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a b s t r a c t

Recent years have witnessed unprecedented accumulation of DNA sequences and therefore protein
sequences (predicted from DNA sequences), due to the advances of sequencing technology. One of the
major sources of the hypothetical proteins is the metagenomics research. Current annotation of metagen-
omes (collections of short metagenomic sequences or assemblies) relies on similarity searches against
known gene/protein families, based on which functional profiles of microbial communities can be built.
This practice, however, leaves out the hypothetical proteins, which may outnumber the known proteins
for many microbial communities. On the other hand, we may ask: what can we gain from the large num-
ber of metagenomes made available by the metagenomic studies, for the annotation of metagenomic
sequences as well as functional annotation of hypothetical proteins in general? Here we propose a com-
munity profiling approach for predicting functional associations between proteins: two proteins are pre-
dicted to be associated if they share similar presence and absence profiles (called community profiles)
across microbial communities. Community profiling is conceptually similar to the phylogenetic profiling
approach to functional prediction, however with fundamental differences. We tested different profile
construction methods, the selection of reference metagenomes, and correlation metrics, among others,
to optimize the performance of this new approach. We demonstrated that the community profiling
approach alone slightly outperforms the phylogenetic profiling approach for associating proteins in spe-
cies that are well represented by sequenced genomes, and combining phylogenetic and community pro-
filing further improves (though only marginally) the prediction of functional association. Further we
showed that community profiling method significantly outperforms phylogenetic profiling, revealing
more functional associations, when applied to a more recently sequenced bacterial genome.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

The rapid advancement of the new sequencing technology has
resulted in the exponential growth of available genome sequences
from model and non-model organisms [1]. The massive genomic
sequences, however, do not necessarily indicate the accumulation
of biological knowledge, as the interpretation of these genomes is a
nontrivial task. Although many approaches have been developed
for functional annotation integrating different sources of informa-
tion [2], genome annotation relies heavily on homology-based infer-
ence [3]: a gene is assigned to a function if it exhibits significantly
high sequential similarity with one or more genes with known
functions collected in gene (e.g., the NCBI nr) or protein (e.g., Uni-
prot) databases. As a result, the functional annotation of a newly
sequenced genome is limited to the protein-coding genes from
well-studied families, and a large fraction of proteins is likely to

remain un-annotated (or denoted as hypothetical genes). This is
particularly the case for those genomes that are phylogenetically
distant from the well-studied model organisms, because the
homology search may fail when the homologs are divergent.

Non-homology-based function prediction methods exploit
information beyond the gene/protein sequences for functional
inference. For example, structure-based function annotation meth-
ods look for substructures (e.g., structural motifs or surface
patches) that are potentially associated with known functional
characteristics of proteins (e.g., biochemical activities or their
binding partners) [4,5]. In addition, many methods, which are
referred to as the guilt-by-association function prediction tech-
niques, attempt to identify functionally coupled gene pairs that
share similar patterns in various contexts [6,7], including their
proximity in the genomes (e.g., in the same operon) [8], the pres-
ence/absence of their homologs in genomes across the phyloge-
netic tree (i.e., the phylogenetic profiles) [9], the fusion/fission
between them (i.e., the Rosetta Stone proteins) [10], their co-
expression under different physiological conditions [11], common-
ality between their interacting partners [12], and phenotypic
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effects of their knockout/knockdown mutants [13]. Once the func-
tional coupling of a gene pair is established, the known function of
one gene in the pair can be assigned to the other one with
unknown function. Over the years, the guilt-by-association meth-
ods have been optimized on several aspects, including the design
of distance measures, the training process as well as the parameter
selections, and how the functions are transferred from gene to
gene (simple transfer or network-based approach). It was also
shown that the integration of context-based information can
improve the sensitivity and the accuracy of function prediction [7].

The guilt-by-association methods are useful for microbial gen-
ome annotation, as thousands of complete bacterial genomes
(many more draft genomes) have been made available, and more
importantly, bacterial genomes are gene-dense with genes
involved in related biological processes often found in the same
genomic neighborhood or operons. Bacterial genomes provide a
rich source for deriving context information for functionally cou-
pled gene pairs, including operon structure and the phylogenetic
profiles. Furthermore, recently, the NGS techniques have been
applied to the direct studies (known as the metagenomic approach)
of the complex microbial communities consisting of a majority of
the microbial species that are not (yet) culturable under current
laboratory conditions [14]. Massive datasets of metagenomic
sequencing became available from a variety of environments, rang-
ing from soil [15], ocean [16] and human-associated communities
[17], and under different conditions (e.g., normal vs diseased [18]).
The human microbiomes are one of the most extensively charac-
terized microbial communities because of several large initiatives
including the Metahit project [19] and the NIH HumanMicrobiome
Project (HMP) [17]. Functional analysis of the metagenomes often
relies on searching the protein sequences derived from short reads
or metagenome assemblies (e.g., using FragGeneScan [20]) against
known protein/gene families. As a result, the biological functions of
a majority of the genes encoded in these communities remain
unknown. Recent metaproteomics projects have also resulted in
the identification of many protein sequences, many of which
remain unannotated [21–23].

