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Abstract

The identification of orthologous genes is relevant for comparative genomics, phylogenetic analysis, and
functional annotation. There are many computational tools for the prediction of orthologous groups as
well as web-based resources that offer orthology datasets for download and online analysis. This chapter
presents a simple and practical guide to the process of orthologous group prediction, using a dataset of
10 prokaryotic proteomes as example. The orthology methods covered are OrthoMCL, COGtriangles,
OrthoFinder2, and OMA. The authors compare the number of orthologous groups predicted by these
various methods, and present a brief workflow for the functional annotation and reconstruction of
phylogenies from inferred single-copy orthologous genes. The chapter also demonstrates how to explore
two orthology databases: eggNOG6 and OrthoDB.
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1 Introduction

Homology describes an evolutionary relationship between genes
and proteins. Two subtypes of homology relationships were recog-
nized by Walter Fitch [ 1], orthology and paralogy. Orthology refers
to genes originating from a speciation event, whereas paralogy
refers to genes that arise from a gene duplication event. The origi-
nal motivation behind identifying orthologs was to carry out phy-
logenetic reconstruction, since by definition they possess the same
evolutionary history as the underlying species. However, nowadays,
another motivation for distinguishing between orthologs and para-
logs is the prediction of the function of newly annotated genes
[2, 3]. Ortholog genes are more likely to have the same function
because they were the same gene in the most recent common
ancestor.

The identification of orthologs is essential in many applications,
such as comparative genomics, phylogenetics, and functional
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annotation [4]. Currently, high-throughput sequencing methods
have increased the availability of complete genomes (and their
proteomes), and robust computational methods for identifying
orthologs are crucial to explore the vast amount of genomic
data [5].

Computational methods for identitying orthologous sequences
can be in general divided into two groups: phylogeny-based and
graph-based methods [6]. Phylogeny-based methods require align-
ing a group of homologous sequences, computing a phylogenetic
tree, and inferring the type of evolutionary event represented by
each internal node in the generated tree, a process that involves
reconciling the gene tree with the species tree [7]. While this
method tends to be more accurate, it requires more computational
work and therefore is not easily scalable. On the other hand, graph-
based approaches rely on sequence similarity searches and consider
two sequences orthologous if they are each other’s best hit in their
respective proteomes [6, 8]. Orthologous Groups (OGs) (see
below) are then built by running a clustering program on the
underlying graph, in which a vertex is a sequence and there is an
edge between two vertices if the respective sequences have similar-
ity above the threshold used in the similarity search. Several soft-
ware tools combine both methods using attributes of graph-based
and tree-based methods in the inference of orthology
relationships [9].

In this chapter, we cover the topic of computational inference
of orthology from a practical point of view. There are basically two
ways this can be done: (a) using orthology inference programs with
user-defined proteomes and executed locally; (b) using existing
orthology database resources on a website. We demonstrate the
two methods using publicly available proteomes from ten prokary-
otic species.

This chapter covers the case in which the genomes to be
compared are distantly related. For closely related genomes (e.g.,
strains of the same species), we refer the reader to the chapter Step-
by-step Bacterial Genome Comparison in this same volume.

2 Requirements and Assumptions

This chapter assumes basic knowledge of Unix/Linux and R. All
analyses can be run on a desktop computer running Linux,/Unix or
Mac OSX. Most programs are run using bash shell commands. We
show commands executed on the Linux shell preceded by the “$”
symbol and the label bash shell. We also present R code, which can
be executed in the RStudio environment (https://posit.co/
download /rstudio-desktop/). R code sections are preceded by
the label R script.


https://posit.co/download/rstudio-desktop/
https://posit.co/download/rstudio-desktop/
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3 Datasets

Orthology programs use protein sequences as input to predict
orthologous families. This chapter uses sets of protein sequences
(proteomes) from ten species of prokaryotes, spanning six different
phyla, to present different methods and software tools. Proteomes,
which we define as a file with all predicted protein sequences from a
given genome, can be found in public repositories, such as Gen-
Bank, and by GenBank convention have the extension “.faa.”
Table 1 provides the accession numbers in GenBank from where
the proteomes used in this chapter were downloaded.

4 Software

Table 2 lists the software tools employed in this chapter, along with
links to the corresponding websites where they can be downloaded.

