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Metagenomics is a powerful tool to better understand
the microbial niches, especially these from extreme habi-
tats like oceans and seas, hot springs or deserts. How-
ever, one who is going to face the metagenomic studies
should realize the challenges which might occur in the
course of experiments. This manuscript indicates com-
mon problems in function-driven metagenomics, espe-
cially factors that influence gene expression are taken
into account. Codon usage bias, internal cell accumula-
tion, correct protein folding or presence of proper ini-
tiation factors are discussed and possible ways to over-
come these problems are proposed. Finally, the annota-
tion process is described, including possible limitations
that one should take under consideration. What is more,
the most popular databases for metagenomic data are
mentioned and discussed.
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INTRODUCTION

Metagenomics is considered to be a powerful tool
in research of the microbial world which is based on
culture-independent investigation of various habitats
through the isolation of DNA directly from the environ-
mental sample and analysis of the target genes (Tringe
et al., 2005). Metagenomic studies opened the door to
become acquainted with the 99% of bacterial commu-
nities that are (yet) believed to be uncultivable under
laboratory conditions (Schloss & Handelsman, 2005;
Benndortf ez al., 2007; Felczykowska ez al., 2012). This ap-
proach, instead of 16S rDNA-based gene research, per-
mits not only for phylogenetic surveys, but also reveals
the complete gene combination of organisms, phylogeny
and even evolutionary profiles of a community structure
(Thomas e al, 2012). Combined with metaproteomics
and metatranscriptomics, metagenomic study could be a
remarkable implement in interpretation of gene regula-
tion related to target activities (Moran, 2009; Gilbert &
Hughes, 2011).

Metagenomic study involves two different general ap-
proaches: the sequence-driven and the functional-driven
metagenomics (Kennedy e/ ak, 2011). The first one is
based on sequencing of the DNA representing the entire
environmental sample and through employment of Next

Generation Sequencing methods (NGS) it allows to ob-
tain complex information about the organisms included
in the sample. However, researchers involved in the
sequenced-based metagenomics are faced with analysis
of hundreds, or even thousands of gigabytes of data ob-
tained from sequencing. This could be challenging when
specific activities are requested, especially when specific
enzymes are desired, where the investigation is usually
limited to conserved regions of already well character-
ized protein families (Kennedy ef a/, 2008). By contrast,
the function-based approach is directed at a particular
activity and metagenomic library is screened to find this
activity in the clones obtained. Depending on the screen-
ing method chosen, the individual clone or a group of
clones are investigated at the same time, usually for an
enzymatic activity and the clones selected are sequenced
to define the target gene. The advantage of the function-
driven screening is the certainty that the target com-
pound is biosynthesized correctly and can be produced
by the host cell. This aspect is particularly important in
the light of reports indicating that the expression of for-
eign genes in the most popular host cell in the metagen-
omics study — FEscherichia coli — is limited to about 40%
(McMahon ez al., 2012).

However, despite being, admittedly, a great tool in
investigation of undiscovered bacterial habitats, activi-
ty-based metagenomics remained a challenging field of
study for several reasons: (i) isolation of environmen-
tal DNA (eDNA), (ii) selection of screening assay, (iii)
data analysis and annotation, (iv) limitation of expres-
sion properties of the foreign host. This article summa-
rizes the most frequently encountered challenges dur-
ing metagenomic library construction and analysis. The
bias with sampling and isolation of eDNA from soil,
water and sludge habitats is discussed. There are many
aspects of available assays in searching for the bioactive
compounds and their limitations, especially chromo-
genic and fluorogenic substrates. Then, factors which
influence an efficient expression are indicated: recogni-
tion of promoters given in the gene library, regulatory
agents of the transcription system of the host, toxicity
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Figure 1. The function-driven metagenomics scheme.

General steps are shown in green. The blue boxes represent common problems which one could face at each step. Challenges con-
nected to screening for activity, NGS sequencing, assembly, annotation and deposition & databases are discussed in this article. The iso-
lation of eDNA, sampling and metadata problems are described in the article by Felczykowska et al. (2015) Sampling, metadata and DNA

extraction — important steps in metagenomic studies.

of gene products, codon usage differences (CUB), cor-
rect protein folding, presence of proper initiation fac-
tors, or the capacity of the host to secret the gene ex-
pression product (Craig ef al., 2010; Lorenz et al., 2012).
This article also highlights some of them and proposes
possible ways to overcome them (Fig. 1). Finally, data
analysis of clones of interest is mentioned, particularly
the annotation of obtained sequences and data storage
is considered.

