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The majority of microbes in many environments are considered “as yet uncultured” and were
traditionally considered inaccessible for study through the microbiological gold standard of
pure culture. The emergence of metagenomic approaches has allowed researchers to access and
study these microbes in a culture-independent manner through DNA sequencing and functional
expression of metagenomic DNA in a heterologous host. Metagenomics has revealed an extraor-
dinary degree of diversity and novelty, not only among microbial communities themselves, but
also within the genomes of these microbes. This Research Topic aims to showcase the utility of
metagenomics to gain insights on the microbial and genomic diversity in different environments
by revealing the breadth of novelty that was in the past, largely untapped.
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The Editorial on the Research Topic
From Genes to Species: Novel Insights from Metagenomics

The majority of microbes in many environments are considered “as yet uncultured” and were
traditionally considered inaccessible for study through the microbiological gold standard of
pure culture. The emergence of metagenomic approaches has allowed researchers to access
and study these microbes in a culture-independent manner through DNA sequencing and
functional expression of metagenomic DNA in a heterologous host. Metagenomics has revealed an
extraordinary degree of diversity and novelty, not only among microbial communities themselves,
but also within the genomes of these microbes. Metagenomic analysis can involve sequence-
based or functional approaches (or a combination of both). The continuous improvements
to DNA sequencing technologies coupled with dramatic reductions in cost have allowed
the field of metagenomics to grow at a rapid rate. Many novel insights on microbial
community composition, structure, and functional capacity have been gained from sequence-
based metagenomics. Functional metagenomics has been utilized, with much success, to identify
many novel genes, proteins, and secondary metabolites such as antibiotics with industrial,
biotechnological, pharmaceutical, and medical relevance. Future improvements and developments
in sequencing technologies, expression vectors, alternative host systems, and novel screening assays
will help advance the field further by revealing novel taxonomic and genetic diversity. This Research
Topic aims to showcase the utility of metagenomics to gain insights on the microbial and genomic
diversity in different environments by revealing the breadth of novelty that was in the past,
largely untapped. This Research Topic comprises 19 submissions from experts in the field and
covers a broad range of themes and article types (Review, Methods, Perspective, Opinion, and
Original Research articles). We have broadly grouped the articles under four themes; functional
metagenomics, targeted metagenomics, sequence-based metagenomics, and host-associated.

We begin with a number of articles focusing on functional metagenomics. A review by Coughlan
et al. gives an overview of metagenomics and focuses on the utility of functional metagenomics
for the discovery of proteins and antimicrobial compounds with relevance to the food and
pharmaceutical industries. Continuing this theme Uchiyama et al. report the discovery of a glucose-
tolerant B-glucosidase from screening ~10,000 clones from a metagenomic library created from
Kusaya gravy (a traditional Japanese fermentate made from fish). B-glucosidases are often sensitive
to glucose inhibition, therefore glucose-tolerant variants are desirable to improve enzymatic
efficiency. Mirete et al. also used a functional metagenomic approach to identify novel salt tolerance
genes from brine and rhizosphere-associated communities in a hypersaline saltern. A number of the
genes had not previously been known to play a role in salt tolerance. This approach demonstrates
one of the main advantages of functional metagenomics; assigning function to unknown genes or
new functions to annotated genes.
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As with any technology, there are advantages and
disadvantages. In their Perspective article, Lam et al. present
the main challenges and potential solutions associated with
functional metagenomics. Biases may be introduced at different
stages of the process, from DNA extraction, library construction,
cloning, and choice of expression vector and heterologous host.
The authors discuss advances to improve each step and provide
helpful comments based on their own considerable experience.
They also present data, which suggests cloning bias is occurring
at the level of individual operational taxonomic units (OTUs).
Finally, it is suggested that moving beyond Escherichia coli as a
cloning host will increase the diversity of hits from functional
screens. An additional issue associated with metagenomics
it that there is still a dearth of functional information for
a large proportion of protein families; a problem which is
increasing due to the enormous amounts of sequencing data that
continues to be generated and deposited in databases. Ufarté et
al. review sequence-based and activity screening approaches in
metagenomics to assign functions to novel genes. The authors
also discuss recent developments in microfluidic approaches for
ultra-high-throughput screening, where up to 1 million clones
can be assessed in a single day.

On a similar theme, Suenaga discusses the role of “targeted”
metagenomics in compiling specific groups of enzymes to
study their adaptive evolution, and echo the importance
of the microfluidics approach mentioned above, as well as
technologies such as cell compartmentalisation, flow cytometry,
and fluorescent cell sorting in the future for high-throughput
screening. Trindade et al. reviews how targeted metagenomics
may be used to identify natural products from marine organisms
and microbes, which have the potential to treat human disease.
The authors explain why functional screening approaches have
been largely unsuccessful in this regard. However, using targeted
metagenomic approaches, guided by well-known structural and
functional characteristics of natural products, a number of
clinically relevant compounds have been successfully isolated;
including several potent anti-cancer and anti-fungal compounds
such as, bryostatins, patellazoles, polytheonamides, ecteinascidin
743, pederin, psymberin, and calyculin A. Dziewit et al
describe a targeted approach to detect methanogenic archaea.
Methanogenic archaea are important community members of
many diverse environments including peatlands, freshwater
sediments, and the intestinal tract of animals and humans.
Many members have proved difficult to culture and previous
studies have relied on metagenomic, 16S rDNA, and mcrA gene
sequencing. The authors present a methods paper detailing the
development of a number of sets of degenerate primers for
methanogenic archaea based on the mcrB, mcrG, mtbA, and mtbB
genes, which are involved the process of methanogenesis. These
novel molecular markers will provide additional information on
the biology, diversity, and phylogenetic relationships of these
organisms.

Sequence-based metagenomics can provide unprecedented
information on composition, diversity, and functional capacity
of microbial communities. One of the main challenges associated
with sequence-based metagenomics is de novo assembly of reads
following sequencing. Howe et al. outline some of the main issues

with such assemblies. The authors also include a unique iPython
notebook tutorial that allows readers to follow the steps of this
process and execute assembly of a mock metagenome.

Wemheuer et al. assessed the effect of phytoplankton
Phaeocystis globosa algal bloom on microbial communities in
the North Sea, using metagenomic, and metatranscriptomic
approaches. Changes in community composition were identified
inside the bloom in comparison to outside the bloom, most likely
due to changing nutrient availabilities during algal bloom growth.
Indeed, metatranscriptomic data revealed changes in gene
expression in response to the bloom. Genes for incorporation
of leucine and isoleucine were significantly upregulated and
many genes encoding transposases were overexpressed inside the
bloom. It is suggested that genome rearrangement via expression
of transposases enables increased stress resistance and enhanced
adaptation to changing environmental conditions.

Using a similar metagenomic and metatranscriptomic
approach, He et al. investigated microbial sulfur cycling and
carbon and nitrogen metabolism in a hydrothermal chimney.
The genes identified were used to unravel potential pathways for
sulfur and carbon metabolism, which play an important role for
survival in this environment. Furthermore, y-proteobacteria, and
g-proteobacteria are proposed as community members capable
of denitrification, using electrons generated from oxidation of
reduced sulfur. Bargiela et al. report a bioinformatic analysis of
a previously published metagenomic dataset to identify genes
enriched in a crude-oil-contaminated marine environment.
Specifically, genes enriched following ammonium and uric
acid (bio-stimulants) treatment were identified. Differences
in taxonomic composition, presence of genes and metabolic
pathway constituents and biodegradation were noted following
bio-stimulant treatment. Both bio-stimulants appeared to
increase the capacity for microbial degradation of crude oil.

Rosario et al. present research on the area of viral
metagenomics. Twenty-seven novel CRESS-DNA (circular Rep-
encoding ssDNA) viruses were identified and sequenced from
marine invertebrates, some of which may represent a novel
family. Intrinsically disordered regions (IDRs) within proteins
were also investigated. IDRs lack rigid structure and allow the
protein to exist in different states, which may allow multi-
functionality in such proteins. Different IDRs are commonly
found in proteins encoded by CRESS-DNA viruses and may
be useful to characterize divergent structural proteins, though
at present the importance of the different IDRs remains to be
confirmed.

Bao et al. used strand-specific metatranscriptomics in a novel
way to identify anti-sense transcription among members of
the human gut microbiota. Anti-sense RNAs are encoded on
the opposite strand of DNA from the mRNA transcript and
may have important regulatory functions in gene expression.
Most of the species tested displayed anti-sense transcription
(ranged from 0 to 38.5% for protein coding genes between
different species). Interestingly, the functional category of genes
most over-represented with anti-sense transcription included
prophage-associated and transposon genes.

Metagenomic approaches have provided a wealth of
information about the microbes on and in the human body
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(microbiota) and their potential role in human health and
disease. Belizario and Napolitano review current information on
a number of human microbiomes (gut, oral, skin, placental), and
discuss how targeting and mining the microbiota is opening a
new area of microbiome-based therapeutics. For example, the
use of probiotics and prebiotics, phage therapy and CRISPR
technology are exciting areas of research, while faecal microbiota
transplantation (FMT) has shown promising results for the
treatment of Clostridium difficile infection (CDI). Kinumaki et
al. use metagenomic sequencing to profile the gut microbiota
of patients with Kawasaki disease (KD), an acute childhood
illness characterized by vascular inflammation, which is a leading
cause of acquired heart disease. The precise cause of KD is
unknown, but a possible microbial influence has been suggested
to play a role in its pathogenesis. Metagenomic sequencing
revealed differences in gut microbiota composition between KD
patients during acute and non-acute phases of the disease. In
particular, a number of species from the genus Streptococcus
were significantly increased during the acute phase of KD. The
authors suggest that species of Streptococcus may play a role in
KD pathogenesis, but more research is required to conclusively
demonstrate a causal link.