5 Generating Orthologs by Various Methods

Two genes are homologous when they share a common ancestor
gene. In a somewhat simplified scenario, two genes can have a
common ancestor in two situations. The first is caused by specia-
tion. Gene #in species X is homologous to gene &in species Twhen
X and 7 have a common ancestor Z, and Z had a gene that can be
said to be the ancestor of # and & (by virtue of the fact that Zis the
ancestor of X and 7). In this case, we say that not only 2 and & are
homologous, but they are also orthologous, to distinguish it from
the second situation. That happens when 2 and & are the result of
gene duplication. Duplicated genes are named paralogs, however,
there can be two sub-cases, depending on when duplication takes
place with respect to speciation. If duplication occurs before specia-
tion, the resulting genes in the descendant species are called out-
paralogs. If duplication occurs after speciation, the duplicated
genes in a given species are called in-paralogs. When analyzing
several genomes, as is the case in this chapter, genes that are
orthologous among all pairs of genomes are grouped together as
orthologous groups (OGs), also called orthogroups.

The inference of OGs can be challenging due to various evolu-
tionary events, such as gene duplication, loss, or horizontal gene
transfer (HGT). There are several programs to infer the available
orthology methods. In this chapter, three different graph-based
programs are used to predict OGs in our dataset: OrthoMCL
(which uses Markov chains for clustering), the COG tool (which
uses the BeT method for clustering), and OMA standalone (which
uses cliques and hierarchical clustering methods). Additionally,
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Table 1

Information on the proteomes used for presenting orthologous resources

Biosample

Label Species Kingdom Phyla Class accession

Bfragilis Bacteroides Bacteria Bacteroidetes Bacteroidia SAMN16357367
[fragilis

Ecoli Escherichin coli  Bacteria Proteobacteria Gammaproteobacteria SAMN02604091

Hinfluenzae  Haemophilus Bacteria Proteobacteria Gammaproteobacteria SAMN02595602
influenzae

Kgyiorum Kerstersin Bacteria Proteobacteria Betaproteobacteria SAMN10273024
gyiorum

Lacidophilus  Lactobacillus Bacteria  Firmicutes Bacilli SAMNO02603216
acidophilus

Mgenitalium  Mycoplasma Bacteria  Firmicutes Tenericutes SAMNO02603983
genitalinm

Mjannaschii ~ Methanococcus ~ Archea  Euryarchaeota Methanococci SAMNO02603984
Jannaschii

Mtuberculosis Mycobacterium  Bacteria  Actinobacteria Actinobacteridae SAMEA3138326
tuberculosis

Rradiobacter  Rhizobinm Bacteria Proteobacteria Alphaproteobacteria ~ SAMN10169604
radiobacter

Synechocystis ~ Synechocystis sp.  Bacteria  Cyanobacteria Cyanophyceae SAMDO00061113

OrthoFinder2, which combines graph-based and tree-based meth-
ods, is also used.
5.1 OrthoMCL OrthoMCL [21]is a program for determining OGs in a given set of

genomes. In addition to the original reference, a summary explana-
tion of its method can be found in [22]. OrthoMCL distinguishes
between orthologs and paralogs. Two genes from the same species
will be included in the same OG only if their reciprocal BLAST
similarity is larger than the similarity to any gene not belonging to
that species. Those genes are considered “recent in-paralogs.”

The standalone version of OrthoMCL can be downloaded
from the website https://orthomcl.org/orthomcl/app/
downloads /software/ and installed locally. However, it is not a
simple program to run, because its pipeline requires the installation
of other programs (BLAST, MySQL, MCL). In this chapter, we
run OrthoMCL through the convenient Get_Homologues pack-
age [13], which offers three clustering methods, including
OrthoMCL.

In our example, Get_Homologues is executed in a directory
(which we named prok_proteomes) that contains the full proteome


https://orthomcl.org/orthomcl/app/downloads/software/
https://orthomcl.org/orthomcl/app/downloads/software/

Table 2

List of bioinformatics tools used in this chapter
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Tool Description References Source
eggNOG- Orthologous inference and [10] https: //github.com/eggnogdb/
mapper functional annotation eggnog-mapper

Egg-NOG v6 Orthology resource [11] http: //eggnog6.embl.de/

GenBank Genome database [12] https: //www.ncbi.nlm.nih.gov/
genbank /

get_homologues Orthologous inference [13] https: //github.com /eead-csic-
compbio/get_homologues

ggtree Phylogenetic visualization [14] https: //github.com/YuLab-SMU /
ggtree

IQ-TREE2 Phylogenetic inference [15] https: //github.com/iqtree /iqtree2

MAFFT Sequence alignment [16] https: //maftt.cbre.jp /alignment/
software /

OMA Orthologous inference [17] https: //github.com/DessimozLab /
OmaStandalone

OrthoDB Orthology resource [18] https: //www.orthodb.org/

OrthoFinder2  Orthologous inference [9] https: //github.com /davidemms /
OrthoFinder

seqkit Sequence concatenation [19] https: //bioinf.shenwei.me /seqkit/

trimAL Sequence trimming [20] https: //github.com /inab /trimal

sequences of the 10 prokaryote genomes previously downloaded
from Genbank (Table 1).

