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Abstract

To date, the databases built to gather information on gene orthology do not provide end-users with descriptors of the molecular evolution
information and phylogenetic pattern of these orthologues. In this context, we developed OrthoMaM, a database of ORTHOlogous MAmmalian
Markers describing the evolutionary dynamics of coding sequences in mammalian genomes. OrthoMaM version 12 includes 15,868 alignments
of orthologous coding sequences (CDS) from the 190 complete mammalian genomes currently available. All annotations and 1-to-1 orthology
assignments are based on NCBI. Orthologous CDS can be mined for potential informative markers at the different taxonomic levels of the
mammalian tree. To this end, several evolutionary descriptors of DNA sequences are provided for querying purposes (e.g. base composition
and relative substitution rate). The graphical web interface allows the user to easily browse and sort the results of combined queries. The
corresponding multiple sequence alignments and ML trees, inferred using state-of-the art approaches, are available for download both at the
nucleotide and amino acid levels. OrthoMaM v12 can be used by researchers interested either in reconstructing the phylogenetic relationships
of mammalian taxa or in understanding the evolutionary dynamics of coding sequences in their genomes. OrthoMaM is available for browsing,
querying and complete or filtered download at https://orthomam.mbb.cnrs.fr/.
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Introduction

OrthoMaM is a comprehensive curated database that relies on
an expert phylogenetic framework to describe the evolution-
ary dynamics of orthologous genes in mammalian genomes.
Since its first release (1), OrthoMaM has regularly evolved
to include newly available genomes and incorporate up-to-
date software in its automated analytic pipeline. The ini-
tial release contained a set of nucleotide exon alignments of
3,170 single-copy orthologous genes for the 12 mammalian
genomes available in Ensembl (2) at the time. Since then,
each new OrthoMaM version sequentially incorporated more
mammalian genomes as they became available, while imple-
menting new features (3). From the v10 release (4), we dras-
tically changed our pipeline to include the ever-increasing
number of mammalian genomes released in NCBI (5). In the
present version, sequence alignments and phylogenies were
computed with state-of-the-art tools. Nucleotide and amino
acid alignments were obtained using our codon-aware mul-
tiple sequence alignment tool MACSE (6) together with effi-
cient filtering methods such as HMMCleaner (7) and PhylteR
(8). These high-quality alignments were then used as input for
maximum likelihood phylogenetic inference performed with
IQ-TREE (9). Importantly, the web interface has also been ex-
tensively redesigned to improve user experience.

Previous versions of our database have been widely used
in the evolutionary and comparative genomics community. In
particular, the inclusion of NCBI genomes generated much in-
terest from users. Our database has been used, for instance,
in studies aimed at reconstructing the evolutionary history of
functionally important genes (10,11), reconstructing the phy-
logeny of numerous mammalian clades (12,13), studying the
process governing the evolution of genome-wide base compo-
sition (14,15), inferring patterns of natural selection acting on
protein-coding genes (16,17), and as a benchmark dataset for
evaluating various bioinformatic methods (18-20), and test-
ing the impact of different potential sources of phylogenetic
incongruence (21). This usage panel will be widened by the
many improvements provided with this updated version that
gives access to the latest released NCBI genomes.

Materials and methods

Database content

In contrast to orthology databases such as OrthoDB (22), In-
ParanoiDB (23), PhylomeDB (24) or EggNOG (25), which
are solely based on protein sequences, the purpose of our Or-
thoMaM database is not to infer orthology relationships, as
we rely on NCBI orthology predictions. The uniqueness of
our database lies in providing a comprehensive, curated set of
high-quality codon and amino acid alignments, together with
corresponding phylogenetic trees, for all single-copy protein-
coding genes annotated in mammalian genomes. The search
facility permits querying the database either by sequence, gene
ID, species, taxonomic level or evolutionary parameter val-
ues to download subsets of genes of interest. This allows a
range of evolutionary genomic analyses to be performed at
both the nucleotide and amino acid levels. The database can
also be searched by sequence similarity using user-provided
sequences. To our knowledge, it is the only DNA, protein and
tree database to provide such a valuable resource for mam-
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mals, a group of organisms of biomedical, agronomic, and
ecological importance.