SCREENING FOR ACTIVITY

Selection of adequate clone screening method is of
crucial importance in the function-based metagenomics.
Generally, there are three different approaches consid-
ered to obtain novel bioactive compounds: (i) phenotypi-
cal detection of the desired activity (Belogui ef al., 2010;
Gloux et al, 2010; Liaw et al, 2010), (i) heterologous
complementation of host strains or mutants (Riesenfield

et al., 2004; Wang ez al., 2006; Chen ¢ al., 2010), and (iii)

induced gene expression (Uchiyama e7 al, 2005; William-
son ¢t al., 2005; Uchiyama & Miyazaki, 2010).

The first method has been commonly employed in
searching for an enzymatic activity and applies chromo-
phore-containing derivatives of the enzyme’s substrates,
which are used to observe the enzymatic reaction. Since
the average metagenomic library contains hundred thou-
sands of clones with the potential target activity, the
enzyme assay should be designed to investigate the
largest number of clones at the same time. Chow e/ 4/
(2012) discovered and characterized two novel thermo-
stable lipases by the functional-driven screening. The
lipase activity was searched for by using cultivation of
the metagenomic clones on LB agar plates supplemented
with 1% tributyrin as an indicator substrate (Lawrence ez
al., 1967). The target clone bearing the lipolytic activity
occurred to be surrounded by a transparent halo. The
plate screening was employed by Lee ¢f a/. (2007), where
LB agar with the addition of 1% of skim milk has been
used for investigation of approximately 30000 clones for
proteolytic activity. This method allowed for identifica-
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tion of novel zinc-dependent metalloproteinase from the
mud in the west coast of Korea.

The phenotypical detection approach has been also
adapted to discovery of biomolecules of antimicrobial
activity. The most accessible strategy is based on screen-
ing of metagenomic library clones for one that generates
a zone of growth inhibition in top agar layer on a plate
assay (Banik & Brady, 2010). This method led to the dis-
covery of secondary metabolites such as indigo, patella-
mide, and pederin (Piel ez al, 2004).

All examples presented prove the concept that simple
high throughput assays can be successfully employed to
examine the metagenomic library for various activities.
However, there is a number of challenges on the way of
a researcher whose task is to explore the metagenomic
clones.

Internal cell accumulation

One of the problems commonly occurring while
working with function-driven metagenomics is the ac-
cumulation of the biosynthesized compound inside the
host cell which can cause a limitation in detection of
the target activity (Kennedy e @/, 2011). Nonionic de-
tergents, such as Tween or Triton X may be adapted to
induce a gentle lysis of the host cell and, as a result, re-
lease the target biomolecule. Of particular importance is
the fact that nonionic detergents allow to maintain the
native (and active) conformations of a compound that
is crucial in the case of enzymatic assays (Gloux et al,
2007).

Another solution, which can be used when thermosta-
ble enzymes are to be detected, is to employ an elevated
temperature to elicit the cell lysis. Chow ef a/ (2012) in-
cubated the cosmid clones at plates supplemented with
tributyrin (1% v/v) for 1-3 days at 56°C to screen for
a novel thermostable lipase. The incubation step was in-
troduced to slowly lyse the E. /i cells and to release
those enzymes that are active to degrade tributyrin at el-
evated temperatures and produce a clear halo.

