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ABSTRACT

The ever-increasing number of genomic and metage-
nomic sequences accumulating in our databases re-
quires accurate approaches to explore their content
against specific domain targets. MyCLADE is a user-
friendly webserver designed for targeted functional
profiling of genomic and metagenomic sequences
based on a database of a few million probabilistic
models of Pfam domains. It uses the MetaCLADE
multi-source domain annotation strategy, modelling
domains based on multiple probabilistic profiles. My-
CLADE takes a list of protein sequences and possibly
a target set of domains/clans as input and, for each
sequence, it provides a domain architecture built
from the targeted domains or from all Pfam domains.
It is linked to the Pfam and QuickGO databases in
multiple ways for easy retrieval of domain and clan
information. E-value, bit-score, domain-dependent
probability scores and logos representing the match
of the model with the sequence are provided to help
the user to assess the quality of each annotation.
Availability and implementation: MyCLADE is freely
available at http://www.lcqb.upmc.fr/myclade.

GRAPHICAL ABSTRACT

TN T

Functional annotation with million models

INTRODUCTION

Current sequence databases contain hundreds of billions
of nucleotides encoding genes whose functional profiling
is a primary problem in genomics and metagenomics. This
task is typically carried out by annotating protein domains,
which are functional units, much shorter than proteins, with
an average size of 100 aa (1-3). Despite their short length,
they are accurate enough to inform us about the poten-
tial functional activity of a protein. Recently, a marked im-
provement in annotation has been achieved with the multi-
source strategy, using multiple probabilistic models, com-
pared to the mono-source strategy, using one single con-
sensus model, employed by the two most commonly used
annotation tools HMMER (4) and HHblits (5,6). CLADE
(7,8) and MetaCLADE (9) rely on millions of probabilis-
tic models for Pfam domains (10) that have proven to be
more specific and functionally predictive than the widely
used consensus models (11-13). They have been shown to
improve domain architectures in complete genomes (8) and
the catalog of functions in microbiomes (9,14). A fine de-
gree of accuracy has been achieved in domain annotation
for both prokaryotic and eukaryotic organisms.
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MyCLADE is an online server that allows the commu-
nity to access domain annotations, based on a large dataset
of probabilistic models, which enhance Pfam (10) and Inter-
Pro (15) annotations. It finds domains for proteins that are
annotated for the first time, it enriches known architectures
with new domains and might provide alternatives for previ-
ously annotated domains. To reconstruct the most appro-
priate domain architecture, MyCLADE integrates a new
improved version of MetaCLADE and DAMA (16) in the
same environment. It also provides hit scores, model logos
and GO terms to evaluate the confidence in a domain an-
notation. Rebuilding such a computational environment on
local machines can be a stumbling block for many users and
MyCLADE offers a solution to this limitation. Since users
are often interested in understanding a given function (17)
or biochemical pathway (18,19) across multiple conditions
or samples, in practice, only a limited number of domains
(a few dozens) must be annotated during profiling. So, to
answer this practical need, MyCLADE scarches for a few
selected domains (a specific Pfam clan or a user-provided
subset) in large sets comprising thousands of sequences, or
it considers all Pfam domains to annotate small sets of tens
or hundreds of sequences. It can exploit a very large model
library providing up to 350 models per domain or a reduced
library of at most 50 models per domain. Its computational
time and performance are evaluated on datasets of increas-
ing sizes, against all domains, few domains and clans.

METHODS

Model library for Pfam domains

MyCLADE uses a probabilistic model library that includes
Pfam sequence consensus models (SCM) (20-23) and at
most 350 clade-centered models (CCMs) (7,9), with an av-
erage of 161 models, per domain. Both SCM and CCM are
profile Hidden Markov Models (pHMM) generated using
HMMER v3, http://hmmer.org.