To date, the OrthoMaM database includes 15,868 nu-
cleotide and amino acid alignments for 190 species. The length
of the orthologous genes ranges from ~100 to ~56k nu-
cleotides (19,417 sites & 2102), leading to a total of ~31M of
nucleotides (with more than 18M variable sites). The align-
ments are very complete with 177/190 species on average.
Gene trees and statistics are provided for every marker and
a supertree inferred from all the individual gene trees is also
available for download.

Bioinformatic pipeline

The aim of the OrthoMaM database is to provide ready-to-
use curated mammalian orthologous gene alignments to any-
one interested in mammal evolution and focusing either on
a specific gene or larger sets of orthologs. The two main ef-
forts done to construct such a database have been: (i) to de-
velop a pipeline comprising state-of-the-art approaches for
pre-filtering, aligning, post-filtering and analysing gene align-
ments and (ii) to create a user-friendly website interface al-
lowing users to easily collect genes and trees, but also pre-
computed associated statistics.

The OrthoMaM (OMM) database takes advantage of the
publicly available NCBI database, which provides access to
a large amount of raw genetic data, provided by scientists
from all over the world. As of January 2023, a subset of 190
annotated assemblies (one assembly per mammalian species)
was selected based on several assembly statistics (number
of scaffolds, N50, etc.). The orthogroup annotation com-
puted by the NCBI pipelines was used to evaluate gene or-
thology among the coding sequences (CDSs) of these as-
semblies. Orthogroups including at least four species and
a single copy CDS for Homo sapiens (GCF_009914755.1),
Mus musculus (GCF_000001635.27) and Canis lupus dingo
(GCF_003254725.2) were selected and the corresponding sin-
gle copy CDSs of the 190 considered assemblies were down-
loaded to be included in OrthoMaM (Figure 1, step 1). This
process led to the selection of 15,879 CDSs including 181.1
out of 190 species on average (ranging from 4 to 190 species).

The next step was to perform an initial filtering of these or-
thologous CDSs to eliminate potentially erroneous sequences
that had been included, due either to close paralogs result-
ing from recent gene duplications, or to annotation errors
(Figure 1, steps 2-6). For the filtering step, we use PhylteR
(8). This tool allows the detection and removal of outlier se-
quences in a set of gene alignments by iteratively removing
taxa from the gene trees (inferred from these alignments) to
optimise a score of concordance between all gene trees. Phyl-
teR is particularly well adapted to remove potential erroneous
sequences in CDS alignments since erroneous sequences will
lead to abnormal phylogenetic placements or unexpectedly
long phylogenetic branches. Since PhylteR requires gene trees,
steps 2-5 of the OMM pipeline (Figure 1) were designed to
quickly produce a first set of accurate gene trees for the CDSs
downloaded from NCBI. First, we used the MACSE subpro-
gram ‘trimNonHomologousFragments’ to eliminate potential
contamination in every single-copy orthologous gene (Figure
1, step 2). This subprogram detects non-homologous frag-
ments that often result from annotation errors and corre-
spond to remaining intron fragments or untranslated regions
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Figure 1. The OrthoMaM pipeline in short. Step 1 was performed for each genome assembly independently. Steps 2-4, 6 and 7-10 were performed
independently for every marker. Step 5 was performed using five batches of ~3180 markers. One additional step, not shown in the figure, consisted in
inferring a Mammal supertree including the 190 species using all gene trees produced in step 8.