To overcome the cell-internal accumulation of bio-
compounds, the problem is resolved with the screen
of individual clones on 96- or 386-well plates employ-
ing colony-picking robots, liquid handlers and microtitre
readers (Kennedy e al, 2011). Adaptation of profession-
al equipment in the combination with high-throughput
screening including fluorophores and chromophores
such as nitrophenoles, umbelliferones, fluoresceins, rho-
damines and BODIPY dyes, could be the solution to
improve exploration of the metagenomic library clones
while maintaining the selectivity and sensitivity of the as-
say method (Reymond e7 al., 2009). Felczykowska et al.
(2014) tested individual clones belonging to a fosmid
metagenomic library made from eDNA isolated from
cyanobacteria bloom obtained in the Baltic Sea. Approxi-
mately 400 E. e/ clones bearing environmental DNA
were screened for anticancer and antibacterial activity.
Every clone was precultivated and the host cells were
sonicated to release bioactive compounds. The antican-
cer activity was determined by the MTT method on a
96-well plate (MTT method determined by Mossman,
1983) and the antibacterial activities against Micrococcus ln-
teus, Staphylococcus aurens, Psendomonas aeruginosa and Serratia
marcescens were tested using the microdilute assay method.

Codon usage bias

Roller e al. (2013) examined the data obtained from
eleven metagenomic samples from eight distinct environ-
ments whether the microbes sharing the habitat have the

same codon usage bias: the Sargasso Sea, three whale fall
carcass samples, Waseca farm soil, human gut microbi-
ome, lean and obese mouse gut microbiomes, an acid
mine drainage and two geographically distant enhanced
phosphorous removal sludges. They demonstrated that
metagenomic-centric bias in codon usage is phylogeny-
independent by two parameters (i) the variability of sin-
gle species’ CU across metagenomes; and (ii) the variabil-
ity of CU in a metagenome upon removal of the domi-
nant phyla. What is more, they provided evidence that
microbial communities exhibit codon usage bias similar
to that already described for a single microbial species. It
suggests that microbial communities sharing an environ-
ment are likely to have synchronized regulation mecha-
nisms of translational optimization for expression of
environment-specific genes.

There are 61 trinucletide codons encoding 20 different
amino acids which means that several codons can car-
ry the information for the insertion of the same amino
acid into a protein (Berg & Kurland, 1997). The article
of Roller ¢f al. (2013) demonstrated that different micro-
bial communities present different preference of codon
usage. There is a high correlation between frequency of
codon usage in an organism and the pool of cognate
tRNAs (Fakruddin ez a/, 2013). Highly expressed genes
carry codons for which there is a large pool of cognate
tRNAs while regulatory genes commonly use codons
for which there is only a very small jackpot of cognate
tRNAs (Stoletzki & Eyre-Walker, 2007).

Overexpression of genes with the significant content
of rare codons may result in incorrect biosynthesis of
the bioactive compound. Since the amount of rare co-
dons in eDNA depends on the sample’s habitat, this as-
pect should be taken into account by one who is about
to work with function-based metagenomics. There are
reports that expression efficiency of genes containing
rare codons can be dramatically improved when the level
of cognate tRNAs is increased within the host (Seidel ez
al., 1992; Rosenberg e al, 1993). This can be achieved
by inserting the wild type tRNA gene in the expression
vector itself or when it is placed in a compatible multi-
ple copy plasmid. One of the possibilities is the use of
a pRIG plasmid, which contains the argU, X, and ghT
tRNA genes under their native promoters on a pACYC
backbone, which carries the pl5a origin of replication
(Baca & Hol, 2000). This strategy can be adapted for
optimization of expression of genes obtained from or-
ganisms with AT or GC rich genomes that is connect-
ed to codon usage bias. Baca ez a/ (2000) significantly
enhanced the expression of a number of genes derived
from AT-rich Plasmodinm genome using the pRIG plas-
mid.

The latter possible solution which can be employed
when the codon usage bias occurs is the employment of
an alternative host. In most studies based on metagen-
omic techniques, E. ¢/ is the standard host. However,
as mentioned previously, the use of E. ¢/ as a host cell
allows expression of only 40% of genes contained in the
eDNA of an average sample (Craig ¢/ al, 2010; McMa-
hon ez al., 2012). Due to this restriction, alternative host
strains from  Bacillus, Pseudomonas or Streptomyces genera
can be applied (Lorenz & Eck, 2005; Aakvik e a/, 2009).
There are also several archaeal genera (Methanococcus, Py-
rococcus, Sulfolobus, Thermococens), which have been success-
fully employed in designing a stable host-vector expres-
sion system (Angelov & Liebl, 2010).

