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Figure 1. Taxonomic levels for which orthologous groups are provided, with functional annotation coverage displayed. This tree shows the levels of
the Tree of Life for which eggNOG v4 provides orthologous groups. For internal nodes, the size of the orange circle increases with the number of
species in the core/periphery set, which falls under this taxonomic level, respectively. Blue dot markers or circles denote the 67 of 107 taxonomic
levels that are new to eggNOG v4 over eggNOG v3. The bar charts displayed at the edge show what fraction of orthologous groups have meaningful
free-text descriptions or COG/KOG/arCOG functional categories assigned, respectively.

descriptions, whereas 54% of the OGs are assigned to in-
formative functional categories. For levels present in the
previous version, text description coverage is on average
78%, as opposed to 72% in eggNOGV3, whereas func-
tional category coverage is 56%, as opposed to 61% in
eggNOGV3. Supplementary Table S1 shows more detailed
statistics of these assignments.

INPARALOG RECOGNITION

As in former versions, eggNOG places closely related
species into clades to identify recently duplicated genes,
i.e. inparalogs (49), within the context of each clade. To
form inparalogous groups, highly related genomes are
grouped into clades, usually encompassing all sequenced
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strains of a particular species into a single clade, but also
other close pairs such as human and chimpanzee. Within
these clades we join into inparalogous groups all proteins
that are more similar to each other (within the clade), than
to any other protein outside the clade. Determining which
organisms should be grouped into clades in this regard is
nontrivial and in previous versions was carried out
manually. In eggNOGvV4, these clades are automatically
defined based on a curated set of marker genes previously
reported to occur nearly universally in single copy (28,36);
such marker genes have been shown to be highly applic-
able for the purpose of high-resolution phylogenetic
analysis (27). Members of these gene families were
identified using Hidden Markov Models (50-52) built
for each family. For each pair of genomes, a similarity
metric between them was defined, based on the average
sequence identity of the marker genes. For each of the 107
taxonomic levels at which eggNOGv4 provides
orthologous groups, clades of species were delineated on
the criterion that they should be the deepest sub-dendro-
grams of the NCBI species taxonomy (53,54). In addition,
all pairs of included species must exceed a level-specific
threshold based on this marker gene-based species similar-
ity metric. This threshold was chosen for each taxonomic
level represented in eggNOGvV4 from the range of 70-99%
on the criterion of maximal consistency with the manually
curated clade assignments for the equivalent level in
eggNOGV3, when considering only overlapping species.
In order to set a suitable level-specific sequence identity
threshold for the new taxonomic levels in eggNOGv4, the
closest clade definition from previous eggNOG releases,
based on the topology of the NCBI taxonomy tree, was
used as a reference. Following the initial benchmark
analysis (described below), the results of the analysis
were used to guide some small-scale final adjustment of
the clade assignments for a small number of species. Full
details on these thresholds as well as agreement of the
resulting clades (and thereby of inparalog recognition
settings) with eggNOGvV3 are found in Supplementary
Table S3.

BENCHMARK RESULTS

Validating the accuracy of the automatic orthology infer-
ence of eggNOGV4 is challenging owing to the enormous
amount of species. However, to verify that introducing
such a large number of new species and several changes
in the pipeline does not affect the accuracy of our
database, we compared the predicted orthologous
groups of bilaterian animals (biNOGs) to a manually
curated set of reference orthologous groups (RefOGs)
(11). This benchmarking set exemplifies several caveats
of orthology prediction, such as alignment quality,
domain shuffling or the presence of low complexity
sequence regions. We used the 70 manually curated
RefOGs spanning 12 animal species (1519 proteins in
total) to quantify the errors in eggNOGv4 and eggNOG
v3 (Figure 2A). Despite the 2-fold increase in the animal
species set, eggNOGvV4 detects larger number of reference
orthologs compared with the previous version (Figure 2B).
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Tracing the missing and false orthology assignments, we
observed that eggNOG v4 has been improved signifi-
cantly, scoring 30% fewer errors compared with corres-
ponding groups in eggNOG v3 (Figure 2C). Finally, we
counted the number of fusion (i.e. orthologous groups
with more than three false assignments, with three as the
cutoff because it is the smallest possible COG size) and
fission (i.e. a single RefOG splits into several orthologous
groups) events. We concluded that the new version defines
orthologous groups more accurately than eggNOGvV3
based on two observations: (i) there are 27 and 16 pre-
dicted orthologous groups that show no fissions or
fusions, respectively (Supplementary Table S1) and (ii)
there are only half the fusion events in eggNOGv4
compared with eggNOGv3 (Figure 2D). Although the
benchmarking test evaluates a small number of species
and families, we presume that similar phylogeny-based
data sets for other taxonomic levels will support our
findings. By using the animal clade as an example, we
supposed that this important improvement of perform-
ance has probably multiple contributors: (i) our new
policy for an extensive quality control of the core/periph-
ery genomes, (ii) the tripartite species classification scheme
(core, periphery, adherent) and new clade definition and
(iii) the new species repertoire (important phylogenetic
nodes as insects and nonmammalian vertebrates now
have better species coverage enhancing the phylogenetic
signal). Given that all these components have been
applied carefully to every taxonomical level, we consider
that eggNOGvV4 exemplifies how orthology inference can
be scaled up to cover a large species repertoire without
great sacrifices in quality, to enable applications such as
functional annotation of (meta-) genomic data sets and
other research questions.