(UTRs). Then, the sequences of each orthologous gene were
aligned using MAFFT (26) and a soft alignment cleaning was
performed using HMMcleanNucl.pl (7) (Figure 1, step 3). The
best evolutionary model for each gene was then chosen us-
ing ModelFinder as implemented in IQTREE v2.1.3 (-m MFP)
and followed by gene tree reconstruction. Node supports were
evaluated using ultrafast bootstraps estimated by IQ-TREE
(-bb 10005 (9)). Finally, using the phylogenetic gene trees in-
ferred from all CDSs as reference (combined in five batches
of ~3k markers to save computation time), PhylteR was able
to detect 28,886 (1.01%) problematic sequences leading to
strange-behaving phylogenetic branches. In most cases, Phyl-
teR just removed a few sequences of a gene dataset to fix it,
most likely corresponding to paralogous sequences. In seven
extreme cases, where too many problematic sequences were
detected in an alignment, PhylteR discarded the correspond-
ing gene entirely (Figure 1, step 5: 15,880 versus 15,873 at
step 1).

Because of the potential impact of the presence of erro-
neous sequences in previous alignment and cleaning steps (Fig-
ure 1, steps 2 and 3), we decided to remove the outlier se-
quences detected by PhylteR from the raw CDSs extracted
from NCBI and restart alignments and cleaning from scratch
(Figure 1, step 6). The new alignment step was performed us-
ing the OMM_MACSE v12.01 pipeline implemented in a Sin-
gularity container (27); the ‘“MACSE_min_MEM_length 8’
option was used to save RAM when needed; Figure 1, step

7). This pipeline is designed to provide the best possible nu-
cleotide and amino acid alignments for each marker by com-
bining MAFFT (26) with state-of-the-art alignment cleaning
methods (MACSE cleaning subprograms: trimNonHomolo-
gousFragments, (6); and HMMcleaner, (7)), and by detecting
and correcting potential frameshifts in coding sequences (us-
ing MACSE v2 ‘alignSequence’ subprogram, (6)). The highly
accurate nucleotide alignments were then used to infer gene
trees using IQ-TREE v2.1.3 with three partitions per CDS,
corresponding to the three codon positions (Figure 1, step 8).
The best evolutionary model was selected for each partition
using ModelFinder implemented in IQ-TREE and merged if
necessary (-m MFP+MERGE). Node supports were evaluated
using ultrafast bootstraps estimated by IQ-TREE (-bb 1000).
A second phylogenetic analysis was then performed using the
resulting gene tree as constraint (-te and —blfix IQ-TREE op-
tions) and the model GTR + I' (-m GTR+G) to infer the «
shape parameter of the gamma distribution (9).

Finally, for each CDS marker, several evolutionary indi-
cators (see below) were evaluated using AMAS.py (28), IQ-
TREE inferences (de novo and with constrained models), and
ERaBLE (29) (Figure 1, step 9). Gene level information (gene
name, GO annotation), full sequence traceability information
(sequence identifier in Ensembl/NCBI, filtering details), nu-
cleotide and amino acid alignments, phylogenetic trees, as
well as these evolutionary indicators are reported in the Or-
thoMaM website interface (Figure 1, step 10; see Figure 2).
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Figure 2. \Website interface summary. This figure shows an example of the information available for every marker: General information and links to other
databases (a), 'Phylogenetic information’ (b), ‘NT alignment’ (¢), AA alignment’ (d), ‘Rooted ML tree’ (e). To navigate through very big alignments, the
user can either click and drag directly on the alignment (c, d), or click on the zone of interest in the zoomed-out version of the alignment provided at the
bottom of the page. To zoom in the phylogenetic tree (e), the user can click left on the tree, or click right and open a new tab where to zoom in or save
the image. No illustration is provided for the ‘Sequence details’ tab since it consists of a simple table, and the ‘Download’ tab, which consists of a list of

files for download.

Website interface

With the development of the latest version of OrthoMaM, we
have incorporated some improvements to the website inter-
face using the R Shiny framework (30), which should make
the website more appealing.

Database access and query

While the full database can be downloaded from the website,
to facilitate user experience, the OMM website allows users
to search for markers in two different ways (Figure 2a), either
by searching for one specific gene or by filtering the database
using several parameters to download subsets.

On one hand, specific gene alignments can be access
through the search of their NCBI gene ID (‘search marker’
page) or by using a BLAST research (‘blast’ page, 31), based
on nucleotide (blastn or tblastx) or amino acid sequences
(tblastn).