Bash Shell

$ get_homologues.pl

30 -t 2

./prok_proteomes/ -M -C

The flag “~M” specifies the use of OrthoMCL to compute

orthologs. An output folder named “prok_proteomes_homolo-
gues” is created after the running is finished; it includes a subfolder
that contains separate FASTA files for each OG. The option “~C”
specifies the minimum alignment coverage percentage in pairwise
BLAST; we set it at 30%. This value is considered low, but it is
appropriate for distantly related prokaryotes, as is the case in our
example. The parameter “—t” specifies the minimum number of
sequences in each OG. Using the value 2, we exclude OGs formed
by just one member (also known as singletons).


https://github.com/eggnogdb/eggnog-mapper
https://github.com/eggnogdb/eggnog-mapper
http://eggnog6.embl.de/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://github.com/eead-csic-compbio/get_homologues
https://github.com/eead-csic-compbio/get_homologues
https://github.com/YuLab-SMU/ggtree
https://github.com/YuLab-SMU/ggtree
https://github.com/iqtree/iqtree2
https://mafft.cbrc.jp/alignment/software/
https://mafft.cbrc.jp/alignment/software/
https://github.com/DessimozLab/OmaStandalone
https://github.com/DessimozLab/OmaStandalone
https://www.orthodb.org/
https://github.com/davidemms/OrthoFinder
https://github.com/davidemms/OrthoFinder
https://bioinf.shenwei.me/seqkit/
https://github.com/inab/trimal
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5.2 Cluster of
Orthologous Groups

Another way of running Get_Homologues is by using option
“—¢.” This option only computes OGs that do not contain
in-paralogs or contain only single-copy genes from each taxon.

The resulting OGs are called single-copy OGs, or SCOGs:

$ get_homologues.pl -d ./prok_proteomes/ -M -C
30 -e

SCOGs are important as inputs for species phylogeny recon-
struction, because their evolutionary history, in principle, does not
include duplications.

The results of running Get_Homologues with the two com-
mands above are shown in Table 3.

COGs stands for “cluster of orthologous groups,” which is the
name used by its authors [23] for OGs. The algorithm for deter-
mining COGs is called COGtriangles and is briefly explained in
[22]. The algorithm has a preprocessing step in which all
in-paralogs are determined and converted to single vertices. The
COGtriangles algorithm was refined in terms of computational
complexity by the EdgeSearch algorithm [24]. EdgeSearch is also
one of the options of the Get_Homologues package [13].

The COGtriangles in the Get_Homologues package are run
using the option “—~G” shown as follows.

Bash Shell

$ get_homologues.pl -d ./prok_proteomes_fasta -G
-C 30 -t 2

An output subfolder is created inside the “prok_proteome-
s_homologues” folder, containing separate FASTA files for each
OG. Table 3 shows the number of OGs predicted by this program.

Get_Homologues can compare the output of the different
methods implemented by the software. The script compar-
e_clusters.pl identifies the common elements between the
sets of clusters generated by OrthoMCL and COG tools. The
command is shown below.

Bash Shell

S compare_clusters.pl -o sample_intersection -d
prok_proteomes_homologues/*_algOMCL_* ,prok_pro-
teomes_homologues/*_algCOG_*



Table 3
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The number of orthologous groups predicted by four different programs among the proteomes of ten

prokaryotic species

OrthoMCL COG tool OrthoFinder2 OMA

All OGs (containing two or more homologous genes) 3492 3121 4205 4389
Single-copy OGs (SCOGs) in all ten species 53 56 53 17

5.3 OrthoFinder2

54 OMA

A folder called sample_intersection is created containing
the list of OGs predicted by both methods. A comparison of the
results of the two methods is shown in Fig. 1 using Venn diagrams.
It is clear from the diagrams that there are significant differences in
the results, especially in the case of non-single-copy-OGs. Which
method is more reliable? We comment on this issue in Subheading

5.5.

OrthoFinder2 [9] is a hybrid method that combines graph and
tree-based approaches. In the first step, OrthoFinder2 incorporates
BLAST score normalization to predict highly accurate OGs by
taking into account gene length bias [25]. In the second step,
these OGs are used to infer unrooted gene trees with dendro-
BLAST; after that, these gene trees are used for the identification
of gene duplication events. Ultimately, all of the phylogenetic data
obtained is used to determine the complete set of orthologs
between all species. OrthoFinder2 achieves very high ortholog
inference accuracy on the Quest for Orthologs benchmarks
[9, 26] (see Subheading 5.5).

Running OrthoFinder2 is a straightforward process that only
requires a collection of proteomes (one for each species) in FASTA
format. The command is shown below.