Brito and Alm, review strain-level tracking of microbes
using metagenomics. The authors state that transmission has
primarily focused on pathogenic organisms, but very little
is known about transmission of commensal species. With
significant emerging evidence for the roles that commensal
microbes play in human health and disease, the ability
to track, and differentiate microbes at the strain level is
important. Metagenomic sequencing provides advantages over
16S rDNA sequencing in this regard for example, and long-read
sequencing (e.g., Oxford Nanopore’s MinION) and proximity
ligation (enables detection of protein-protein and protein-DNA
interactions, as well as post-translational modifications) may
help improve this in the future. The ability to track strain-level
transmission will be key to monitor live microbial therapeutics
and the biological containment of engineered microorganisms,
while longitudinal studies could reveal how transmission affects
daily or intermittent changes to the microbiota.

Voss et al. propose the “pawnobiome” as a “subset of the
microbiome that is purposefully managed for manipulation of
the host phenotype, which includes individual microbes named
pawnobes.” Different from the hologenome theory of evolution,
where the unit of selection is the holobiont (i.e., both the
host and its associated microbiota); the pawnobiome can evolve

independently and faster than the host and is not wholly reliant
on host survival. It is also proposed that the pawnobiome
can affect host phenotype and can be independently/artificially
selected; thus having implications for health and disease,
biotechnology, and evolutionary biology.

Finally, Simm et al. present an analysis of the core- and pan-
genome of cyanobacteria. Using 58 sequenced cyanobacterial
genomes, the authors identify 559 genes that define the
core-genome. Furthermore, 3 genes specific to thermophilic
cyanobacteria and 57 genes specific to heterocyst-forming
cyanobacteria were also defined. Additionally, outer membrane
B-barrel proteins were investigated. It was found that most of
these proteins are not globally conserved and exhibit strain
specificity, indicating cyanobacteria have evolved individual
strategies for environmental adaptation and interaction.

Overall, this Research Topic showcases a broad range of
articles which illustrate the utility of both sequence-based
and functional metagenomic approaches to investigate what
were once inaccessible and undiscovered areas of microbial
genomics, physiology, evolution, and ecology. Future advances
in metagenomic research and technology will undoubtedly reveal
further novelty and diversity from genes to species and beyond.
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Biotechnological applications of
functional metagenomics in the food
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Laura M. Coughlan’, Paul D. Cotter™2, Colin Hill>?® and Avelino Alvarez-Ordéfez'*

" Teagasc Food Research Centre, Cork, Ireland, 2 Alimentary Pharmabiotic Centre, Cork, Ireland, ° School of Microbiology,
University College Cork, Cork, Ireland

Microorganisms are found throughout nature, thriving in a vast range of environmental
conditions. The majority of them are unculturable or difficult to culture by traditional
methods. Metagenomics enables the study of all microorganisms, regardless of whether
they can be cultured or not, through the analysis of genomic data obtained directly from
an environmental sample, providing knowledge of the species present, and allowing
the extraction of information regarding the functionality of microbial communities in
their natural habitat. Function-based screenings, following the cloning and expression
of metagenomic DNA in a heterologous host, can be applied to the discovery of
novel proteins of industrial interest encoded by the genes of previously inaccessible
microorganisms. Functional metagenomics has considerable potential in the food and
pharmaceutical industries, where it can, for instance, aid (i) the identification of enzymes
with desirable technological properties, capable of catalyzing novel reactions or replacing
existing chemically synthesized catalysts which may be difficult or expensive to produce,
and able to work under a wide range of environmental conditions encountered in food
and pharmaceutical processing cycles including extreme conditions of temperature, pH,
osmolarity, etc; (i) the discovery of novel bioactives including antimicrobials active against
microorganisms of concern both in food and medical settings; (i) the investigation of
industrial and societal issues such as antibiotic resistance development. This review
article summarizes the state-of-the-art functional metagenomic methods available and
discusses the potential of functional metagenomic approaches to mine as yet unexplored
environments to discover novel genes with biotechnological application in the food and
pharmaceutical industries.

Keywords: functional metagenomics, industrial applications, food, pharmacological, catalysts, bioactives,
antimicrobials

Introduction

Recent advances in molecular microbiology have revealed that the microbial world extends
far beyond what can be revealed by traditional microbiological techniques. Environments once
believed to be devoid of life have now been shown to support the growth of microbes. As a
consequence, it is now accepted that microorganisms thrive throughout nature, and that at least
some microorganisms can be found in almost all known environments. This is due to the fact that
microbial life has adjusted to survive under a wide range of harsh or unaccommodating conditions,
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resulting in a variety of diverse microorganisms adapted to
specific niches. This review article explores the molecular
methods that can provide access to these specially adapted
microbes and, more specifically, their potentially useful
genes/molecules and outlines how these approaches can be
harnessed by the food and pharmaceutical industries.

Traditional microbiology generally involves obtaining a pure
culture as a major step in any study. However, it is estimated that
standard laboratory culturing techniques provide information on
1% or less of the bacterial diversity in a given environmental
sample (Torsvik et al., 1990). This is most noticeable in what is
known as the plate count anomaly, i.e., the discrepancy between
the numbers of microorganisms detected by microscopy and the
numbers obtained from pure colony counts of cultivated samples
(Staley and Konopka, 1985). Although significant advances have
been recently made in culturing as-yet-uncultured microbes, e.g.,
Ling et al. (2015), culture-independent techniques present a more
promising effort to access the genetic information contained
within the vast number of species in the environment.

Metagenomics presents a molecular tool to study
microorganisms via the analysis of their DNA acquired
directly from an environmental sample, without the requirement
to obtain a pure culture. With this technology, the DNA
of microorganisms in a population is analyzed as a whole.
Sequencing and analysis of total metagenomic DNA can provide
information about several aspects of the sample, allowing one
to better characterize the microbial life in a given environment.
It can not only reveal the identity of species present but also
can provide insight into the metabolic activities and functional
roles of the microbes present in a given population (Langille
et al, 2013). Expression of the genetic information from an
environmental sample in a routinely culturable surrogate host
can also overcome in part the barriers faced when dealing with
as yet uncultured bacteria. The coupling of this approach with
function-based screening of the subsequent colonies to uncover
a desired activity that has been conferred onto the host by the
inserted environmental DNA in a functional metagenomics
approach is a powerful technique for the discovery of novel
functional genes from uncultured microorganisms.

In this review article, functional metagenomics is discussed as
an emerging molecular technique with potential applications in
industrial settings. An overview of the current methodological
strategies employed for functional metagenomic analysis of
microbial populations, with emphasis on the use of phenotypic-
based metagenomic screens for the discovery of novel small
molecules, enzymes, and bioactives is provided. The applications
of such compounds to the food and pharmaceutical industries are
discussed, while highlighting recent successes in this area.

Functional Metagenomics: Methodological
Approaches

Sequencing-based Strategies

Metagenomic analyses begin with the isolation of microbial
DNA from an environmental sample. The acquired metagenomic
DNA specimen should be as pure and of as high quality as

possible, and should accurately represent all species present both
qualitatively and quantitatively. Direct sequencing of extracted
metagenomic DNA, followed by appropriate bioinformatics
analyses, can facilitate the elucidation of the functional traits of
microorganisms colonizing particular environments (Figure 1).
The initial break from culture-dependent to culture-
independent approaches for the microbiological analysis of
an environmental sample involved the sequencing of genes
encoding microbial ribosomal RNAs (rRNAs). Highly conserved
primer binding sites within the bacterial 16S rRNA gene facilitate
the amplification and sequencing of hypervariable regions that
can provide species-specific signature sequences useful for
bacterial identification in an environmental sample (Lane et al.,
1985). This technology enables microbiologists to determine
phylogenetic relationships between unculturable bacteria and
assess and quantify the microbial consistency of a sample. In
addition, through 16S rRNA gene sequencing of a metagenomic
sample, a functional profile of the bacteria present in a given
environment can also be obtained. Information regarding the
functional roles of already studied bacterial species is available
in database archives, including both cultured bacteria whose
functional proteins have been extensively characterized as
well as functions assigned to bacterial proteins produced by
uncultured bacteria through previous metagenomic studies.
Once a member of a previously described bacterial family has
been identified in an environmental sample, or an appropriate
closest known relative has been appointed, phylogenetic analysis
may assign predicted functions to an identified bacterial species
by referring to the functional information available regarding
that particular taxonomic group. This process can be applied
to potentially most, if not all, of the different bacterial species
encountered in a sample and therefore community roles can
be predicted for the microbes dwelling in the sampled niche
without the need for shotgun sequencing (described below).
Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt) is a computational approach
developed by Langille et al. (2013) which can be used to predict
the functional properties of microorganisms in a metagenomic
sample from characterized relatives in available databases using
16S rRNA sequencing data. By quantifying the individual
species abundance in a sample and, in doing so, quantifying
the function(s) assigned to that family, PICRUSt can predict
the overall functional composition of the community. Keller
et al. (2014) also explored this concept through a combinatorial
approach of 16S rDNA metabarcoding and single genomics
for assessing the compositional and functional diversity of a
microbial community. Although these authors were successful
in validating their method, this innovative technique requires
optimization prior to its introduction into larger and more
challenging projects. Microbial eukaryotic communities may
also be studied through similar strategies. Eukaryotic-specific
primers homologous to the bacterial 16S rRNA can be used to
target eukaryotic microbes present in an environmental sample.
Bates et al. (2012) used bar-coded pyrosequencing of 185 rRNA to
investigate the eukaryotic components of three different lichens,
identifying members of the Alveolata, Metazoa, and Rhizaria
taxonomic clades. Non-coding DNA located between the small
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and large subunit eukaryotic rRNA genes, known as the Internal
Transcribed Spacer (ITS) regions, are also targeted as a universal
DNA marker in Fungi (Schoch et al., 2012). The environmental
virome has also been explored through metagenomics by the
coupling of sequence-independent amplification of viral nucleic
acids with next generation sequencing technologies (Smits and
Osterhaus, 2013), particularly in the areas of epidemiology and
diagnostics. In addition, genes similar to those of metabolic
cells, known as auxiliary metabolic genes (AMGs), have been
discovered in viruses (reviewed by Rosario and Breitbart, 2011)
and may have potential in the search for industrially relevant
enzymes and bioactives.

