the orthogroup benchmarking, including the calcu-
lation of the scores, and acomplete method by method breakdown of
theresultsare providedinSupplementary Section1, and the complete
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set of output files generated by each method is provided in Supple-
mentary File1.

Assessing scalability performance

The Ensembl® rapid release dataset was accessed on 29 August 2024.
Amino acid sequences for all protein-coding genes in each genome
were downloaded. For speciesthat had morethanone versionavailable,
the most recent proteome file was used. The OrthoFinder v2 script
‘primary_transcript.py’ was used to extract only the longest variant
for each gene, giving a dataset with a total of 1,789 species. Following
collection of the Ensembl proteomes, an approximate species tree
was derivedinto extract aset of representative proteomes for perfor-
mance testing across each orthology inference tool. The species tree
was generated using orthologs of BUSCO genes*’. In brief, the hidden
Markov model provided for each BUSCO gene was used to identify
high-scoring amino acid sequences in each species. The resulting hits
fromeach speciestoeachBUSCO gene were aligned using MAFFT, and
the resulting multiple sequence alignments were concatenated. An
unrooted phylogenetic tree was theninferred from this concatenated
alignment using FastTree. This tree was then used as input to PDA” to
select sets of species in the range of 2-1,024 species such that each
subsequent set contained all the species of the previous set, and that
each subset maximized the sampled branch length of the inferred
tree. The complete dataset of results for runtime and scalability of all
methodsis provided in Supplementary File 2.

Assessing ortholog inference accuracy

OrthoFinder v3 was run on the 2022 edition of the QfO reference
proteomes. We ran both OrthoFinder v3 Align (with FAMSA), and
OrthoFinder v3 Linear (-core —assign). OrthoFinder v2, along with 13
other orthology inference tools, has already been run on this dataset
andisavailable as part of the publicly available results alongside many
methods. The QfO datasets consists of 78 proteomes (48 eukaryotes, 23
prokaryotesand 7 archaea). We ran OrthoFinder on these input datasets
and extracted pairs of orthologous genes identified by the method.
The file containing orthologous pairs was uploaded to the QfO web
server for benchmarking. The QfO papers describe the methodology
for benchmarking in full detail**.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The QfO benchmarking was obtained from the QfO database. The
OrthoBench data were obtained from the OrthoBench database, and
allremaining datasets were obtained from Ensembl.

Code availability
OrthoFinderisavailable via GitHub at https://github.com/OrthoFinder/
OrthoFinder.
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species trees, gene duplication events and comparative genomic statisitcs.

Research sample All Ensembl rapid release genomes (Accessed 29th of August 2024).
Sampling strategy PDA (phylogenetic diversity analyzer) was used to selected Ensembl proteome samples.
Data collection Ensembl rapid release genomes (Accessed 29th of August 2024).

Timing and spatial scale | Ensembl rapid release genomes was Accessed 29th of August 2024.

Data exclusions N/A
Reproducibility N/A
Randomization PDA (phylogenetic diversity analyzer) was used to selected Ensembl proteome samples.
Blinding N/A
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
Animals and other organisms
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Plants

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A
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