Bash Shell

S orthofinder -f ./prok_proteomes_fasta

OrthoFinder2 generates a folder named “OrthoFinder” to
store the output. The file Statistics_Overall.tsv, which
contains the number of genes assigned and the number of OGs, is
located within the subfolder Comparative_Genomics_Statistics.
Table 3 summarizes the results.

Orthologous matrix (OMA) is a graph-based software that provides
three different types of orthologs: pairwise orthologs, OMA
groups, and hierarchical orthologous groups (HOGs), each type
based on a different inference method [17, 27]. The OMA tool
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A

Fig. 1 Venn diagram depicting the overlap of orthologous groups predicted by OrthoMCL and COG tools in (a)
0Gs containing at least two sequences and (b) single-copy 0Gs containing genes in all ten species

begins by inferring pairwise orthologs, which are subsequently
used to construct both HOGs and OMA Groups. To infer OGs,
it first computes all-against-all Smith-Waterman alignments, saving
only candidate pairs with sufficient score and overlap. OMA groups
are clustered by identifying well-connected subgraphs (“cliques”)
corresponding to sequences that are strictly orthologous, excluding
protein sequences involved in one-to-many and many-to-many
relations.

The other clustering strategy performed by OMA software is
hierarchical clustering. Hierarchical orthologous groups (HOGs)
are formed starting with the most specific taxonomic level and
merging groups progressively towards the root of the species tree
[28]. These HOGs may include both orthologs and in-paralogs.

The OMA program is available as open-source software, OMA
Standalone  (https://omabrowser.org/standalone /#downloads),
which is compatible with the public OMA browser (https://
omabrowser.org).

To run OMA, all proteomes (.faa files) should be located in a
folder called DB. OMA can be run by executing the following three
commands.

Bash Shell

# Use option -p to create a default parameters file
$ oma -p

# Then use option -s to run the first part of the
OMA pipeline

S oma -s
# Run the second part
S oma

All resulting files will be located in a folder called “output.” The
OrthologousGroupsFasta subfolder will contain all OGs; these are


https://omabrowser.org/standalone/#downloads
https://omabrowser.org
https://omabrowser.org

5.5 Performance of
Orthology Inference
Methods
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one-to-one strict orthologs. Table 3 shows the OGs predicted by
OMA in our dataset.

Given that there are multiple orthology inference methods, it is
natural to ask which one is the most accurate. This is a difficult
question to answer. In what follows, we provide a simple compari-
son of the results we presented above, and then briefly describe a
multi-group initiative to provide benchmarks for assessing the
quality of orthology inference methods.

The Quest For Orthologs (QFO) consortium [29] offers an
online benchmarking tool for orthology prediction (http://
orthology.benchmarkservice.org). This benchmarking service has
established a reference proteome dataset to enable comparisons of
individual inference methods on a consistent set of species and
proteins. The latest version of the database comprises 78 Uniprot
reference proteomes from model organisms and species of biomed-
ical interest (48 eukaryotes, 23 bacteria, and 7 archaea).

The benchmark service assesses the quality of predictions based
on a species tree discordance test, the agreement with respect to
reference phylogenies/orthologs, and a functional test. Each test
measures the performance in terms of precision and recall. In
simple terms, Precision measures the number of false positives,
whereas recall measures the number of false negatives. A false
positive is a gene that was wrongly considered as belonging to
family X. A false negative is a gene that should have been assigned
to family X but was not. Additional details can be found in [29].

In our dataset, the number of all orthologs (containing two or
more species) predicted by OMA (4389 clusters) is higher than that
predicted by OrthoMCL (3492) and COG (3121), but similar to
OrthoFinder2 (4205). However, when we limit our observation to
single-copy OGs, the pattern changes. Even though OMA yielded
the highest number of orthologs, it inferred the fewest number of
single-copy OGs in all ten species (17 SCOGs), whereas OrthoFin-
der2, OrthoMCL, and COG predicted 53, 53, and 56 SCOGs,
respectively.

These results are consistent with previous studies. For example,
Altenhoft et al. [17] compared several orthology methods on a
reconstruction of the Lophotrochozoa phylogeny where OMA
generally predicted more OGs than OrthoMCL and OrthoFin-
der2, but produced a smaller quantity of larger groups. This difter-
ence in group size distribution is likely the result of different trade-
offs in terms of precision (proportion of predicted orthologs that
are correct) and recall (proportion of true orthologs that are cor-
rectly predicted). A recent benchmarking study comparing 20 dif-
ferent orthology prediction methods highlighted the trade-off
between precision and recall [26]. The OMA Groups method
ranks as one of the best in precision but is worse in recall than
most other methods. This means that genes are often missing from


http://orthology.benchmarkservice.org
http://orthology.benchmarkservice.org
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OMA OGs, or OGs are more fragmented than they should
be. OrthoMCL has good recall, though with lower accuracy than
other methods. OrthoFinder2, Domanoid [30], and Ortholnspec-
tor [31] show a good balance between precision and recall in this
benchmark (https: //orthology.benchmarkservice.org/).