Environmental DNA random shotgun sequencing, where
total metagenomic DNA is sequenced, assembled and annotated,

has been shown to be a more useful tool which may be used
to analyse at a molecular/species level the metagenome of an
environmental sample. In this instance, the functional potential
of a microbial population is revealed by directly sequencing
the environmental DNA rather than predicting its functional
potential based on 16S rRNA data. Some examples of large
scale metagenomic studies involving shotgun sequencing are
those carried out by Venter et al. (2004), who characterized
the microbial population of the Sargasso Sea identifying
1.2 million previously undescribed genes including the first
assignment of rhodopsin-like photoreceptors to bacterial species,
Warnecke et al. (2007), who analyzed the hindgut paunch
microbiota of a Nasutitermes species of wood-feeding termite
revealing unprecedented diversity of the microbial community
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and identifying novel genes involved in cellulose and xylan
hydrolysis, Oh et al. (2014), who analyzed the microbial content
and subsequent functional capacity of the healthy human skin
microbiome through shotgun metagenomic sequencing, and
Hess et al. (2011), who deep sequenced 268 gigabases of
metagenomic DNA obtained from the microbiota of cow rumen
unveiling carbohydrate active genes encoding enzymes capable
of degrading biomass, a desirable ability in the development
of biofuels as a renewable energy source. Random sequencing
of shotgun metagenomic DNA may reveal genes of interest,
the probable phylogeny of which can be inferred through
searches for homology in non-redundant databases, usually via
Basic Local Alignment Search Tool (BLAST) analysis. Thus,
random sequencing has the potential to identify the presence of
already known genes, with reported beneficial functions, or their
homologs in an uncultured microorganism, which can provide
additional advantages and improve the functionality of in-use
proteins/enzymes/catalysts, e.g., the new variant/homolog may
encode a protein that is capable of carrying out a specific catalytic
or metabolic function and may also be tolerant to an extreme
environment habitually encountered in industrial processes. This
approach is also useful for the study of the population dynamics
of a community, including genomic evolution (Chandler et al.,
2014; Kay et al., 2014) and the distribution and redundancy of
functions throughout the community (Mendes et al., 2015).

Nevertheless, the sequence-based approaches to analysing
environmental samples are limited to the study and identification
of genes and DNA sequences homologous to those that are
already known. Consequently, the possibility of using sequence-
based methods for the discovery of proteins encoded by
novel sequences is restricted. Phenotypic-based screening of
constructed metagenomic expression libraries, described in the
next section of the manuscript, is better suited to the unearthing
of previously undescribed proteins and small molecules.

Phenotypic-based Strategies

Functional metagenomic analyses can be carried out on
metagenomic libraries via the isolation and purification of
DNA from an environmental sample, cloning of the DNA
into a suitable vector, heterologous expression of the insert
vector containing environmental DNA fragments in a suitable
surrogate host (usually Escherichia coli), and analysis of
subsequent transformants by either sequencing- or phenotypic-
based approaches, or both (Figure 1). Screening of metagenomic
libraries through phenotypic-based approaches is carried out to
detect the expression of a particular phenotype conferred on
the host by inserted DNA. Screening is usually performed on
multiple clones simultaneously on a fixed matrix in which the
entire group is assayed with an appropriate indicator to reveal the
presence of a phenotypically relevant clone. Such assays require
the functional protein to be secreted from the host cell to allow
for extracellular detection. Metagenomic clones may be grown on
specific indicator media, to allow visual identification of an active
clone, e.g., hemolytic activity on blood agar (Rondon et al., 2000),
lipolytic activity (Henne et al., 2000), etc. In other occasions, the
presence of zones of inhibition in soft agar overlay assays using
indicator microorganisms can reveal inhibitory or antimicrobial

agents produced by an active clone (Tannieres et al., 2013; Igbal
et al.,, 2014). Libraries may also be screened based on selection
approaches. In these circumstances only the clones onto which
the activity of interest has been conferred by the metagenomic
DNA insert will grow or survive. Selections include for instance
the ability to metabolize a given substrate as a clone’s sole carbon
source (Entcheva et al, 2001), the ability to resist a potent
antimicrobial agent (Donato et al., 2010) or the ability to grow
in the presence of a lethal concentration of a heavy metal (Staley
etal., 2015).

An alternative option for the identification of novel genes,
the Substrate-Induced Gene EXpression screening (SIGEX), was
developed by Uchiyama et al. (2005). It relies on the principle
that catabolic gene expression is generally induced by a specific
substrate or metabolite of catabolic enzymes and is controlled by
regulatory elements situated close to these genes. With SIGEX,
the environmental DNA inserts are fused with a reporter gene
encoding green fluorescent protein (gfp) on an operon-trap
vector and induced by a target substrate. SIGEX is combined
with fluorescent-activated cell sorting (FACS) for the high-
throughput selection of GFP-expressing clones. Additionally, the
protocol eliminates the incorporation of clones containing self-
ligated plasmids and those that are constitutively expressing GFP.
Despite some limitations with regard to the applications of this
method (reviewed by Yun and Ryu, 2005), SIGEX is an efficient
process for the identification of novel catabolic substrate-induced
genes. Uchiyama and Miyazaki (2010) went on to expand the
capabilities of the SIGEX protocol and developed a reporter assay
system for the screening of metagenomic libraries for enzymatic
function called Product-Induced Gene EXpression (PIGEX). The
system uses a transcriptional activator, which is sensitive to
the product of the desired reaction, placed upstream of a gfp
gene insert. Should a clone possess the activity of interest, upon
exposure to an appropriate substrate, the product of this reaction
activates transcription of the chosen transcriptional regulator and
in turn gfp causing the clone to fluoresce, allowing easy detection
of positive clones. Pooja et al. (2015) identified through PIGEX
a periplasmic a-amylase from a cow dung-derived metagenomic
library by isolating an active clone that fluoresced in response to
a maltose substrate.

Despite the potential usefulness of such systems, phenotypic-
based functional metagenomic approaches face a number of
complications, to which potential resolutions are currently
being devised. To successfully identify a useful gene or protein
candidate a series of sequential steps in the cloning and screening
process must occur adequately and effectively. Transcription of
the entire gene, translation of its mRNA, correct protein folding,
and secretion of the active protein from the surrogate host must
all be achieved before functional screening even begins. Suitable
and efficient screening methods must also be applied to detect the
presence of an interesting gene within the metagenomic library.
As the probability of identifying a metagenomic clone, among
possibly thousands of others, with a specific desired activity is
low (Uchiyama and Miyazaki, 2009), high-throughput screening
(HTS) protocols may improve the chances of obtaining an active
clone, by allowing higher numbers of clones to be screened
simultaneously. An obstacle occurring at any of these stages may
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result in the overlooking of an interesting clone which might have
been detected under the correct circumstances.

One aspect of the methodological approach that can be
particularly challenging relates to expressing DNA fragments
isolated from microorganisms native to diverse and exotic
environments in a relatively domesticated host such as E. coli
(Banik and Brady, 2010). Even if the foreign DNA is successfully
transcribed and translated (perhaps due to the presence of
DNA regulatory elements placed on the vector), the correct
chaperones required for proper protein folding in the original
species may be absent from E. coli. A strategy being explored
to overcome host related limitations is the generation of an
alternative surrogate expression host that may be more suited
to efficiently expressing the environmental DNA at hand. Craig
etal. (2009) discovered two novel compounds through functional
screening of a soil derived metagenomic library expressed in
Ralstonia metallidurans. The library was constructed using E.
coli as a heterologous host and then the DNA transferred
to R. metallidurans for activity based screening. Two clones
showed activity in R. metallidurans, one displaying antimicrobial
activity through the expression of a polyketide synthase gene
and a second yellow colored clone expressing a carotenoid gene
cluster. Clones active in R. metallidurans did not confer the
same metabolic abilities onto the E. coli host. This shows the
importance of using additional heterologous hosts to identify
active clones which may not be expressed in the standard E.
coli host. After their initial success, this research group carried
out a study to compare six different Proteobacteria as hosts
for the same soil derived metagenomic cosmid library (Craig
et al., 2010). Each host expressing the library was functionally
screened for antimicrobial activity, pigment production and
altered colony morphology conferred onto the host by the
DNA insert. Bacterial species from common soil-dwelling
phyla were chosen as experimental hosts. Five candidate hosts,
Agrobacterium tumefaciens, Burkholderia graminis, Caulobacter
vibrioides, Pseudomonas putida, and Ralstonia metallidurans,
were compared to the standard and most commonly used
host, E. coli. Active clones were recovered from the library,
having been expressed by different heterologous hosts with
minimal overlap between hosts. This study shows the usefulness
of Broad-Host Range vectors for overcoming host expression
related barriers. Biver et al. (2013a) carried out a study to
evaluate the use of an E. coli-Bacillus subtilis shuttle vector to
functionally screen a forest soil-derived metagenomic library for
antimicrobial activity. Activity based screening identified a novel
antimicrobial agent, shown to be proteinaceous in nature though
not yet fully characterized, that is active against Bacillus cereus.
The DNA fragment responsible for such activity was active in
the B. subtilis host alone and no activity was observed when
the fragment was expressed in E. coli. Again, the importance of
developing multiple host expression systems is highlighted by
these findings. Further studies similar to those mentioned above
must be carried out to better characterize and therefore more
fully understand potential alternative hosts. Another obstacle
faced in heterologous expression is the possibility of a DNA
fragment being too short to contain a functional gene cluster
or operon. The availability of a vector able to accommodate

large DNA inserts is also fundamental (Streit and Schmitz,
2004). The use of large insert vectors capable of accommodating
biosynthetic gene clusters or operons, and the development
of shuttle vectors capable of propagating in more than one
heterologous host, are examples of strategies being explored to
overcome methodological limitations.