In this paper, we propose a new guilt-by-association method,
the community profiling approach that exploits the community
information of the metagenomic sequence datasets for protein
function prediction. Given a protein of interest, we represent the
presence/absence of its homologs in many metagenomic datasets
from different environments (or hosts) as a vector, denoted as
the community profile. Then, for any pair of proteins, their func-
tional coupling can be measured by the distance between their
community profiles. The community profile can be viewed as a
generalization of the phylogenetic profile, as the phylogenetic pro-
file is based on the pattern of presence/absence of homologs in
individual genomes, while a community can be viewed as a bag
of many microbial genomes. Likewise, similar community profiles
between two genes indicate these genes tend to co-occur in the
same communities, and thus they may be functionally coupled.
We note that community profiles also provide some complemen-
tary information to phylogenetic profiles: due to common co-
occurrences of microbial species [24], and the frequent horizontal
gene transfer events among microbial species in the same environ-
ment [25], the functional association between genes may not be
indicated by gene co-occurrences in individual genomes, but by
gene co-occurrences in bacterial communities.

We note that our community profiling is fundamentally differ-
ent from the co-occurence approaches for inference of metage-
nomic clusters of genes [26] and for binning of contigs/scaffolds
in metagenome assembly [27,28]. For our approach, it is important
to use a collection of diverse metagenomes, whereas for the latter,
it is important to use similar metagenomes, for example derived

from longitudinal studies or gut metagenomes from different
hosts.

We tested our approach using two well-studied species (E. coli
and Bacillus subtilis) and a newly sequenced genome. We demon-
strate that the community profiling method alone achieved even
slightly better performance than the phylogenetic profiling
method on well represented genomes (i.e., E. coli and B. subtilis),
and combining phylogenetic and community profiling methods
further improved the prediction. More importantly, we showed
that community profiling method outperforms phylogenetic profil-
ing and reveals more functional associations, when it is applied to a
more recently sequenced microbial genome (Prevotella copri). Con-
sidering metagenomic datasets will eventually outnumber the
sequenced microbial genomes, we believe our method provides a
venue to lift the species boundary for predicting potential func-
tional associations between genes/proteins. The main focus of this
paper is to demonstrate the effectiveness of the community profil-
ing method for predicting functional associations, and to optimize
the fundamental design of the method (e.g., the profile construc-
tion, the distance measures and selection of metagenomes).

2. Materials and methods

2.1. Community profiling

Similar to the phylogenetic profiling, the community profiling
method is based on the profiles of genes or proteins that represent
their presence or absence in a set of metagenomes, each from a
microbial community in a specific environment or host (see
Fig. 1). Strictly speaking, a community profile of a gene is defined
as a vector, in which each dimension represents the possibility of
the gene to be present in the corresponding metagenome. In this
work, we focus on the prediction of functional assiciation between
genes that encode for proteins and therefore their protein prod-
ucts. But in principle, the same approach can be applied to other
genes as well.

To build the community profile of a given gene/protein
sequence (herein referred to as the query sequence), RAPSearch2
[29] (other fast similarity search tools including Diamond [30]
and MICA [31] can also be utilized) is applied to search the
sequence against a set of metagenomes. As described in details
below, the set of metagenomes (herein referred to as the reference
metagenomes) were downloaded from metagenomic data reposito-
ries. The E-value of the top match of the query sequence in each
metagenome is used for the corresponding dimension in the vec-
tor. When different distance measures are used, this E-value vector
can be transformed into different numerical representations
through different transformation functions. The transformed vec-
tors or the original E-value vectors are then used for distance cal-
culation between pairs of community profiles. This pairwise
distance score is finally used to predict the association between
the corresponding proteins.

2.2. Data

The reference metagenomes for the community profiling
method contain metagenomes of microbial community samples
from two widely used repositories: JGI Integrated Microbial Gen-
omes with Microbiome (IMG/M) [1] and the Human Microbiome
Project (HMP) [32]. A total of 5671 metagenomes from different
environments and hosts, such as soil, water, air or animal guts
were downloaded from the JGI Genome Portal [33]. A total of
741 metagenomes were downloaded from the HMP [17]. We only
consider the metagenomes with genes assigned to at least 100
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