To construct a CCM for a Pfam domain D/, we consider
the FULL set of homologous sequences S in Pfam (10) as-
sociated to D', and for some representative sequences s; in
S (see below), we construct a model by retrieving with HH-
blits (5) a set of sequences similar to s; from the Uniprot
Uniclust30 database. The probabilistic model generated in
this way displays features that are characteristic of the se-
quence s; and that might be very different for other se-
quences s in S’. The more divergent the homologous do-
main sequences s; and s are, the more models constructed
from these sequences are expected to display different fea-
tures. It is therefore important for a domain D' to be repre-
sented by several models that can characterise its different
pathways of evolution within different clades. These proba-
bilistic models are the CCMs used in MyCLADE. The de-
tails of their construction are described in (9).

For a domain, representative sequences are selected in
order to span the tree of life as much as possible as in (7)
by considering different clades. The rationale is that evolu-
tionary patterns can be found in species that are very far
apart in the tree. For this, we considered the tree of life
and fixed a list of clades. The selection of representative se-
quences was designed as follows: given a Pfam32 domain,
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all Pfam32 sequences for the domain were clustered with
MMseqs2 (https://github.com/soedinglab/MMseqs2) with
a default sequence identity threshold of 50%. From the list
of these clusters (randomly ordered), we iteratively selected
as the representative sequence of a cluster, the sequence with
1. the longest domain hit and 2. an associated species whose
phylogenetic clade had not already been selected in a pre-
vious step of the iteration. Both conditions should be met
and, if not, a cluster will not have a representative sequence.
Once a representative sequence is selected, a CCM is gener-
ated from it and integrated into the model library. As soon
as 350 CCMs are built for a domain, the procedure stops. If
at the end of the analysis of the listed clusters the number
of models is smaller than 350, all clusters without a repre-
sentative sequence are reconsidered and sequences that sat-
isfy only condition 1 are chosen. Note that this step allows
to select sequences (possibly paralogs) sufficiently divergent
from those already selected due to the initial clustering.

This is equivalent to building >2.5 million probabilistic
models for the whole Pfam32 database (17 929 domains). A
reduced model library was created, keeping only the first 50
models built from the aforementioned procedure.

By construction, CCMs span regions of the protein se-
quence space that are usually not well represented in a
SCM. These regions might highlight motifs, structural or
physico-chemical properties characteristic of divergent ho-
mologous sequences. Thus, if a domain is associated with
many divergent homologs, the CCMs are expected to de-
scribe properties that might not be detected by a SCM. For
this reason, CCMs allow to find divergent homologous se-
quences in species that might be phylogenetically distant.
Note that the construction guarantees the spread of the
species within the tree of life also for the reduced library.

The MyCLADE approach

MyCLADE integrates MetaCLADE and DAMA, and an
interactive interface organises the information for an easy
evaluation of the annotation confidence.

MyCLADE runs a new version of MetaCLADE (9)
(MetaCLADE v2 at www.lcgb.upmec.fr/metaclade/) with a
library of more than two million probabilistic domain mod-
els and an intelligent algorithmic strategy filtering the high
number of hits produced by the models to retain only the
most reliable ones. Each sequence is scanned with the model
library in order to identify all domain hits. Each hit is de-
fined by a bit-score, that is the HMMER score associated
to the match, and by a mean-bit-score, that is the bit-score
of the hit divided by its length. These two scores are used
to evaluate the probability p of the hit to represent a true
annotation (computed after a domain-dependent estima-
tion). The output of this first step of MetaCLADE is a set of
hits, each one defined by a domain family D, a probabilistic
model M associated to D, a bit-score and a mean-bit-score.
Since each domain can be represented by a large number
of models, a large number of domain hits might be asso-
ciated to each sequence. MyCLADE uses three criteria to
filter them, based on the bit-score, the probability p of be-
ing a true positive, and the identity percentage of the hit (9).
The output of this filtering step is the sequence annotation
where hits of different domains might overlap for at most 30
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aa and hits of the same domain are non-overlapping. Com-
pared to the original version of MetaCLADE (9), in Meta-
CLADE v2: (i) the code has been optimized, (ii) the selec-
tion of representative sequences spanning the tree of life fol-
lows a new strategy, as described above, (ii1) the search for
similar sequences is realized with hhblits instead of psi -
blast for the construction of HMMs instead of PSSMs.