Applications of Interest of Functional
Metagenomics in Food and
Pharmaceutical Industries

Discovery of Novel Bio-catalysts

Certain microbial enzymes are of particular interest to the
food and pharmaceutical industries for the catalysis of reactions
which may be difficult or expensive to maintain. This interest
stems from the fact that there is often difficulty in synthesizing
chemical catalysts that truly mimic the complexity of biological
enzymes. Many industrial processes are associated with a
large environmental burden. Substituting traditional chemical
processes used to produce certain compounds or molecules with
enzymatic pathways naturally sourced is a more environmentally
friendly approach to large-scale production. As microorganisms
can catalyze a vast range of reactions, they are an obvious
source of enzymes for industrial applications. Several authors
have explored this avenue in the last decade (Table 1).

Novel enzymes from natural sources are extremely useful
in food processing reactions. Many of these relate to reactions
that occur in nature to process food for energy but are difficult
to mimic on an industrial level, e.g., degradation of starch. In
other instances, the search has focused on enzymes that can
carry out reactions under extreme conditions, which often prevail
in food processing, e.g., high temperatures and extremes of
pH. Indeed, microbial enzymes are used for brewing, baking,
synthesis of sugar and corn syrups, starch and food processing,
texture and flavoring, processing of fruit juices, and production
of dairy products and fermented foods, among others, either as
recombinant enzymes or by using starter cultures with desirable
activities. The following are some examples of industrial food
processes which have benefited (and may continue to do so)
from access to the diverse repository of enzymes possessed by
microorganisms.

In the food industry, starch harvested from sources such
as maize, wheat, and potatoes is processed to yield food
products such as glucose and fructose syrups, starch hydrolysates,
maltodextrins, and cyclodextrins (reviewed by van der Maarel
et al., 2002). In recent times, the chemical hydrolysis of starch,
which involves acid treatment, is being replaced with enzymatic
digestion by starch-hydrolyzing enzymes obtained from natural
sources. Starch-modifying enzymes are also added to dough in
the baking industry to act as bread anti-staling agents. These
starch-converting enzymes usually originate from the a-amylase
family or family 13 glycoside hydrolase. Amylases from microbial
sources are used in starch processing such as o-amylases
from Geobacillus stearothermophilus and Bacillus licheniformis.
However, despite the advantages of using enzymatic over
chemical hydrolysis (high specificity of enzymes, milder reaction
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TABLE 1 | Some novel enzymes of industrial interest discovered through functional metagenomics.

Enzyme Closest known homolog Method/Host Environment References
Four lipolytic Moderate identity (<50%) to lipolytic proteins Activity based screening of E. Soil from a meadow, a Henne et al., 2000
enzymes from Streptomyces, Moraxella, Acinetobacter, coli plasmid library sugar beet field and the

and Sulfolobus sp. Nieme River valley, Germany
Low pH, High sequence similarity to a-amylase of Function-based screening of E. Deep sea and acid soil Richardson et al., 2002
thermostable Pyrococcus sp. KOD1 coli plasmid library followed by
a-amylase expression of gene of interest

in Pseudomonas fluorescens
for functional evaluation

12 esterases, 9

Various putative source organisms

Functional screening of lambda

Rumen of dairy cow

Ferrer et al., 2005b

endo-p-1,4- phage library transformed into

glucanases, and 1 E. coli

cyclodextrinase

Three Low sequence identities to known Function-based screening of E. Large bowel of mouse Walter et al., 2005

B-glucanases

B-glucanases. Other sequences present in one
of the inserts showed identity to Bacteroides sp.

coli BAC library

B-agarase 77% identity to corresponding protein in Activity based screening of E. Soil Voget et al., 2003
Pseudoalteromonas atlantica coli plasmid library
Two esterases One esterase showed 83% identity to Activity based screening of two Sail Ouyang et al., 2013
metagenome-derived EstA3 (AAZ48934) and separate libraries: (plasmid and Water
59% identity to a betalactamase fosmid) transformed into E. coli
(YP_003266771) of Haliangium ochraceum
DSM 14365. The other esterase showed 37%
identity to a hypothetical protein from Neisseria
elongata
Two esterases One esterase showed 51% identity to a class C Activity based screening of two Soil Elend et al., 2006

B-lactamase from Burkholderia pseudomallei
and was also 61% similar and 45% identical to a
functional esterase (AAF59826) from
Burkholderia gladioli. Second esterase showed
59% identity to a B-lactamase from

E. coli cosmid libraries

Drinking water

Sphingopyxis alaskensis
Esterase Unidentified mesophilic soil microbe Activity based screening of E. Environmental soil samples: Kim et al., 2006
coli plasmid library mudflats, beaches, forests
Thermostable 64% similarity to an enzyme from Pyrobaculum Activity based screening of E. Mud Sediment-rich water Rhee et al., 2005
esterase calidifontis coli fosmid library

Two esterases

One esterase showed highest identity (64.9%)
to a putative esterase (YP_220901) from
Brucella abortus biovar 1. The other esterase
showed highest identity (40.4%) to a putative
esterase (ZP_01658665) from Parvibaculum
lavamentivorans

Activity based screening of E.
coli BAC library

Surface seawater, South
China Sea

Chu et al., 2008

Six lipolytic clones

The six clones individually showed highest
identity to the following proteins: (i)
Esterase/lipase (ZP_00034241), Burkholderia
fungorum, (i) Thermophilic carboxylesterase
(1EVQA), Alicyclobacillus acidocaldarius (jii)
Thermophilic carboxylesterase (1EVQA), A.
acidocaldarius (iv) Esterase/lipase
(ZP_00034303), B. fungorum (v) Esterase/lipase
(ZP_00034303), B. fungorum (vi) Esterase HDE
(BAAB2510), petroleum-degrading bacterium
HD-1

Activity based screening of E.
coli fosmid library

Forest topsoil

Lee et al., 2004

(Continued)

Frontiers in Microbiology | www.frontiersin.org

June 2015 | Volume 6 | Article 672 | 13


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Coughlan et al.

Industrial applications of functional metagenomics

TABLE 1 | Continued

Enzyme

Closest known homolog

Method/Host

Environment

References

Cellulase
(B-glucosidase
activity)

Low sequence identity to Plasmodium and
Borrelia species

Function-based screening of E.
coli library

Sail

Jiang et al., 2009

Glycosyl hydrolase

>60% identity to B-1-4-endoglucanase from
Prevotella bryantii B14 (AAC97596) and
B-1-4-xylanase from Prevotella ruminicola 23
(AAC36862). 100% identity to a partial
sequence (AAB20175) of the N terminus B14
enzyme from P, bryantii.

Functional screening of lambda
phage library transformed into
E. coli

Cow rumen fluid

Palackal et al., 2007

137 nitrilase genes
(Relevant in fine
chemical synthesis
in drug
manufacture)

Varying degrees of amino acid sequence
similarity to proteins from several sequence
clades within the nitrilase subfamily

A phagemid library expressed
in E. coli screened by selection
for the ability to grow on a
nitrile substrate

Sail
Water

Robertson et al., 2004

Halotolerant and

New member of tannase superfamily

Activity-based screening of E.

Cotton field soil

Yao et al., 2011

moderately coli plasmid library
thermostable
tannase
Three carboxylic 77% amino acid identity to lipolytic enzyme Activity-based screening of E. Forest soil Biver and Vandenbol,
ester hydrolases (AEM45126) from German forest soil-derived coli plasmid library 2013
metagenomic library
Alkaline serine Most closely related to an alkaline protease Activity-based screening of Forest soil Biver et al., 2013a

protease isolated from Bacillus sp. IPTG-inducible vector library
expressed in E. coli
Fibrinolytic Amino acid sequence showed 46% identity to Activity-based screening of E. Mud, Korean west coast Lee et al., 2007

metalloprotease
(zinc-dependent)

metallopeptidase from Dechloromonas
aromatica (AAZ45577)

coli fosmid library

Two serine
proteases

First novel protease: 52% amino acid identity to
a thermophilic alkaline protease from
Geobacillus stearothermophillus (AAK29176).
Second novel protease: 51% sequence identity
with a putative protease of Bacillus sphaericus
(CAB46075)

Activity-based screening of E.
coli plasmid and fosmid
libraries

Surface sand from Gobi and
Death Valley deserts

Neveu et al., 2011

Alkaline serine
protease

98% sequence similarity with uncharacterized
proteases of various Shewanella sp.