In terms of runtime, OMA is by far the most costly of the
orthology methods tested, due to its reliance on full Smith-Water-
man alignments and evolutionary distance in the all-against-all
phase.

6 Obtaining Phylogenetic Trees from Orthogroups

6.1 OrthoFinder2

Species phylogeny reconstruction is one of the main goals of
orthology inference and can be performed using information
from multiple genes (orthogroups) concatenated in a single matrix.
For this purpose, it is important to consider only SCOGs because,
as already mentioned, duplicated genes tend to bring noise to the
desired vertical phylogenetic signal. There is usually no guarantee
that SCOGs have not been subject to HGT; but determining
whether a given OG was subject to HGT is a much more laborious
effort than simply ensuring that an OG does not contain paralogs.

OMA groups are suitable for phylogenetic analyses since OMA
generates OGs that contain only one copy per species, avoiding
in-paralogs. OrthoMCL and OrthoFinder2 frequently include
orthogroups with the presence of in-paralogs. OrthoFinder2 gen-
erates a separate directory with OGs for which only one of the
copies is selected for the OG if recent in-paralogs have been
inferred for that orthogroup. Note however that an OG that has
been curated such that only one of the copies of paralog genes is
kept is not really a single-copy OG. Nevertheless, if the paralog
copy that is kept is indeed an ortholog with respect to the other
genes in the OG, then that OG can be used for species phylogeny
inference.

In this subsection, we compare the phylogenies produced from
the sequence alignment of SCOGs predicted by the OrthoFinder2
and OMA methods.

We use the 53 SCOG sequences predicted by OrthoFinder2 to
infer a phylogenetic tree. After running OrthoFinder2 (Subheading
5.3), the SCOGs sequences are located in the folder OrthoFinder/
Single_Copy_Orthologue_Sequences.

First, we navigate into the result folder.

Bash Shell

$ cd OrthoFinder/Single_Copy_Orthologue_Sequences


https://orthology.benchmarkservice.org/
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We rename the FASTA headers in all OG files using the column
label in Table 1. As all protein sequences are sorted alphabetically,
we use the following code:

$ for i in *.fa; do awk ’'NR==FNR{names[NR]=$0;
next} /">/{$1=">"names[++c]}1’ label.tab $i > {i%.
*}_rn.fa; done

Then, we align all protein sequences in OGs using MAFFT as
follows:

S for i in *_rn.fa; do mafft --maxiterate 1000 --
localpair $i > ${i%%.*}_alig.fa; done

Poorly aligned regions are removed using trimAL as follows:

S for i in *_alig.fa; do trimal -automatedl -in $i
-out ${i%%.*}_trim.fa; done

A supermatrix is then constructed by concatenating all align-
ments using the “concat” option of seqkit tool:

S segkit concat *_trim.fa > concat_orthofinder.fa

The resulting concat.fa FASTA file is used to construct the
phylogenomic tree with IQTREE2 software using a maximum-
likelihood approach:

# use LG as the substitution model (-m) and define
1000 as the number of bootstrap replicates (-bb)

$ igtree2 -s concat_orthofinder.fa -m LG -bb 1000
-o "Mjannaschii"

The tree inferred can be visualized (Fig. 2a) with ggtree package
using the following commands:
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A Orthofinder
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Fig. 2 Phylogenetic tree constructed using maximum likelihood program based on the alignment of (a)
53 SCOGs predicted by OrthoFinder2 and (b) 17 SCOGs predicted by OMA. The tip labels represent the
scientific name of the species and the respective phylum is shown between parentheses. Bootstrap values are

represented by the number of nodes

R Script

library (ggtree)

# read tree file

tree <- read.tree("concat orthofinder.fa.treefile")

# read metadata

(table 1)

metadata <- read.table("metadata.tab", sep = "\t", header = T)

# Draw the tree displaying bootstrap value

gg <- ggtree(tree,

layout = "rectangular",right = T) +

geom nodelab (aes (label=label), size=2, hjust = -0.3)

# add tip labels

pl <- gg %<+% metadata +

geom tiplab (aes (label=paste ("bolditalic(

My

pl

'", species,

, Fila,"~"'")'"'")), parse=T,size=2.2, hjust = -0.02)
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In order to infer the phylogenetic tree of the ten species using
OMA, first we need to extract all 17 SCOGs predicted by it
(Subheading 5.4).