Domain co-occurrence is expected to enhance the level
of confidence in a domain prediction (7,24,25). Intuitively,
co-occurrence suggests functional cooperation, that is, two
or more domains can interact to determine the protein func-
tion (26-28). Once domains are selected, the user can decide
to call DAMA (29) (www.lcgb.upmc.fr/dama/), a tool that
considers domain co-occurrence and domain overlapping,
and that combines several domains into most probable ar-
chitectures.

For each domain annotation, MyCLADE provides E-
value, bit-score and domain dependent probability score
(ddProb) to allow the user to evaluate the confidence. Sig-
nificant amino acid residues and subtle sequence patterns
can be visualised through model logos aligned against the
annotated sequences.

MyCLADE input and parameters

MyCLADE can be run on three different library types de-
fined by: (1) few (at most 10) user-provided domains, (ii) all
Pfam32 domains, (iii) a Pfam32 clan. Each of the three sets
of domains characterizes a library of models that is based
on either 350 or 50 models per domain in the set. An op-
tion allows the user to decide on the number of models per
domain.

The first and third library types require a list of up to
2000 sequences in FASTA format (possibly uploaded). The
second library type requires a small dataset of up to 200 se-
quences. The list of input sequences is checked for format
requirements. The help section in the online interface pro-
vides information on the expected format.

An option allows the user to filter out all hits with an
E-value <1 which is greater than the chosen threshold (by
default set at 1e—3). The reconstruction of the best domain
architecture is possible by selecting the DAMA option, to-
gether with its three dedicated parameters: an E-value (set
by default at 1e—10), a possible overlap size between do-
mains (set by default at a maximum of 30 aa) and an allowed
domain overlap percentage (set by default at a maximum of
50%). By changing the parameters, the user can explore po-
tentially new annotations. When MyCLADE is run without
DAMA, domain overlapping is allowed for at most 10aa as
in MetaCLADE. The criteria used in MetaCLADE to ac-
cept an overlapping domain among different domain hits
are described in detail in (9).

Logos can be generated for all domain hits in MyCLADE
annotations. The user can decide to build logos either by
marking the corresponding input option or after building
the architectures.

The user can provide an e-mail address to obtain an iden-
tifier to access the data online after the job is completed.

Annotation files produced in previous run of MyCLADE
can be provided as input and displayed graphically in the
webserver.

MyCLADE output

MyCLADE outputs are organised in two main pages, ‘Re-
sults’ and ‘Architecture’.

The ‘Results’ page describes MyCLADE annotations by
listing the input sequences with their: sequence id, list of dis-
tinct annotated domains, best e-value obtained within do-
main hits, number of domain hits including domain repe-
titions (Figure 1A). By hovering over the domain name, a
tooltip synthesizes information on the domain annotation.
The number of sequences with either no hit or at least one
hit among the total number of input sequences is given.

The ‘Architecture’ page is accessible from the ‘Results’
page by clicking on a sequence id. It displays an interactive
graphical representation of the domain architecture of the
sequence with the description of the annotation (Pfam fam-
ily, initial and final position of the domain in the sequence
corresponding to the HMMER envelope, the species from
which the probabilistic model used to annotate was gener-
ated, the E-value, the bit-score and the domain-dependent
probability scores of the hit), the associated GO-terms (with
clan identifier and clan family) if available, and the logo of
the match between the model and the sequence displaying
significant amino acid residues and conserved patterns (Fig-
ure 1B—E). A presentation of the information on the anno-
tated domain is also available through a tooltip, by hovering
the mouse over the graphical representation of the domain.
Three tables collect all details of domain annotation, the
associated GO-terms (31) and the logos matching the hits.
Multiple links to Pfam (10) and QuickGO (32) databases
are available for an easy retrieval of general domain and clan
information (Figure 1A,B,D). For each domain hit, start
and end positions of the model hit against the sequence are
reported in the table presenting the logos. Note that these
positions are different than the envelope positions, usually
corresponding to a larger interval.