For those who are not able to verify if the eDNA
sample contains the rare codons, the safest solution is
to apply the broad-host range vectors. There are sev-
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eral reports that the use of different hosts can increase
the yield of novel bioactive compounds uncovered by
function-driven metagenomics methods (Craig e al,
2010; de Castro et al, 2011). For instance, the applica-
tion of bacterial genera such as Pseudomonas, Rhizobinm or
Streptomyces, which have over fifteen RNA polymerase o
factors (Escherichia coli has only seven), may be crucial in
the expression of genes that require specialized o factors
(Gabor et al., 2004).

DATA ANALYSIS AND STORAGE

When the screening of metagenomic library is success-
ful and sequencing has been performed, the data analysis
should begin.

Annotation

Functional annotation includes identification of the
features of interest (genes), and then prediction of the
function of putative features and determination of taxo-
nomic neighbors (Thomas e al, 2012). There are two
possible strategies that could be applied in the functional
annotation. The first one is provided for the contings
of the length of 30000 bp or more and commonly ap-
plied when reconstructed genomes are the targets. In
this case, the existing pipelines for genome annotation,
such as IMG/M (Markowitz e al., 2009), MG-RAST
(Aziz et al., 2008) or WebMGA (Wu ¢ al., 2011) may be
adapted. All three tools tender the complex annotation
system combined with the useful features like biodiver-
sity analysis, taxonomic classification and genome com-
parison (Teeling & Glockner, 2012). The latter approach
provides annotation for all the organisms included in
the community and is designated for short contings or
unassembled reads. In this case the use of genome an-
notation pipelines is dramatically limited and the special-
ized tools for metagenomic annotation should be applied
(Thomas ez al., 2012).

The crucial step in functional annotation is determi-
nation of protein coding sequences (CDSs). There is a
number of available algorithms, adapted for the annota-
tion of full genome sequences with the estimated accu-
racy of about 95% in the prediction of CDSs (Lukashin
& Borodovsky, 1998). There are several tools adjusted
to predict the CDSs, such as MetaGeneMark (McHardy
et al., 2007), FragGeneScan (Rho et al, 2010) or Meta-
Gene Annotator (Noguchi ez al, 2008). All tools listed
are based on internal information, such as codon usage,
to categorize the sequence fragment as coding or non-
coding (Thomas e al., 2012).

MetaGene (MG) is a package software which is able
to predict the gene in metagenomic sequence in two
steps. Firstly, the ORFs are extracted from the sequence.
In the second stage, all the ORFs are scored according
to their base composition and length by a specialized
log-odds scoring scheme (Yok & Rosen, 2011). Despite
the fact that MetaGene is a useful software for one who
works with metagenomic data, there are two significant
drawbacks of employing the MetaGene tool: the lack of
a ribosomal binding site (RBS) model, and a low sensi-
tivity to genes with different codon usage compared to
the “typical” genes (Noguchi ef al, 2008). A new version
of the program — MetaGenome Annotator — was de-
signed to overcome those limitations and to expand the
application of the software. MGA has statistical models
of prophage genes which can be useful to reveal lateral
gene transfers or phage infections. Moreover, an adapted
RBS model based on complementary sequences of the

30 bp tail of 16 S ribosomal RNA enables for prediction
of gene start sites even when input genomic sequences
are short and anonymous sequences (Yok & Rosen,
2011).

The functional annotation is still the most challenging
computational step in a number of metagenomic pro-
jects. There are reports that only 20 to 50% of metagen-
omic data can be annotated (Gilbert ez 4/, 2010). The
greatest limitation of the accessible tools applied for data
analysis is based on the comparison to the actual data-
base resources. In the light of this circumstance it is of
significant importance to provide the free flow of infor-
mation between metagenome analysis platforms for the
best analysis of metagenomic data.

Databases for metagenomic data

Next generation sequencing techniques like 454 py-
rosequencing or Illumina system produce a large amount
of data in a short period of time with relatively low cost.
Data obtained from heterogeneous microbial communi-
ties can contain information from even more that 10000
species but the sequencing data can be partial and of low
quality (Wooley e al, 2010), and it can be described as
one of the metagenomic challenges. It is even a greater
challenge to collect all sequences generated by metagen-
omic projects for nucleic acid sequence data archives
and it can be even more difficult to possess specialized
databases that will be able to offer consistent storage
and querying of the metagenomic data, which also allow
access to widen the context of a specific project (Han-
delsman e al., 2007).