Bash Shell

# We navigate into the result folder

$ cd Output/OrthologousGroupsFasta
# Create a directory to copy all 17 SCOG to there
$ mkdir OG 1lOspecies

# copy all OGs that contain 10 protein sequences into the “OG_10species” directory
$ for 1 in *.fa; do occurrences=$(grep -c ">" "$i"); if ((

occurrences == 10 )); then cp "$i" OG lOspecies; fi; done

We then navigate to the folder “OG_10species.” From there,
the commands are basically the same as in Subheading 6.1 (Ortho-
Finder2), which we give in full for convenience.

Bash Shell

$ cd OG lOspecies

$ for i in *.fa; do mafft --maxiterate 1000 --localpair $i >

${i%%.*} alig.fa; done

$ for i in * alig.fa; do trimal -automatedl -in $i -out

${i%%.*} trim.fa; done
$ segkit concat * trim.fa > concat OMA.fa

$ igtree2 -s concat OMA.fa -m LG -bb 1000 -o “Mjannaschii”
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R Script

library (ggtree)

# Read the treefile produced by IQTREE2

tree <- read.tree("cancat OMA.fa.treefile")

# Read metadata (table 1)

metadata <- read.table("metadata.tab", sep = "\t", header = T)

# Draw the tree

gg <- ggtree(tree, layout = "rectangular", right = T) +
geom nodelab (aes (label=label), size=2,hjust = -0.3)

# add tip labels
P2 <- gg %<+% metadata +

geom_tiplab (aes (label=paste("bolditalic('", species,

mryamo o m
’

, Fila,"~')'")), parse=T,size=2.2, hjust = -0.02)

P2

The tree obtained from the OMA orthologs is shown in
Fig. 2b.

The phylogenetic tree generated using 17 OGs predicted by
OMA shows a topology similar to that constructed using 53 OGs
predicted by OrthoFinder2. The innermost clade contains E. coli
and H. influenzae. Since both belong to the class Gammaproteo-
bacteria, this was expected. K. gyiorum (betaproteobacteria) and
R. radiobacter (alphaproteobacteria) are also more closely related as
they belong to the phylum proteobacteria. Likewise, the two spe-
cies of the phylum Firmicutes (Mycoplasma genitalium and
L. acidophilus) group together. On the other hand, while Synecho-
cystis sp. (cyanobacteria) and Firmicutes form a well-supported
cluster species in the OMA-based tree, in the OrthoFinder2 tree,
we observe that Symechocystis sp. and Mycobacterium tuberculosis
(Actinobacteria) cluster together, although with a low bootstrap
support. Bootstrap values were used to estimate the branch support
of the phylogenetic tree using 1000 replicates. Bootstrapping is a
computational strategy to measure how strongly the sequence data
supports the phylogeny. The closer the bootstrap value is to
100, the better supported is the node or branch.
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7 eggNOG-Mapper

eggNOG-mapper [10] is a gene function annotation tool. It uti-
lizes the vast eggNOG database [ 11] of orthologous groups, which
spans thousands of bacterial, archaeal, and eukaryotic organisms.
(This database is covered in more detail in Subheading 8; eggNOG
is an acronym for evolutionary gene genealogy Non-supervised
Orthologous Groups.) To achieve this, the tool uses precomputed
phylogenies for each OG to enhance orthology assignments,
making it possible to annotate a gene by transferring annotations
from close orthologs. eggNOG-Mapper is able to differentiate
between orthologous and paralogous gene groups, which is impor-
tant for functional assignment purposes [2].

eggNOG-mapper was specifically designed to annotate vast
collections of sequences, primarily focusing on protein-coding
genes from genomes, metagenomes, and transcriptomes. The func-
tional attributes assigned to query sequences consist of COG func-
tional categories [ 32], gene ontology terms [33 ], KEGG pathways
[34], and carbohydrate-active enzymes (CAZymes) terms
[35]. eggNOG-mapper is available online (http://eggnog-map
per.embl.de/) and can also be used in a standalone version
(https: //github.com/eggnogdb /eggnog-mapper).

Three options for the initial sequence-mapping step are available:
Diamond [36], MMseqs2 [37],and HMMER3 [38]. Diamond is the
default mode and the best, considering memory and speed. Compared
to the other two modes, HMMER3 mode is slower and requires the
download of large databases. Nevertheless, utilizing HMM-based
searches may be helpful in detecting distant homology relationships.

We use eggNOG-mapper to annotate single-copy OGs
obtained as described above (Subheadings 5.1, 5.2, 5.3 and 5.4).

Bash Shell

# The following code is an example of OMA output.

# Navigate into the directory containing 17 0Gs in all ten
species:

S cd OG_10species

# Merge all sequences in one file:

S cat *.faa > OGs_OMA.faa

# Run eggNOG mapper :

S emapper.py —-i OGs_OMA.faa -o eggnog_OMA

eggNOG-mapper by default will run Diamond BLASTP. The
option “—m” changes the search program to MMseqs2 (—m
mmseqs) or HMMER (—m hmmer).