SINGLE-COPY ORTHOLOGS IN EUKARYOTES

For many applications, it is important to be able to
describe the relationships in gene families from multiple
organisms and to classify them into groups according to
their homologous relationships (55). In particular, the
correct identification of orthologs from paralogs within
a orthologous group is critical for many applications
(56), such as quantification of species from short-read
metagenomic sequencing of microbial communities, for
genome-scale phylogenetic reconstructions (28,57) and as-
sessments of completeness of sequenced genomes (58).
Certain orthology resources are, as a result, specialized
in identifying and reconstructing such families of single-
copy orthologs (59,60). Methods for identifying single-
copy orthologous gene families are generally based on a
combination of reciprocal best sequence alignments
between pairs of sequenced genomes and counting the
number of representatives of each species in the family
in question (8,12). However, this does not take the phylo-
genetic signal of the gene family into account, which may
present evidence for hidden paralogy such as gene dupli-
cations and subsequent losses. Also, orthologs defined at a
given taxonomic level may miss gene families that consist
of single-copy orthologs at more fine-grained taxonomic
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Figure 2. Benchmarking and comparing eggNOGv4 and eggNOGvV3.
(A) The performance of eggNOG database was evaluated at two
levels: gene (identifying false and missing assignments) and group (iden-
tifying fusions and fissions) level using the Reference Orthologous
Groups (RefOGs). Initially, we mapped the reference orthologs to the
bilaterian-specific orthologous groups (biNOGs). We score eggNOG
performance using (i) all orthologous groups (‘All OGs’) to identify

levels (60), resulting in the exclusion of a potentially large
proportion of phylogenetically useful genes. In an attempt
to address these inadequacies, we previously developed a
phylogenetic approach to identifying single-copy
orthologs from large multigene families, and
demonstrated its application in identifying phylogenetic-
ally useful single-gene orthologs across the Metazoa (60).
This approach simultaneously identifies at every taxo-
nomic level (as defined by a provided guide tree) all
single-gene orthologs, through the application of a gene-
tree reconciliation method. This approach has the advan-
tage of identifying single-copy orthologs with consider-
ation for their phylogenetic history, and providing
single-copy ortholog definitions specifically for whatever
taxonomic level is required. Moreover, the single-copy
orthologs defined wusing this approach are nested
(orthologs at lower taxonomic levels are naturally con-
tained within higher-level orthologous groups), something
which is difficult to achieve reliably when orthologs are
defined separately without consideration for their interre-
lationships. Sets of single-copy orthologs for all taxo-
nomic levels in eukaryotic sub-clades are now provided
as part of eggNOGvV4, thereby enabling a novel set of
applications over previous versions, such as identification
of clade-specific marker genes.

ROBUST PHYLOGENIES OF ORTHOLOG GROUPS

Phylogenetic trees were reconstructed wusing the
phylomeDB pipeline described in (61). In brief, for
clusters containing up to 500 orthologs, sequences were
aligned using Mafft (62) and Muscle (63) in forward and
reverse direction, producing four equivalent alignments.
M-Coffee (64) was used to generate a consensus version
of the four alignments. Trimal v1.3 (65) was used to
remove inconsistent columns from the consensus align-
ment by keeping only columns compatible with at least
one of the original alignments and containing <95%
gaps. Evolutionary model selection was performed based
on the estimated likelihood of Neighbor-Joining trees
produced by Phyml-BioNJ (61) under five different
models (JTT, WAG, MtREV, LG and VT). The best