Construction of the testing dataset

The Harmonizome database (http://amp.pharm.mssm.
edu/Harmonizome/ dataset/InterPro+Predicted+Protein+
Domain+Annotations) (33) contains a set of 18 002 genes
organised in 11 015 domains annotated with Interpro (15).
Pfam domains were randomly selected and the associated
protein sequences were retrieved to create a FASTA file
for testing: 200 sequences were recovered for a total of
64 domains. The set of sequences was subdivided into
subsets to evaluate MyCLADE time complexity on very
small (5, 10, 25 and 50) and larger (100 and 200) sets of
sequences.

Domain (re)annotation of genomes

The Staphylococcus aureus genome comprises 2767 protein
sequences, having average size of 282 amino acids (aa). My-
CLADE annotation was compared with HMMER (hmm-
scan) annotation (34). Two overlapping domains, identi-
fied by the two methods, were considered the same if they
belonged to the same Pfam clan. The genome was down-
loaded at NCBI (https://www.ncbi.nlm.nih.gov).
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Figure 1. Visualization of MyCLADE interfaces. Examples of the ‘Results’ page (A) and of the ‘Architecture’ page (B,C,D,E). (A) The table summarizes
MyCLADE annotation on four different sequences. By hovering over a domain name, a synthesis of the annotation for that domain hit is reported in a
tooltip. (B) The architecture of the 511 aa long protein (the human AMY1A) is graphically represented with colored domains. Two of the domains are
overlapping. A synthetic table lists the domains and some associated information. Links to Pfam are highlighted in green. (C) Zoom on the architecture in
B; a pop-up box appears by passing the mouse on the domain name. (D) A second table lists the GO-terms for each domain, with additional information
on the clan (clan identifier and clan family identifier) to which the domain belongs. A ‘NA’ value means that the domain is not yet linked to a clan or
a GO-term. Multiple links to Pfam and QuickGo databases are highlighted in green. (E) For each domain, MyCLADE provides a logo matched to the
sequence. Zoom on the logo associated to the PF02806 domain. Hovering over the sequence provides the position number in the sequence matching the

position in the logo.

Logos

Logos have been generated with hmmlogo in HMMER
(http://hmmer.org) and Logomaker (30). hmmlogo com-
putes letter height of amino acids in a position of a HMM
model and Logomaker produces the logo image. The aligne-
ment between the HMM model and the sequence is gen-
erated with hmmsearch in HMMER. Within a logo, the

height of the stack of letters corresponds to the conserva-
tion at that position, and the height of each letter within a
stack depends on the frequency of that letter at that posi-
tion. Residues are colored according to the ClustalX color-
ing scheme grouping amino acids by their physico-chemical
properties: glycine (G) in orange, proline (P) in yellow, small
or hydrophobic (A, V, L, I, M, F, W) in purple, hydroxyl or
amine amino acids (S, T, N, Q) in green, charged amino-
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acids (D, E, R, K) in red and histidine or tyrosine (H,Y)
in cyan. The symbol “*’ shows a perfect match between the
most frequent letter in the logo and the letter in the se-
quence, and the symbol ‘+’ shows that the letter in the se-
quence and the most frequent letter in the logo share the
same physico-chemical group.