The output consists of three files. The most important is the
annotation file (outputname.emapper.annotations), which pro-
vides the functional predictions for each query (COG category,
KEGG pathway, OG terms, and CAZy terms) in TSV format. A
comparative list of predicted single-copy OGs is shown in Fig. 3.
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A total of 71 different OGs were predicted: 12 OGs were
predicted by all four methods and 53 OGs were predicted by at
least two methods. Most OGs were assigned to the COG category
of “translation, ribosomal structure, and biogenesis” (J).

For better visualization, we plot the single-copy orthogroups
predicted by each of the four orthology inference methods as a
function of the COG category (Fig. 4).

R Script
library (ggplot2)
library (dplyr)

library (tidyverse)

#read the tsv output file from eggNOG-mapper after removing all
comment lines

oma<- read.table ("mapper OMA.tab", header = T, sep = "\t")
oma_g <- as.data.frame (table (omaSCOG_category)

of<- read.table ("mapper of.tab", header = T, sep = "\t"

of g <- as.data.frame (table (of$COG_category))

omcl <- read.table("mapper OMCL.tab", header = T, sep = "\t"
omcl g <- as.data.frame (table (omcl$COG category)

cog <- read.table("mapper COG.tab", header = T, sep = "\t"

cog g <- as.data.frame (table (cogSCOG category)

# combine all outputs in one table

combined <- rbind(oma g,of g, omcl g, cog g)

# Add a new column with the method name
combined <- transform(combined, method =
rep (c ("OMA","Orthofinder", "OrthoMCL", "COG"), times =
c(nrow (oma_g),nrow(of g), nrow(omcl g), nrow(cog g))))
a <- combined %>% group by (method) %>%

mutate (freq = Freq*100/sum(Freq))
# Set categories position on x axis

positions <- c("J", "K","L","F","G","P","FG","FH","O","U",
"DU™)

# Draw the barplot

ggplot (a, aes(fill=method, y=freq, x=Varl)) +

geom_bar (position = position dodge2 (width = 1.4, preserve =
"single"), stat="identity", colour="black", size=0.2)+
scale x discrete(limits = positions) +

xlab ("COG category") + ylab ("% of proteins")+
theme bw()+

scale_fill brewer(palette = "Set3")
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Fig. 3 List of SCOGs predicted by OMA, OrthoFinder2, OrthoMCL, and
COGtriangle programs including annotation using COGs and KEGG orthology
(KQ), inferred by eggNOG-mapper. Some SCOGs were annotated into two
different COG categories
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mapper with four different orthology inference methods. Data are shown using percentage (left panel) and
absolute values (right panel)

We can see in Fig. 4 that most proteins (between 60% and 70%)
in OGs were annotated with COG Category J (translation, ribo-
somal structure, and modification), encoding for ribosomal pro-
teins and other components of the translation machinery, and this
was consistent for all four orthology methods (Fig. 4). This is
expected, because gene conservation across phylogenetically
diverse bacteria and archaea (as is the case for our group of ten
species) is known to occur only for genes that are related to funda-
mental life processes, such as the ones included in category ]
[23, 39]. All methods predicted OGs related to replication func-
tions (COG Category L), with the exception of OrthoMCL.
OrthoFinder2 was the only one that predicted OGs with proteins
associated with transcriptional functions (COG Category K: Tran-
scription). Although studies analyzing genomes of bacteria and
archaea differ in the number and groups of predicted universal
single-copy genes [40—42], these studies report that the vast major-
ity of OGs are annotated within COG Category ] and fewer than a
handful are annotated as part of categories L, G, H, or O [43],
consistent with what we observed here.

8 Obtaining Orthologs from Ortholog Databases

In this section, we briefly describe a few resources that offer
pre-computed OGs. The text that follows complements and
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updates the article by Setubal and Stadler [44] (see Subhead-
ing 3.2 in that article).

Orthology databases vary in the quantity and diversity of the
species they represent. Some databases, like eggNOG [45] and
OrthoDB [46], cover a wide range of species, including viral
sequences, while others, such as TreeFam [47], are more
specialized to certain clades.

Orthology resources offer diverse ways of information explora-
tion via web interfaces for manual inspections essential for routine
use by non-experts or using programmatical access interfaces. The
search can be performed using the gene name (e.g., #/aS), GeneID
(e.g., 948,665), or the protein sequence. Here, we will use the
protein AlaS that was predicted as a single-copy orthologous group
present in all ten species of our dataset to test two orthology
resources: OrthoDB v.11 and eggNOG v.6.