Figure 2. Continued

the number of fissions and fusions for every RefOG and (ii) the
orthologous group with the larger overlap with RefOG (‘Single OG’,
i.e. OG1). Then, we calculated how many genes were predicted accur-
ately (true assignments, TA, black box), how many genes were not
predicted as orthologs (missing assignments, MA, striped white box)
and how many genes were erroneous orthology predictions (false as-
signments, FA, white box). Depending on whether the user wants to
evaluate the database on a ‘Single OG’ or ‘All OGs’ manner, it will
change the numbers of true, missing and false assignments.
(B) Comparison of the two most recent eggNOG versions (v3 and
v4) in terms of %RefOG coverage (number of true assignments per
total number of reference orthologs). Venn diagram shows the species
number between the two database releases; there are 47 overlapping
species that included the 12 animals that are used in the benchmarking
data set. (C) Comparison of eggNOGvV3 and eggNOGv4 at the gene
level (false and missing assignments). The larger bars indicate a larger
number of errors. (D) Comparison of eggNOGv3 and eggNOGv4 at
the group level (fusion and fission events). The larger bars indicate a
larger number of errors.
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KOG3577 Wnt-activated receptor activity

chorNOG07272 smoothened, frizzled family receptor
opINOG06184 smoothened, frizzled family receptor
meNOG13735 smoothened, frizzied family receptor
bINOG 13755 smoothened, frizzled family receptor
veNOG 13883 smoothened, frizzied family receptor
fINOG07163 smoothened, fnzzled family receptor
roNOG11176 [..) normal inhibition by patched o...
maNOG11363 smoothened, frizzied family receptor

spriNOG 11123 smoothened, frizzled family receptor
prNOG14550 smoothened, frizzied family receptor

Figure 3. Web site screenshots. The navigation tool has been improved to help users find relevant orthologous groups in a simple and intuitive way.
The added insight of related groups is displayed inline with the use of chord diagrams. The thickness of the link (chord) between the groups
represents the amount of proteins mapped between two orthologous group. The tooltips on the outer edge and chords display the amount of proteins

mapped from a group and between groups, respectively.

fitting model was chosen for maximum likelihood recon-
struction using Phyml 3, four rate categories and
estimated gamma distribution shape parameter. Note
that, for computational reasons, the evolutionary model
selection step was not applied to clusters >500 orthologs.
In addition, we switched to Clustal Omega (66) for align-
ments in clusters >1000 sequences. The multiple sequence
alignments can be either viewed using the Jalview (67)
applet or downloaded aligned or as raw unaligned fasta
files. Visualization of the precomputed phylogenetic trees
is also provided via iTOL (68) and can be viewed with the
assigned PFAM (47) and SMART (46) domains.

ACCESS OPTIONS

The features of the previous version of eggNOG, both with
regard to interactive Web site and bulk download
capacities, were retained in version 4 (Figure 3). These
include a web interface for querying the eggNOG
orthologous groups via group name, protein and gene
name, as well as via protein sequence. In addition to this,
all data are available via the Download page in a flat file
format as well as in the standard OrthoXML format (69).
This includes all protein sequences and orthologous groups
of all taxonomic ranks, most multiple sequence alignments
and phylogenetic trees as well as the functional annotation
of 74% of the orthologous groups. All data are available
under the Creative Commons Attribution 3.0 License at
http://eggnog.embl.de.

CONCLUSION AND PERSPECTIVES

Providing quality orthologous groups is an arduous but
necessary task essential for gene annotation and evolu-
tionary analysis. With eggNOGv4 we provide an update
to one of the most extensive resources of orthologous
groups, now available with 2031 genomes, as well as an

additional 1655 adherent genomes. Building on previous
versions we have continued to expand the taxonomic
spectrum, especially in the prokaryotic branch where we
can expect coverage of novel or underpopulated phyla of
unculturable bacteria to surge within the coming years
(70). We also had an increase in the manually identified
taxonomic ranges of interest. One hundred seven different
taxonomic levels with orthologous groups are available,
representing families derived from single genes in the LCA
of each of the taxonomic groups. Providing additional
insight into the relationship between orthologous groups
and the addition of marker genes for phylogenetic
analyses, we have extended the functionality of eggNOG
to assist novel types of biological assessment (for example,
in screens for horizontal evolution or for characterization
of microbiome composition from short reads). In the
future we endeavor to continue to refine and improve
the quality of the eggNOG orthologous groups and func-
tional annotation introducing complementary features to
appeal to a broader community, while retaining the
current capacities, namely comprehensive coverage of
species, functional characterization of orthologous
groups and robust reliable orthology inference.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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