Activity-based screening of E.
coli plasmid library

Goat skin surface

Pushpam et al., 2011

Cold-active lipase

91% identity to a known lipase from
Pseudomonas fluorescens B68 (AY694785)

Activity based screening of E.
coli cosmid library

Oil-contaminated soil,
Northern Germany

Elend et al., 2007

Moderately
thermostable (and
thermally
activated) lipase

Acidobacteria phylum

Activity based screening of E.
coli fosmid library

Soil, Brazilian Atlantic Forest

Faoro et al., 2012

Five esterases

Two did not show significant sequence identity
to known esterases, the remaining genes
showed low to moderate identity to known
esterases

Activity based screening of E.
coli phagemid vector library

Brine: seawater interface,
Uranian hypersaline basin

Ferrer et al., 2005a

Thermostable
family VIl esterase
with high stability
in organic solvents

45% identity to Haliangium ochraceum DSM
14365 (ACY17267)

Activity based screening of E.
coli fosmid library

Compost

Kang et al., 2011

(Continued)
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TABLE 1 | Continued

Enzyme

Closest known homolog

Method/Host

Environment

References

Alkaline-stable
family IV lipase

83% identity with a cold-active esterase from a
deep-sea metagenomic library (ADA70028).
59% identity with an esterase from Vibrio
splendidus LGP32 (YP_002394831)

Activity based screening of E.
coli plasmid library

Marine sediment, South
China Sea

Peng et al., 2014

Protease-
insensitive feruloy!
esterase

56% identity to predicted esterase from
Eubacterium siraeum V10Sc8a (CBL34630).
55% identity to predicted esterase from E.
siraeum (CBK96609)

Function-based screening of E.
coli fosmid library

China Holstein cow rumen

Cheng et al., 2012a

Xylanase 44% identity to glycoside hydrolase family Function-based screening of E. China Holstein cow rumen Cheng et al., 2012b
protein from Clostridium thermocellum ATCC coli fosmid library
27405 (YP0O01038252)
Two UDP The first one is weakly similar (71% similarity) to Thin layer chromatography Elephant feces, Hagenbeck Rabausch et al., 2013
glycotransferase hypothetical UGT from Fibrisoma limi. The (TLC)-based functional Zoo, Germany.

(UGT) genes. One
is a novel
macroside
glycotransferase
(MGT)

second one is highly similar to a hypothetical
MGT from Bacillus thuringiensis

screening of E. coli fosmid
library

Tidal flat sediment, Elbe
river, Germany.

Cold-adapted
3-galactosidase

Highest percentage identities to
B-galactosidases from Planococcus sp. “SOS
Orange” (39%), Planococcus sp. L4 (39%), and
Bacillus halodurans C-125 (39%)

Function-based screening of E.
coli plasmid library followed by
expression of gene of interest
in Pichia pastoris for analysis
and characterization

Topsoil samples, Daqging oil
field, Heilongjiang Province
in China

Wang et al., 2010

Cold-active
3-galactosidase

53% identity to B-galactosidases from
Clostridium hathewayi

Function-based screening of E.
coli plasmid library.

lkaite columns SW
Greenland

Vester et al., 2014

3-galactosidase

Not available

Function-based screening of E.
coli plasmid library followed by
expression of gene of interest
in Pichia pastoris for functional
evaluation

Not available

Wang et al., 2012

11 amidase genes
(Three novel)

Three novel amidases: the first showed highest
identity (54%) to putative isochorismatase
hydrolase from Streptomyces sp. strain AA4;
the second showed 45% primary amino acid
sequence identity with a hypothetical protein
(further information not available); the third
showed 57% primary amino acid sequence
identity with a protein that contains a
transmembrane ABC transporter signature motif
and possibly encodes a polypeptide with
amidase activity

PIGEX-based screening of
benzoate-responsive sensor
plasmid library transformed
into E. coli

Activated sludge from
aeration tank of a coke
plant; wastewater treatment
plant, Japan

Uchiyama and Miyazaki,
2010

Periplasmic
a-amylase

100% similarity with malS gene in E. coli
(X68994.1)

PIGEX-based screening of
maltose-induced plasmid
library transformed into E. coli

Cow dung, India

Pooja et al., 2015

37 genes with
lipolytic activity

29-90% sequence identity to known and
putative proteins from numerous different
species, including uncultured bacteria

Activity based screening of E.
coli plasmid and fosmid
libraries

Forest soil, Germany

Nacke et al., 2011

conditions, natural means of processing more acceptable to
consumers and to the public), there are limitations with the
enzymes currently being used. Starch hydrolysis is carried out
at high temperatures, at which a-amylases are usually not active

at a pH below 5.9. For the reaction to proceed efficiently,
the pH must be raised by the addition of NaOH. As these
enzymes also exhibit a Ca** dependency, Ca?t must be added
to the reaction in addition to adjusting the pH. Thermostable,
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Ca**-independent a-amylases with low pH activity would be
ideal for the starch hydrolyzing process. Richardson et al. (2002)
identified an a-amylase optimal for the corn wet milling process.
They carried out activity based screenings under conditions of
temperature and pH similar to those of the corn wet milling
process on a large library of metagenomic clones constructed
from diverse environmental samples. The clones were also
phylogenetically screened for homology to known a-amylases.
Three clones were selected which performed well under the
given conditions. Phylogenetic analysis revealed that all three
enzymes were members of the glycosyl hydrolase family 13. They
were expressed in Pseudomonas fluorescens and their activity was
compared to the enzymes currently used in industry (from B.
licheniformis). One clone was found to have better characteristics
for application to the corn wet milling process than the enzyme
currently in use. However, further research is needed to improve
the low yield of enzyme produced under industrial conditions.
Lipases and esterases are hydrolytic enzymes which play
important roles in the food and pharmaceutical industries.
Lipases hydrolyze fats into fatty acids and glycerol at the water
lipid interface and reverse the reaction in the non-aqueous
phase (Gupta et al., 2004). Lipases are exploited by the dairy
industry for the hydrolysis of milk fat, releasing short-chain
and long-chain fatty acids, creating such features as richness,
creaminess or cheesiness depending on the degree of lipolysis,
as reviewed by Hasan et al. (2006). For this reason, it is
important to use the correct lipolytic enzyme to achieve the
right flavor in the final product. Peng et al. (2014) screened
a metagenomic library constructed from a Chinese marine
sediment for clones displaying lipolytic activity in an E. coli
host. They discovered a novel highly alkaline-stable lipase with
high specificity for butter milkfat esters. Treatment of butter
with the newly identified lipase produced rich and distinctive
flavors through the production of palmitic and myristic acids
while maintaining the cheesy flavor of the short-chain fatty
acids. As palmitic and myristic acids are added to food for their
distinctive flavor, the hydrolysis of palmitate and myristate in the
production of lipolysed milkfat (LMF) to flavor dairy products
is a safe and economically viable potential application of the
novel lipase identified in this study. Other dairy applications
of lipases include the acceleration of cheese ripening and the
enhancement of cheese flavor through the synthesis of short
chain fatty acids (SCFAs) and alcohols. Lipases are also used
in vegetable oil modification and preservation of baked goods
(Hasan et al.,, 2006). Although in the past lipases used in the
food industry were predominantly obtained from animal sources,
the microbial world potentially holds a wide range of diverse
lipases that can be used in many different industrial applications
(Table 1). Examples of pharmaceutical applications of lipases
sourced from microbes include the synthesis of an intermediate
for the production of an anti-tumor agent (Zhu and Panek, 2001)
and the synthesis of intermediates of antimicrobial agents (Kato
etal,, 1997). Also, through the screening of a metagenomic library
constructed from an oil-contaminated German soil sample,
Elend et al. (2007) identified a lipolytic cold-activated clone
which showed high selectivity for esters of primary alcohols and
(R) enantiomers of non-steroidal anti-inflammatory drugs such

as ibuprofen. This enzyme has potential in the pharmaceutical
industry for the conversion of such anti-inflammatories into an
optically pure form.

Esterases catalyze the hydrolysis of an ester into its alcohol and
an acid in aqueous solution. They are distinguished from lipases
in that they hydrolyze short-chain over long-chain acylglycerols.
In the food industry, esterases are used in fat and oil modification
and in the fruit juices and alcoholic beverages industries to
produce certain flavors and fragrances, as reviewed by Panda
and Gowrishankar (2005). Feruloyl esterases hydrolyze the ester
bond between ferulic acid (FA) and polysaccharides present in
plant cell wall material. They have a dual usefulness as they not
only break down plant biomass (which is useful in industrial
waste management) but, in doing so, they de-esterify dietary
fibers releasing bioactives with potential beneficial health effects
(reviewed by Faulds, 2010). In a study carried out by Cheng et al.
(2012a), a metagenomic library constructed from the microbial
content of a Chinese Holstein cow rumen was functionally
screened for feruloyl esterase activity, identifying a protease-
insensitive feruloyl esterase capable of releasing FA from wheat
straw. This novel enzyme is of particular industrial interest as it
showed high thermal and pH stability and was resistant to several
proteases including pepsin. A novel xylanase was isolated from
the same metagenomic library (Cheng et al., 2012b) and its ability
to work synergistically with the newly discovered feruloyl esterase
to release xylooligosaccharides (XOS) and FA from wheat straw
was assessed. XOS display prebiotic and gut modulatory activities
and have other bioactive properties giving them value as food
additives, as reviewed by Moure et al. (2006). The novel xylanase
was not only effective in working with the feruloyl esterase, but
additionally was capable of improving release of FA from wheat
straw at a high dose. Esterases also play a role in the synthesis
of chiral drugs including medications to relieve pain and reduce
inflammation (Bornscheuer, 2002; Shen et al., 2002; Panda and
Gowrishankar, 2005).