According to the UniProtKB database (entry: P00957), AlaS is
an alanyl tRNA ligase that catalyzes the attachment of L-alanine to
tRNA (Ala). The Gene ontology annotation for this protein is
aminoacyl-tRNA ligase (molecular function, GO:0004812) and is
involved in the protein biosynthesis process (biological
process, GO:0006412).

The OrthoDB database contains pre-computed orthology data at
various levels of taxonomic distance. The most recent version
(OrthoDB v.11) provides analysis and annotation of over 100 mil-
lion genes, sampling a broad range of species diversity, including
prokaryotes (18,158 genomes), eukaryotes (1973 genomes), and
viruses (7962 genomes). OrthoDB is based on the OrthoLoger
software (https://orthologer.ezlab.org). It relies on the bidirec-
tional best hit method, calculated using MMseqs2 [37]. Ortholo-
gous genes are clustered following a hierarchical approach guided
by a user-provided organism taxonomy. A distinctive feature of
OrthoDB is that it also provides evolutionary information for
OGs, such as the rate of sequence divergence.

Users can search OrthoDB (https: //www.orthodb.org/) by
conducting a basic text search, utilizing identifiers from diverse
databases, or inputting a protein sequence. When using the term
“alaS,” the database yields 612 groups, which correspond to results
across various taxonomic levels. At the bacterial level, the alaS
group contains 17,747 genes in 17,105 species (out of 17,551
species in the database), which indicates that in-paralogs are
included in OGs. The group hierarchy splits OGs into different
sub-taxonomic levels, which is displayed with a Sankey flow dia-
gram (Fig. 5a). Single-copy genes were identified in 16,501 bacte-
rial species and multi-copy genes in 604 species. We navigate into
each of the nine bacterial species of our dataset and confirm the
single-copy presence of AlaS in the OrthoDB database. In the
search at the archaea level, OrthoDB returns the presence of
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Fig. 5 AlaS family at Bacteria level in OrthoDB. (a) Interactive group hierarchy split into different taxonomic
groups with a Sankey flow diagram. (b) Functional annotations of the orthologous group, including COG
categories, GO terms, InterPro domains, and evolutionary information. Both figures are screenshots of the
search results page for AlaS protein at the OrthoDB website (https:/www.orthodb.org/) [18]

82 eggNOG

1592 genes in 602 species (out of 607 species in the database), and
just 52 species contain single-copy a/a$ gene, including Methano-
coccus jannaschii.

OrthoDB also provides a functional description of the protein
family including COG categories, Gene Ontology terms, and Inter-
Pro domains, as well as evolutionary descriptions including the
number of copies per organism, evolutionary rate, and gene archi-
tecture (Fig. 5b).

The eggNOG database offers comprehensive functional informa-
tion and orthology data for organisms across all domains of life.
eggNOG computes all-against-all Smith—Waterman alignments
carried out by the SIMAP project [48], and best hits are stored
and indexed in a relational database. The current database version
(version 6) contains information on 12,535 organisms and 17 mil-
lion orthologous groups [11].

The user has to first enter a search term (e.g., AlaS or alanyl-
tRNA ligase). The OGs matching the query are shown as a list of
summary cards, where the most important functional annotations
are displayed. Select the card in which the taxonomic level (e.g.,
bacteria) of the orthologous group should be searched. The
orthogroup (COGO0013) of alaS gene provided by eggNOGG
contains 12,113 proteins in 10,472 bacterial species, which indi-
cates that in-paralogs are included in the OG (Fig. 6a). The result
includes functional annotation, such as KEGG, Gene Ontology,
PFAM, and SMART, the list of species with multiple copies of the
gene (duplication profile), and interactive visualization of the taxo-
nomic distribution of OGs and phylogenetic tree (Fig. 6b).
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card of the AlaS orthogroup (COG0013) in bacteria domain. (a) list of functional

annotations from different sources (KEGG, GO, etc.) is summarized in cards. Expandable cards display detailed

information about species m

embers of the orthogroup, taxonomic profile, and interactive visualization tool for

phylogenetic trees. (b) Interactive visualization of phylogenetic tree indicating speciation or duplication events
on nodes coupled to a schematic representation of the gene domain structure. Both figures are screenshots of
the search results page for AlaS protein (http:/eggnog6.embl.de/) [11]

9 Conclusion

Orthology computation based on protein-coding gene datasets is
at the heart of most genome comparisons; it is also a nontrivial
computational task, largely because gene histories can be quite
complicated. Various practical methods have been developed in
the last several years, and the orthology computation problem is
likely to remain an active area of research for many years. In this
chapter, we have provided a simple, practical guide for orthology
computation using four programs, which are among the most
popular methods for this task. Our principal aim was to provide
readers with a simple framework that they could apply to their
own datasets.
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