RESULTS

The performance of MetaCLADE has been extensively
evaluated across multiple genomic and metagenomic
datasets (9). On a dedicated page of the MyCLADE server,
five annotations of known and less known proteins are dis-
cussed: the Mediterranean Fever gene MEFV and its pyrin
protein, the human amylase AMY1A, a UDP-N-acetyl-
tunicamine-uracil synthase TunB-like protein (B5SGL39),
the hypothetical protein YP_499998 in Staphylococcus au-
reus and the RING finger protein in Plasmodium falciparum
PFEO0100w. These case studies illustrate how the user can
explore domain annotations and can acquire confidence in
them. We also discuss the motivation to search for spe-
cific domains in datasets of a few thousand sequences and
give an example of the application of MyCLADE to a case
study. Here, we (re)annotate the entire Staphylococcus au-
reus genome with MyCLADE for the discovery of new do-
mains. Additionally, we assessed the time complexity of My-
CLADE on different datasets based on the complete and
restricted model libraries.

Evaluation of the execution time of MyCLADE

MyCLADE can annotate sequences with a limited number
of targeted domains or with all Pfam32 domains. A run-
time evaluation of MyCLADE was performed on these two
use cases (Figure 2) for small (5, 10, 25 and 50 sequences)
and large (100 and 200 sequences) protein datasets. On tar-
geted domains, from 10 to a few hundred, MyCLADE an-
notates hundreds of sequences in less than a minute while
on all Pfam32 domains it takes less than a hour. The es-
timates are realized with the complete model library. The
three plots in Figure 2 (for 10 and 340 domains in Figure 2A
and all domains in Figure 2B) show that by augmenting the
number of sequences, for instance from 100 to 200, the ra-
tio of the execution times decreases when the number of
models increases: 3.16 on ~2000 models for 10 domains,
2.5 on roughly 60 000 models for 340 domains and 1.2 on
more than 2.5 million models, for all 17 929 domains of the
Pfam32. This means that the bottleneck of the annotation
pipeline resides on the alignment of the models against the
sequences and not on the number of sequences. Therefore,
the user should expect essentially the same time of execu-
tion for the annotation of few sequences (e.g. 1, 10, 20) with
a given set of domains. To evaluate the dependence of the
computation time on the number of available models, we
considered the restricted library and observed that the com-
putation time is greatly reduced: on 10 domains it is reduced
by a factor of 6, on 340 domains by a factor of 3.65 and on
17 929 domains of a factor of 2.3 (Figure 2). The time re-
duction is obtained at the cost of an expected decrease of
the number of annotated domains: on the 200 sequences of
the test dataset, 637 domains are annotated with the com-
plete library and 561 with the restricted one. MyCLADE

Computation time

A oo

2
8

Time (seconds)
H

10 domains 340 domains (CL0123)

5250

35,00

Time (minutes)

All domains
M 10 M 25

W 50 sequences
50 models max

15
= 100 W 200 = 200

Figure 2. Performance analysis. MyCLADE time performance is evalu-
ated on sets of sequences of various size with (A) either 10 domains, or 340
domains belonging to the largest Pfam clan CLO0123 (in seconds) or (B)
with all Pfam domains (in minutes). A dataset of 200 sequences, of length
varying from 494 aa up to 671 aa, has been constructed from the Harmo-
nizome database and three different subsets of 5, 10, 25, 50 and 100 se-
quences have been randomly extracted from it and tested. The plot reports
the computing time needed for MyCLADE annotation without DAMA
averaged over the three datasets for each experiment. The sets have been
evaluated with the complete library of models (<350 models per domain)
and with a reduced library (<50 models per domain).

performance has been evaluated without DAMA because
DAMA computing time is negligeable (for a few hundred
proteins, the architecture reconstruction takes less than a
few seconds) as described in Table 2 of (16).