3-galactosidases are widely used in the dairy industry for the
hydrolysis of lactose to glucose and galactose. Lactose content
in milk is reduced to improve taste (lactose is known to absorb
undesirable flavors and odors), to accelerate the ripening of
cheeses made from treated milk and for the removal of lactose for
the production of lactose-free products for intolerant consumers
(reviewed by Panesar et al., 2010). The currently commercially
available f-galactosidase for use in the dairy industry, from
Kluyveromyces lactis, has a temperature optimum of 50°C and
loses much of its enzymatic activity at temperatures below
20°C. Carrying out industrial reactions at lower temperatures is
beneficial as it saves energy (and in turn is more economical),
it prevents heat destruction of thermosensitive substances such
as food compounds, molecules responsible for flavors, taste and
nutritional value, etc., and it reduces contamination risks. Cold-
active enzymes work at low temperature and can be easily
inactivated by rising the temperature to a moderate condition.
From a metagenomic library constructed from the ikaite columns
of SW Greenland, Vester et al. (2014) isolated a cold-activated
3-galactosidase which can potentially be applied by the dairy
industry. The discovered enzyme has an optimal pH of 6
(the natural pH of milk being pH 6.7-6.8) and a temperature
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optimum of 37°C, but retains lactose hydrolytic activity at 5°C.
These properties make it a good candidate for the hydrolysis
of lactose into glucose and galactose in milk for the removal
of lactose for production of lactose-free products for lactose-
intolerant people. In a similar study by Wang et al. (2010) a
cold-adapted $3-galactosidase was identified from a metagenomic
library expressed in E. coli. The insert from the active clone
(encoding a full-length 3-galactosidase) was expressed in Pichia
pastoris to assess its candidacy for use in milk treatment and
optimal activity was observed at a temperature of 38°C. The
enzyme was active at the natural pH of milk.

Flavonoids are plant secondary metabolites found in
numerous dietary fruits and vegetables and whose consumption
is beneficial to human health (Ververidis et al., 2007a,b).
Flavonoids are difficult to source as they are produced by plants
at very low levels. Due to their structural complexity enzymatic
modification is preferred over a chemical approach for industrial
production. Glycosylation of flavonoids influences their water
solubility and bioavailability, making glycosyltransferases that
are active on flavonoids of great interest to the food and
pharmaceutical industries. Rabausch et al. (2013) developed a
novel thin-layer chromatography (TLC) based screening method
for the identification of flavonoid-modifying enzymes from a
metagenomic library. Two novel flavonoid-modifying enzymes
with high activity on flavones, flavonols, flavanones, isoflavones,
and stilbenes were discovered in this manner.

Proteases hydrolyze peptide bonds and therefore catalyze the
degradation of proteins. They have numerous uses in the food
industry, including the tenderizing of meat (Ashie et al., 2002),
the coagulation of milk and flavor development in the dairy
industry (Huang et al.,, 2011) and the proteolysis of gluten to
achieve gluten-free products in the baking industry (Hamada
et al., 2013). Proteases may also be used to release beneficial
bioactive peptides from polypeptide chains in certain foods
(Hafeez et al., 2014; Mora et al., 2014). Currently, commercial
proteases used in the food industry are generally sourced
from plants and culturable microorganisms. Proteases from as
yet uncultured microbial extremophiles would be of use in
the carrying out of proteolysis under unconventional reaction
conditions. There have been several novel proteases discovered
through functional metagenomic methods. For instance, Biver
etal. (2013a) identified an oxidant-stable alkaline serine protease
from a forest-soil metagenomic library. An alkaline serine
protease was also identified in a metagenomic library constructed
from goat skin surface samples by Pushpam et al. (2011).
These alkaline proteases are examples of microbial enzymes
with potential industrial applications, mainly in the detergent
industry.

Tannins are naturally occurring water soluble polyphenols
which constitute a large percentage of plant material. Tannases
catalyze the hydrolysis of tannins, releasing gallic acid, and
glucose. Tannases are used in the food industry as a clarifying
agent in the manufacture of beverages such as instant teas,
fruit juices, beer, and certain wines (Cantarelli et al, 1989;
Boadi and Neufeld, 2001). Tannases are also important to the
pharmaceutical industry for catalyzing the release of gallic acid
(Sariozlu and Kivanc, 2009) which is used in the production

of some antibacterial drugs. Additionally, gallic acid is used in
the synthesis of propyl gallate, an antioxidant food additive.
Tannases isolated from bacteria have typically been restricted to
culturable strains, overlooking the diverse potential of those as
yet uncultured. Yao et al. (2011) expressed a metagenomic clone
library constructed from cotton field in E. coli and screened the
transformants for tannase activity, revealing one active clone.
Sequence analysis revealed that the active clone encoded a full
length tannase gene, which was not found to be closely related
to any currently known tannases. Analysis of tannase activity
of the enzyme under various industrially relevant conditions
was performed and a moderate thermostability of the identified
enzyme, which may be useful for food industrial applications,
was shown. The enzyme was also found to have a wide range
of substrate specificity, making it suitable for applications in
both the food and pharmaceutical industries. In 2014, this novel
tannase was investigated by Yao et al. (2014) for its suitability for
the removal of tannins from a green tea infusion. The presence
of tannins in beverages such as green tea is problematic as the
ability of tannins to precipitate proteins leads to the formation
of a protein haze that is undesirable in terms of product taste
and appearance (Wu and Bird, 2010). The tannase enzyme was
recombinantly expressed in E. coli and immobilized to several
matrices, identifying Ca-alginate beads as the most appropriate
support. The immobilized enzyme was effective in the removal
of tannins from green tea infusion and was found to possess
properties distinct from those of the free enzyme, such as high
operational and storage stabilities and a higher temperature and
pH optimum.

Discovery of Novel Bioactives

As with the food industry, the use of microbial enzymes is
of particular interest for the biosynthesis of pharmaceutical
products previously synthesized via chemical means. Thus,
functional metagenomics can be applied to the discovery
of genes capable of carrying out reactions of interest for
the obtaining of bioactives or the synthesis of intermediate
compounds in the pharmaceutical industry. One avenue of
interest has been the identification and heterologous expression
of a microbial biosynthetic pathway capable of producing biotin
for industrial purposes (Entcheva et al., 2001; Streit and Entcheva,
2003). Biotin (Vitamin H) is a human and animal dietary
requirement and is currently chemically synthesized through
industrial processes for addition to food and feed products, with
associated negative environmental impacts. The use of biotin-
producing microorganisms in place of chemical synthesis offers
a greener alternative to conscientious industries. Other microbial
biosynthetic genes of interest to the pharmaceutical industry
capable of synthesizing other bioactives important for human
health and medicine have been also identified by functional
metagenomic strategies (listed in Table 2).

Walter et al. (2005) applied a functional metagenomic method
to screen for lichenin-degrading activity in a Bacterial Artificial
Chromosome (BAC) library constructed from bacteria obtained
from the large-bowel microbiota of mice, identifying three clones
with f-glucanase activity. Glucans cannot be broken down by
humans or monogastric animals and so, their hydrolysis relies
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TABLE 2 | Some novel bioactives and biosynthetic pathways of industrial interest discovered through functional metagenomics.

Bioactive Closest known homolog Method/Host Environment References
/Pathway
Pederin >80% identity to sequences from P, aeruginosa. Targeted sequencing-based Paederus beetles Piel, 2002
The discovered ped gene cluster is believed to strategy
be from a symbiont of the Paederus beetle from
the genus Pseudomonas
Biotin Highest identity to proteins from Erwinia Selelction-based screening of Horse excrement Entcheva et al., 2001
herbicola. Significant identity also shown to enriched cosmid library in E.
proteins from E. coli and Pseudomonas putida coli biotin auxotrophic strain
Known 98% identity to proteins from Vibrio Function-based screening of E. Tidal-flat sediment, Ariake Fujita et al., 2011
siderophore: parahaemolyticus and Vibrio alginolyticus coli plasmid library Sea
vibrioferrin
Polyketide 55-59% identity to hypothetical PKS from Targeted sequencing-based Marine sponge Discodermia Schirmer et al., 2005

synthase (PKS)
gene

Mycobacterium avium (NP_961164)

strategy

dissoluta, Netherlands
Antilles

Novel serine
protease inhibitor
(serpin) gene

Moderate identities to serpins from Salinibacter
ruber M8 and Spirosoma linguale DSM 74.
Similarities with possible partial serpins from
Dyadobacter fermentans DSM 18053,
Arthrospira maxima CS-328 and Cyanothece
sp. PCC 7822

Sequence-based screening of
E. coli plasmid library.

Uncultured marine
organisms

Jiang et al., 2011

Borregomycin A
and B encoded by
bor pathway
(antiproliferative
and antibiotic
properties)

ORFs showing 32-86% identity to species from
the following genera: Micromonospora,
Streptomyces, Actinoplanes, Corallococcus,
Cellulomonas, Actinomadura, Salinispora,
Microlunatus, Modestobacter, Frankia,
Saccharomonospora, Nocardia, Phaeosphaeria

Homology guided screening

Soil, Anza-Borrego Desert
CA)

Chang and Brady, 2013

Hypothetical
protein with NF-kB
pathway
stimulatory activity

42% of predicted genes coverage to B. vulgatus
ATCC 8482

Activity-based screening using
a reporter cell line of an E. coli
fosmid library

Human gut microbiota of
Crohn’s Disease patients

Lakhdari et al., 2010

Novel prebiotic
degradation
pathways (11
contigs)

Sequence homology to species of
Bifidobacterium, Eubacterium, Streptococcus,
Bacteroides, Faecalibacterium

Hydrolytic activity-based
selective screening of two E.
coli fosmid libraries

Human ileum mucosa and
fecal microbiota samples

Cecchini et al., 2013

Five novel putative
salt tolerance
genes

Identity to hypothetical proteins from genus
Collinsella, Eggerthella, and Akkermansia

Function-based screening of E.
coli plasmid library

Human gut microbiota

Culligan et al., 2012

Novel salt
tolerance gene

Not homologous to any sequence at time of
study, highest BLAST score to hypothetical
protein from Caulobacter crescentus

Function-based screening of E.
coli plasmid library

Faecal sample, healthy 26
year old Caucasian male

Culligan et al., 2013

15 acid resistance
genes

37-90% identity to proteins and hypothetical
proteins from the following genera:
Thermosinus, Streptomyces, Candidatus,
Hyphomicrobium, Methylococcus,
Acidithiobacillus, Thioalkalivibrio, Nitrosococcus,
Halorhodospira, Haliangium, Clostridium,
Roseomonas, Acidiphilium, Gemmata,
Terriglobus, Burkholderia

Function-based screening of
six E. coli plasmid libraries.
Followed by expression in
Pseudomonas putida and
Bacillus subtilis

Planktonic and rhizosphere
microbial communities of
the Tinto River. Five libraries
from Erica andevalensis,
one from headwaters of
Tinto River

Guazzaroni et al., 2013

on bacterial fermentation. As the consumption of glucans is
associated with health benefits in humans (Abumweis et al.,
2010), glucan hydrolyzing enzymes isolated from bowel-dwelling

microbiota may be of interest to pharmaceutical and functional
food related industrials. The feed industry may also benefit from
the availability of 83-glucanases that improve the digestion of
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barley-based feed diets by poultry livestock (Von Wettstein et al.,
2000).