On the other hand, from the main page, one can access the
‘query’ page in which the database can be filtered by select-
ing specific ranges of evolutionary indicator values (relative
evolutionary rate, percentage of G+C at third codon position,
« shape parameter [T distribution], and alignment length) or
specific conditions (e.g. genes present in all species, in a list of

species, or in species belonging to a specific taxonomic group;
markers part of the mammalian BUSCO genes; markers lo-
cated on a given Human chromosome). For example, for the
default query values, we have 339 CDSs located on Human
chromosome 1, but this number goes up to 811 when the max-
imum GC3 percentage is fixed to 60.

For each CDS, OrthoMaM_v12 provides immediate access
to many evolutionary features and information with a ded-
icated page (Figure 2). To present all information provided
by the OMM website interface for each single-copy protein-
coding gene included in the database, we used the page ded-
icated to the ACE2 gene as an example. This gene is of par-
ticular medical significance as the ACE2 receptor is used by
the SARS-CoV-2 and other coronaviruses to enter mammalian
cells; several evolutionary analyses have been conducted for
this gene to predict functionally important sites and to iden-
tify other potentially susceptible mammalian species besides
humans (32,33).

General information and links to other databases

First, at the top of the marker page (Figure 2a), the common
name of the gene is provided (ACE2: angiotensin-converting
enzyme 2 isoform 1 precursor). Then, nine blue boxes
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provide global information about the gene. The first
five blocks (first line) give access to Ensembl, Uniprot,
NCBI, HGNC and Protein Atlas databases in which
information about each gene (through different identi-
fiers: ENSG00000130234, Q9BYF1, 59272, HGNC:13557,
ENSG00000130234-ACE2, respectively) is present. The four
next boxes (second line) show the length of the alignment
(2901 nucleotides), the number of species for which the gene is
available (184 out of 190), a link to multi-codon alignment for
the given gene as provided by the Zoonomia project, and a link
to orthoDB details if the gene is included in the BUSCO list
for mammals (mammalia_odb10, 34). Note that Zoonomia
genomes have been/will be progressively integrated in NCBI.
Since we strongly rely on the NCBI orthology, we prefer to
wait until the genomes are annotated by the NCBI consor-
tium to fully integrate them in OrthoMaM. In the meantime,
we provide in the help page, a script to merge the OrthoMaM
and Zoonomia raw files and run the OrthoMaM pipeline on
the merged file.

Then, six tabs provide additional information and resources
associated with the gene: ‘Phylogenetic information’, ‘NT
alignment’, ‘AA alignment’, ‘Rooted ML tree’, ‘Sequence de-
tails’, ‘Download’.

Evolutionary descriptors

The first tab, called ‘Phylogenetic Information’ (Figure 2b),
displays the base frequencies, the substitution matrix under a
GTR model, the site variability (percentage of variable sites
at each codon position), and additional evolutionary descrip-
tors estimated through a phylogenetic approach. These evo-
lutionary descriptors are incorporated in the database, and
some of them can be used to query CDSs (see ‘Query’ section
below).

First, the ‘Relative evolutionary rate’ (RER) is estimated
with ERaBLE (29). The relative evolutionary rate of a CDS
is important to evaluate its usefulness in analyses of phylo-
genetics and molecular evolution. Faster-evolving genes will
be more suitable for genomic comparisons at smaller taxo-
nomic scales, while slower-evolving genes will be more suit-
able at deeper taxonomic scales. It is correlated with the sec-
ond evolutionary descriptor of the marker, the total branch
length (TBL), corresponding to the sum of all internal and ter-
minal branches of the ML phylogram inferred from the cor-
responding alignment. Interestingly, the RER of OrthoMaM
markers range from 0.127 to 5.92 corresponding to a 46.6-
fold contrast between the slowest and fastest evolving genes.

The third evolutionary descriptor concerns the G+C con-
tent of the markers. G+C percentage varies among markers,
and the variability is exacerbated at neutrally evolving syn-
onymous third codon positions (GC3). Interestingly, because
GC3 is correlated with G+C (2 = 0.83), it can be used as a
proxy of gene variations in the composition of G+C.