Over the last few years, we have had to deal with a
number of initiatives to build an infrastructure dedicat-
ed for metagenomic sequences and associated metadata.
One of them is the CAMERA project (The Community
Cyberinfrastructure for Advanced Microbial Ecology Re-
search and Analysis, http://camera.calit2.net/) (Sun et
al,, 2011) a joint venture of the University of California,
San Diego and ]. Craig Venter Institute (JCVI). The aim
of this project is to provide cyber infrastructure tools,
resources and bioinformatics expertise in order to facili-
tate on-line collaboration to share and forward data. The
four main pillars of the CAMERA project are (i) trans-
ferring data directly from a sequencing centre, (if) com-
munity or user contributions, (iii) data exchange with
public data resources, (iv) integration of reference data
sets (Amid ef al, 2012). In the database design, MIMS
and MIGS, established by the Genomics Standards Con-
sortium (Field ¢z al, 2008) have been adapted to han-
dle samples’ metadata. Unfortunately, due to the lack
of support, CAMERA no longer accepts user’s submis-
sions, but continues to maintain free and open access of
data already submitted.

The European Nucleotide Archive (ENA; http://
www.ebi.ac.uk/ena) is maintained and developed at the
European Molecular Biology Laboratory’s European Bio-
informatics Institute (EMBLEBI). ENA is dedicated to
gain and present information that is connected to experi-
mental workflows of nucleotide sequencing; typically, it
includes the isolation and preparation of material for se-
quencing, producing sequencing data and bioinformatic
analysis. ENA records implemented information into
data model that covers input information, output ma-
chine data and interpreted information. ENA also pro-
vides data from various international databases, provides
submission tools as well as many program and search
technologies, in order to provide access to the data sets
stored (Amid ef al, 2012). Users, by working with pro-
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vided tools, can create studies, samples and experiments
to facilitate creation of metadata and submit them for
public use. It intends to provide permanent scientific re-
cords as a complementation to published literature and
allows sharing of pre-publication data. ENA assures the
basis for bioinformatics infrastructure.

At the Department of Energy's Joint Genome In-
stitute, there is an existing microbial genome database
project IMG — Integrated Microbial Genomes), which
serves as a community resource for comparative analy-
sis of publicly available genomes in a comprehensive
integrated context (Markowitz e al, 2012), expanded
to cope with metagenomic data (IMG/M). Primarily,
IMG/M was developed as an experimental system, but
subsequently it has been extended in terms of metage-
nome data content and metagenome specific analytical
tools (Matkowitz ez al, 2008). The aim of this platform
is to support comparative metagenome analysis in the
context of microbial genome and metagenomic data,
which are often generated with the use of various se-
quencing technology platforms, as well as diverse data
processing methods. IMG/M system has been extended
by regular updates since its first release, and it is avail-
able at http://img.jgi.doe.gov/m. A companion IMG/M
system provides support for annotation and expert re-
view of unpublished metagenomic data sets (IMG/M
ER: http://img.jgi.doe.gov/mer) (Matkowitz e al, 2012).

In addition to those already mentioned, there are sev-
eral other projects around the world that developed vari-
ous specific data models and interfaces, sometimes build
on an already existing database and often constructed
for metagenomic data. Examples are The Genomes On
Line Database (GOLD, http://www.genomesonline.org)
(Liolios ez al., 2010) and the metagenomics RAST server
(MG-RAST, metagenomics Rapid Annotation using Sub-
systems Technology; http://metagenomics.nmpdr.org)
(Meyer et al., 2008). GOLD contains information from
both complete and ongoing projects, also providing
metadata associated with them, build in accordance with
the MIGS/MIMS. The metagenomics RAST is an open
source system based on MIGS specification as well. This
platform was designed to upload raw sequence data in a
fast format and provides several methods to access the
different data types, including phylogenetic and metabol-
ic reconstructions.

Due to emergence of the next generation sequenc-
ing techniques, it is necessarty to create new databases
and tools needed for analysing and data sharing. Each
metagenome project has its own assumptions and re-
quires specific analytical tools and software. The variety
of available options gives a choice of the appropriate
tools required for a particular project with a user-friendly
interface.
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