The development of novel therapeutic strategies relies heavily
on gaining a better understanding of human commensals and
host-microbe relationships. Lakhdari et al. (2010) established
and validated a reporter system capable of detecting immune
modulatory activity of metagenomic clones. A metagenomic
library constructed from human fecal microbiota of Crohn’s
Disease (CD) patients was screened for NFkB modulatory
activity (whether stimulatory or inhibitory) using an intestinal
epithelial cell line transfected with a reporter gene. A clone
displaying stimulatory activity of the NF-kB pathway was
identified. Although the molecule responsible for the activity is
not yet known, two potential candidate loci were determined
through transposon mutagenesis: an efflux ABC type transport
system and a putative lipoprotein. Phylogenetic analysis showed
Bacteroides vulgatus to be the closest known homolog to the
source of the insert of interest, an interesting finding as B.
vulgatus is a human gut microbe found to be higher in
abundance in CD patients than in a control population. This
study presents the development of an innovative platform
for screening metagenomic libraries and is likely to inspire
the creation of other cell-based screening platforms from
which a better understanding of human-microbe symbiotic
communications can be obtained, advancing the development
of novel therapeutic strategies promoting a healthy relationship
with the gut microbiota and in turn the entire human
microbiome.

Maintaining gut microbiota homeostasis has been shown
to contribute to the overall sustaining of human gut health.
Probiotics are an oral infusion of high numbers of live beneficial
gut microbes formulated into various yogurts and dairy beverage
products that, when ingested in adequate amounts, confer a
health benefit on the host (Joint, 2001). As an oral formulation,
these products face difficulties in efficacy due to insufficient
cell numbers reaching the intestine, owing to the necessity of
passing through the majority of the GI tract to reach their site of
action in the bowel. The harsh pH and osmolarity of the upper
GI tract can destroy a large proportion of the ingested cells.
Novel acid and salt resistance mechanisms discovered through
functional metagenomic studies similar to those of Guazzaroni
et al. (2013), who identified an acid resistant metagenomic clone
from the Tinto River environment, and Culligan et al. (2013),
who discovered a gene conferring salt tolerance onto an E. coli
host from a library derived from the human gut microbiota, may
be of use in conferring stress resistance to probiotic products.
However, this objective faces additional social challenges with
respect to consumer acceptance of the use of genetically modified
(GM) microorganisms to enhance food products. Although it
is generally appreciated by the public that GM cells, organisms
and microorganisms are necessary for the production of certain
critical biologically active drugs, the thought of everyday food
products having been prepared using GM materials is met with
a sense of unease, especially in many EU member states. Thus,
strict regulations involving the consumption of GM foods and
the use of GM organisms in food production and processing have
not been made more lenient, as they have in other countries,

such as the USA, in recent years. Public transparency and an
understanding of the extensive safety and efficacy testing of
GM related food products may eventually lead to a change in
consumer attitude to bioengineered goods.

Another avenue to maintain human gut health is to promote
the growth of beneficial bacteria already present in one’s lower
GI tract through the use of prebiotics. Prebiotics are non-
digestible oligosaccharides (NGOs), usually present in plant
material, that are resistant to human digestion in the upper GI
tract and are hydrolyzed in the gut by beneficial microbiota to
produce SCFAs and organic acids that provide nutritional value
to the human host (Gibson and Roberfroid, 1995). Cecchini
et al. (2013) used a functional metagenomics approach to
investigate the prebiotic hydrolyzing potential of the human
gut microbiome by searching for novel prebiotic degradation
pathways in a human ileum mucosa and a fecal microbiota
derived metagenomic library. They identified high numbers of
unknown gut microorganisms capable of hydrolyzing established
prebiotics, indicating that the prebiotics tested are not specifically
metabolized by their target microorganisms alone. Further
investigations must be carried out to determine the effect (if any)
of non-specific hydrolysis of prebiotic preparations in the human
gut. Galacto-oligosaccharides (GOS) with prebiotic properties
can be synthesized through the transgalactosylation activity of 3-
galactosidase enzymes on lactose. Wang et al. (2012) validated the
ability of a novel 3-galactosidase isolated from a metagenome-
derived library for its ability to produce GOS. Carrying out
the reaction in an organic-aqueous biphasic media was shown
to improve GOS yield. The 3-galactosidase gene discovered in
this study is a promising candidate for industrial production
of GOS to be used as an additive in various food and dairy
products. All of these studies highlight the flexibility of functional
metagenomics as a molecular tool not only for identifying
new metabolic pathways for biosynthesis of useful/industrially
relevant compounds but also for evaluating the efficiency of
current therapeutic strategies.

Discovery of Novel Antimicrobials

A major driving force behind the biotechnological applications
of functional metagenomics is the search for novel antimicrobials
effective in medical settings. Microorganisms produce antibiotic
molecules to alleviate competitors in their natural habitat.
Natural sources have proved fruitful in the past for providing
antibiotic molecules, from the discovery of penicillin produced
by Penicillium rubens in 1928 to date. Although most bacterial
infections in humans are curable with current antibiotic
therapies, the emergent problem of antimicrobial resistance has
led to the prevalence of persistent untreatable infections caused
by certain pathogens which have developed a resistance to the
used antimicrobial therapy. Antibiotic resistance has challenged
medical practitioners and researchers and has led to outbreaks
of serious untreatable bacterial infections in clinical settings and
even community outbreaks have occurred (Alanis, 2005), making
antimicrobial resistance a serious threat to human health (World
Health Organization, 2014). The rate of antimicrobial drug
discovery has declined in recent years, owing in part to a low drug
approval rate by governing bodies (Cooper and Shlaes, 2011) and
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lesser rewards for manufacturers (Fischbach and Walsh, 2009).
The exhaustion of products from culturable microorganisms and
preferred use of chemical libraries of pure synthetic compounds
over natural product exploration (Li and Vederas, 2009) have also
contributed. New advances in metagenomics, high throughput
screenings (HTS) and metabolic engineering, e.g., Jayasuriya et al.
(2007), provide a new lease of life for natural product drug
discovery. Functional metagenomic screens can be applied to
the identification of novel antimicrobial molecules by screening
microbial populations for antimicrobial activity against indicator
or clinically relevant microorganisms. So far, this approach has
led to the discovery of several novel antimicrobial compounds
(Table 3). Gillespie et al. (2002) described the discovery of two
novel antimicrobials (turbomycin A and B) exhibiting broad-
spectrum activity against both gram-positive and gram-negative
bacteria. These antibiotics were identified through activity-
based screening of a metagenomic library from soil samples
expressed in an E. coli host. Several metagenomic E. coli clones
expressing antimicrobial activity were discovered by Macneil
et al. (2001) through function-based screening of a BAC library
constructed from soil microbial DNA. Metagenomic inserts
from active clones were found to be related to the compound
indirubin, a cyclin-dependent kinases (CDK) inhibitor used in
the treatment of human chronic myelocytic leukemia (Hoessel
et al., 1999; Marko et al., 2001). An indirubin compound with
antimicrobial activity was also identified through activity-based
screening of a forest soil metagenomic library by Lim et al.
(2005). More recently, Scanlon et al. (2014) developed a HTS
method which enabled them to co-culture recombinant clones
from a native staphylococcal-derived metagenomic library with
the bacterial pathogen Staphylococcus aureus in hydrogen-in-
oil emulsions, with antibiotic activity being rapidly detected
using a fluorescent viability assay. Six clones expressing a
lysostaphin gene from Staphylococcus simulans with activity
against S. aureus were identified in this way. Iqbal et al. (2014)
constructed a metagenomic library from Arizona soil hosted by
Ralstonia metallidurans. Functional screening for antimicrobial
activity against Bacillus subtilis identified six positive clones
encoding proteases, a lipase, and enzymes with cell wall lytic
activity. These studies highlight the success of applying functional
metagenomics to the discovery of novel natural antimicrobials
with potential value to the pharmaceutical industry.