Annotation of the Staphylococcus aureus

The emergence of antibiotic-resistant strains of S. aureus is
a worldwide problem in clinical medicine (35). MyCLADE,
run with DAMA, annotates 4,184 domains versus the 4,374
domains annotated by HMMER (hmmscan). 1220 HM-
MER annotated domains overlap for >30 up to 104 aa
while MyCLADE annotations allow for a limited overlap
of 30 aa. In addition, MyCLADE annotates 809 new do-
mains, 459 of which occupy regions which were left with no
annotation by HMMER. Moreover, MyCLADE annota-
tions based on CCM models (Figure 3 A) provide smaller E-
values than the corresponding HMMER annotations based
on HMMER v3 models increasing confidence in the pre-
dictions. Note that only 940 MyCLADE domain annota-
tions were identified from HMMER v3 models (Figure 3B,
C) and all others were best identified by CCMs generated
mostly by bacterial sequences (2533) but also by sequences
classified in Fungi, Viridiplantae and Metazoa clades (Fig-
ure 3C). When MyCLADE is run without DAMA, it identi-
fies a total of 3849 domains, 682 of which are new domains.

SOFTWARE AVAILABILITY

For the analysis of large files, not allowed in MyCLADE,
the user can locally install MetaCLADE (www.lcgb.upmc.
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Figure 3. Analysis of the domain annotation of Staphylococcus aureus
genome. (A) Distribution of best E-values for MyCLADE (pink) and HM-
MER (hmmscan) (purple) domain annotations of the S.aureus proteins.
The two transparent shapes are superimposed and they show that My-
CLADE E-values are shifted on the left towards smaller values highlight-
ing an increased confidence in the annotation. (B) Domains are organised
by MyCLADE best E-values and partitioned in four classes: domains an-
notated with CCMs and identified with SCMs by HMMER (yellow), do-
mains annotated with SCMs (green), new domains identified in regions
annotated by HMMER differently (blue), new domains identified in re-
gions with no HMMER annotation (purple). The plot shows the cumu-
lative distribution of the four classes. The shape of the distribution is the
same as in (A). (C) Distribution of the species generating the CCMs which
were selected by MyCLADE for the annotation of the S.aureus genome.
They are organised by phylogenetic clades. The number of annotated do-
mains identified with SCMs (generated by HMMer v3) is reported in the
last column.
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fr/metaclade/) along with the corresponding model library.
DAMA can be retrieved at www.lcgb.upme.fr/dama/. Note
that DAMA uses Pfam knowledge for building its archi-
tectures and the user can check whether the domains in a
MyCLADE architecture are known to co-occur or not at
http://pfam.xfam.org/search (on the ‘domain architecture
search’).

DISCUSSION

MyCLADE is a server that provides an online version of
MetaCLADE v2. It gives the user access to a quick way
to annotate protein sequences by exploring a wide range of
probabilistic models that can achieve more accurate domain
annotation than more classic approaches. Also, several op-
tions allow to filter out domain hits with E-value greater
than the chosen threshold, the reconstruction of the best
domain architecture is parametrizable, the user can provide
an e-mail address to obtain an identifier and access the data
online after job completion, annotation files produced in
previous runs of MyCLADE can be provided as input and
displayed graphically with the server.

With MyCLADE, the user can explore domain anno-
tations to search for new domains and possibly to find
hints for a functional annotation. He/she can search for
the best domain hits (without DAMA) or for the best do-
main architecture based on already observed combinations
of co-occurring domains (with DAMA). These two modes
lead to two important observations on domain overlapping
and on functional annotation. First, domain overlapping
is an important problem in the reconstruction of domain
architectures and it should be remarked that DAMA has
been designed to solve a combinatorial optimization prob-
lem taking into consideration various parameters, includ-
ing co-occurrence, to accept overlapping annotations. In or-
der to explore potential annotations without DAMA, My-
CLADE accepts overlaps up to 10 aa in length, the same
threshold used in MetaCLADE and a more binding condi-
tion compared to the 30 aa accepted by DAMA. Second,
protein function for a combination of domains is not easily
deducible based on the functions of single domains. Yet, the
use of known domain combinations and the access to GO-
terms for single domains can help the user for a fast explo-
ration of potential protein functions (13) with MyCLADE.
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