Finally, the last evolutionary descriptor is the « shape pa-
rameter of the gamma distribution. This value quantifies the
substitution rate variation among sites along the alignment.
In genes undergoing strong constraint at the amino-acid level,
o is low while « increases when the constraint is weaker. In-
terestingly, genes with o« > 1 have a strong phylogenetic po-
tential as they accumulate variability quite evenly along their
sequences, thus lessening the probability of multiple substi-
tutions at the same sites. For example, BRCA1, with its high
o value (1.642), has become a famous marker for phylogeny
(35) and molecular evolution (36) in mammals.
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Cleaned NT and AA alignments

For each CDS, the nucleotide alignment is provided in a dedi-
cated tab called ‘NT alignment’ (Figure 2c). The correspond-
ing amino acid alignment, which exactly matches the nu-
cleotide alignment, is also provided in a second tab, called
‘AA alignment’ (Figure 2d). Both alignments are available for
download. To navigate through very big alignments, the user
can either click and drag directly on the alignment, or click on
the zone of interest in the zoomed-out version of the alignment
provided at the bottom of the page. Thanks to the zoomed-out
view, we can easily see the long insertion present in Lemur
catta for ACE2, which corresponds to a presumed exon du-
plication.

Rooted ML tree

For each OrthoMaM marker, a ML phylogenetic tree with
branch lengths (i.e. phylogram) is provided (Figure 2e). It rep-
resents a synthesis of the base composition, substitution pat-
tern, and among-site substitution rate heterogeneity of the cor-
responding CDS alignment. Phylogenetic trees were rooted
through a sequential re-rooting procedure implemented in
bio++ (37), using either monotremes, or marsupials, afrotheri-
ans, xenarthrans, laurasiatheria and euarchontoglires, in this
order until one species to use as outgroup is present. To im-
prove tree readability, the major clades have been coloured
using the APE R-package (38, see Figure 2). To zoom in, the
user can click left on the tree, or click right and open a new
tab where to zoom in or save the image. The rooted gene trees
in Newick format are available for download.

Sequence details

In the fifth and last tab describing the CDS, called ‘Sequence
details’, information about each sequence of the alignment is
provided. This information allows the sequence to be traced
back to NCBI through a gene identifier and a transcript identi-
fier. Chromosomal coordinates, strands and original sequence
lengths are also provided for each species.

Download

For each marker, the evolutionary descriptors, sequence de-
tails, cleaned alignments and rooted ML tree in Newick for-
mat are provided for download in this tab.

For full sequence traceability, we also provide for download
(i) alignments before the HMMcleaner postfiltering (step 7 of
the pipeline) and (ii) annotated NBCI raw sequences.

The first corresponds to unfiltered alignments of sequences
that are considered as orthologs by NCBI and our paralogy
checks (PhylteR and the ‘trimNonHomologousFragments’).
The latter are the NCBI raw sequences where nucleotides that
are not present in the final alignments because of all different
steps of our pipeline are shown in lowercase.

Results and discussion

The earliest versions of OrthoMaM based on Ensembl also
included individual orthologous exon alignments in addition
to CDSs. This feature was temporarily abandoned from v10
because of the incorporation of NCBI data. In future ver-
sions, we plan on reinstating the exon database since pow-
erful programs such as Minimap2 (39) and Miniprot (40)
now allow efficiently extracting exons from genomic data
(41). Future developments also include the implementation
of a command line API allowing to interrogate the database
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interactively and to download subsets of interest. In the near
future, we aim at continuing to renew the database thanks
to our automated pipeline allowing even more frequent up-
dates while still adding new functionalities. These high-quality
alignments and phylogenetic trees, along with relevant evo-
lutionary information and the blast query functionality will
be useful well beyond the evolutionary and comparative ge-
nomics community and will permit researchers that are not
experts of the phylogenetic framework to access alignments
and phylogenies computed with state-of-the-art tools.

Data availability

The data underlying this article are available at https://
orthomam.mbb.cnrs.fr.
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