Certain cell-to-cell communication or quorum sensing
molecules and agents with quorum sensing inhibitory (QSI)
activities have been also discovered through function-based
screening of metagenomic libraries (Table3). An interesting
study by Nasuno et al. (2012) identified two novel sets of
quorum sensing (QS) genes from the LuxI family N-acyl-L-
homoserine lactone (AHL) synthases and their paired LuxR
family transcriptional regulators. These authors constructed
metagenomic libraries from an activated sludge from a coke
plant and forest soil samples and functionally screened them
for the presence of QS genes using a modified E. coli host.
This biosensor strain contained a gfp plasmid which produced
unstable GFP in response to low levels of five different AHLs,
enabling the detection of QS-regulated activity. Other studies
which have applied metagenomics for the exploration of QS

regulation are reviewed by Kimura (2014). When it comes
to treating individuals infected with, or curbing outbreaks of,
antimicrobial-resistant pathogens, in some cases quorum sensing
inhibitors as an anti-virulence strategy may be a useful course
of action. The concept of using quorum sensing inhibitors
would also be of benefit to the food industry in the control
of undesirable microorganisms in food preparations or food
processing environments. Schipper et al. (2009) screened a soil
metagenomic library, expressed in E. coli, for QSI activity using
an A. tumefaciens based bioassay. The positive clones were
expressed in Pseudomonas aeruginosa and were found to be most
likely responsible for the reduced motility and biofilm formation
observed in the P. aeruginosa host cells expressing the proteins of
interest. Of the three active clones isolated, one was found to be
similar to a known lactonase, and the remaining two clones were
determined to encode novel lactonases.

Certain antimicrobial strategies used in clinical settings
could also be applied to the control of bacterial persistence in
food development and manufacturing processes. In industrial
settings contamination of food products occurs at various stages
throughout the food processing cycle. The raw food itself
is usually a source of initial contamination. Food can also
become contaminated or re-contaminated during its processing,
e.g., re-contamination of milk post-pasteurization, resulting in
an unsafe or spoiled product. The removal of harmful or
spoilage microorganisms from food products and the prevention
of microorganisms entering or persisting in food processing
is highly desirable. This needs to occur without damaging
the structure, texture, taste, and overall quality of food. A
potentially powerful application of functional metagenomics
with respect to the food industry is screening natural sources for
bioactive molecules that function as antimicrobials or inhibitory
compounds for use in food safety maintenance strategies. Once
the compounds have been identified and mass produced, the
ultimate goal is for them to be formulated into safe sanitization
products that will not influence the quality of the food product.
As microorganisms are widely used and often beneficial to the
food industry (e.g., cheese manufacture, brewing), the aim would
be to eliminate only those microorganisms which pose a threat
to food safety and quality. Screening is performed in a targeted
manner to identify isolates producing compounds that inhibit
or eliminate the presence of a given problematic microorganism
present in the food product or processing equipment. Due to
their specificity, bioactives isolated from microorganisms may
be used in combination with existing sanitization products.
Extremophiles are of particular interest as these could target
undesirable microorganisms in extreme environments, which are
often present in food processing.

Functional metagenomics can be wused to combat
antimicrobial resistance via two strategies; through the discovery
of novel antibiotics and anti-infectives (as mentioned above)
and through the identification of resistance genes in microbial
populations. As resistance is transferable, horizontal gene
transfer (HGT) being the most common method by which
resistance is acquired by previously susceptible strains, resistant
genes possessed by environmental bacteria may be acquired
by human pathogens. Functional metagenomics can be used
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TABLE 3 | Some novel antimicrobials, anti-infectives and antimicrobial resistance genes discovered through functional metagenomics.

Antimicrobial

Closest known relationship (percentage
homology)

Method/Host

Environment

References

Long-chain N-acyltyrosine
synthase genes

No identity to bacteria cultured at that time. Some
similarity to predicted proteins from Nitrosomonas
europaea, Desulfovibrio vulgaris, and D.
desulfuricans

Activity-based screening
of E. coli cosmid library

Seven soil samples,
Ithaca, NY Boston, MA
Costa Rica

Brady et al., 2004

N-acyl amino acid
biosynthesis gene

Highest similarity to hypothetical protein (MJ1207)
from Methanococcus jannaschii

Activity-based screening
of E. coli cosmid library

Soil

Brady and Clardy,
2000

Two isocyanide biosynthetic
genes encoding
isocyanide-containing
antibiotic

Not available. Some identity to known and
predicted proteins

Activity -based screening
of E. coli cosmid library

Soil, Boston, MA

Brady and Clardy,
2005

Violacein biosynthetic gene
cluster

Moderate identity to Chromobacterium violaceum

Activity -based screening
of E. coli cosmid library

Soil, lthaca, NY

Brady et al., 2001

Two ORFs within a clone The indole oxygenase-like protein showed high Activity -based screening Forest topsoil, Jindong Lim et al., 2005
encoding a transcriptional identity to naphthocyclinone hydroxylase (NcnH) of E. coli fosmid library Valley, Korea

regulatory protein and a from Streptomyces arenae

putative indole oxygenase

Turbomycin A, B The ORFs encoding the turbomycins A and B Activity-based screening Soil Gillespie et al., 2002

show 53% identity to legiolysin from Legionella
pneumophila, 54% identity to hemolysin from
Vibrio vulnificus, 49% identity to
4-hydroxyphenylpyruvate dioxygenase from
Pseudomonas and 45% identity to MelA in
Shewanella colwelliana

of E. coli plasmid library

Uncharacterized protein
with antimicrobial activity

Low to moderate sequence identity (26-58%) to
proteins and hypothetical proteins from Solitalea
canadensis DSM 34083 (38 and 46%),
Flavobacterium sp. CF136 (26%), Indibacter
alkaliphilus LW1 (40%), Helicobacter bizzozeronii
Clll-1 (31%) and Acidovorax sp. JS42 (58%)

Activity-based screening
of E. coli-Bacillus subtilis
shuttle vector library

Soil sample from a
deciduous forest, Belgium

Biver et al., 2013b

Novel chitinase with
chitobiosidase activity
(identified by the
sequence-based approach)

45% identity to chitinase from an uncultured
bacterium (Uchiyama and Watanabe, 2006) and
amino acid identity to known proteins from
Chondromyces apiculatus (41%), Corallococcus
coralloides (40%), and Myxococcus xanthus (39%)

Targeted sequence-based
analysis and
activity-based screening
of E. coli fosmid library

Soil, Swedish University of
Agricultural Sciences,
Uppsala, Sweden

Hjort et al., 2014

Six clones with antimicrobial
activity: two with cell
wall-degrading activity, three
proteases and a lipolytic

54-31% identity to known amidase, lytic
transglycosylase and proteases from Desulfovibrio
sp. USL, Clostridium sp. CAG:1013, Myxococcus
xanthus, Leptospira santarosai and Ferroglobus

Activity-based screening
of broad-host cosmid
shuttle vector library
expressed in Ralstonia

Soil, Sonoran Desert,
Arizona, USA

Igbal et al., 2014

enzyme placidus and to a putative lipolytic enzyme from metallidurans
an uncultured bacterium
Six clones encoding a All six clones expressed the lysostaphin gene from High throughput Library derived from three Scanlon et al., 2014
lysostaphin gene the Staphylococcus simulans library strain activity-based screening native staphylococcal
of E. coli and strains: S. simulans, S.
Saccharomyces arlettae, and S. equorum

cerevisiae plasmid libraries

ANTI INFECTIVE

Two novel lactonases

One had 53% similarity to amino acid sequence
from Pseudomonas fluorescens. The other, 57%
similarity to Nitrobacter sp. Strain Nb-311A

Activity-based screening
of E. coli phagemid vector,
plasmid and
broad-host-range vector
library

Soil, University of
Gottingen, Germany

Schipper et al., 2009

(Continued)
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TABLE 3 | Continued

Antimicrobial

Closest known relationship (percentage
homology)

Method/Host

Environment References

Clone expressing
NAHL-lactonase activity

Most closely related to Zn-dependent hydrolase
from Bradyrhizobium sp.

Functional-based
screening of E. coli fosmid
library

Pasture soil, France Riaz et al., 2008

Two novel pairs of
LuxR/Lux| genes

QS pair 1: Luxl homolog: 42% amino acid
similarity to putative Lux! in Geobacter
uraniireducens Rf4. 38% protein sequence
similarity to Cvil in Chromobacterium violaceum
ATCC 31532. LuxR homolog: 33% amino acid
similarity to LuxR from Geobacter sp. strain
FRC-32 and 31% to CviR from C. violaceum
QS pair 2: Luxl homolog: 57% similar to
LuxIQS6-1 of a metagenomic clone and 40%
amino acid similarity to Ppul from Pseudomonas
putida. LuxR homolog: 37% similarity to
LuxRQS10-1 in a metagenomic clone and 35%
similarity to BraR in Burkholderia kururiensis

Activity-based screening
of two fosmid libraries
expressed in a biosensor
E. coli host

Activated sludge from a Nasuno et al., 2012
coke plant, Japan. Forest
soil samples, Tsukuba city,

Japan

Novel bacterial NAHLase

Most likely belonging to species of unknown
Proteobacterium

Activity-based screening
using an Agrobacterium
tumefaciens biosensor
strain of four E. coli fosmid
libraries

Tannieres et al., 2013

Rhizosphere of Solanum
tuberosum that was
treated with
y-caprolactone

Three novel pair of
LuxR/LuxI genes

QS pair 1: 47% identity to Nitrosospira multiformis
ATCC 25196 and 34% to Nitrococcus mobilis
Nb-231

QS pair 2: 51% and 32% identity to Nitrosospira
multiformis ATCC 25196

QS pair 3: both genes had 37% identity to
proteins from Sphingomonas sp. SKA58

Activity-based screening
using an Agrobacterium
tumefaciens biosensor
strain of four E. coli
plasmid libraries

Activated sludge Hao et al., 2010

Soil

Novel NADP-dependent
short-chain
dehydrogenase/reductase

61% identical to chromosome segregation protein
SMC in Acidobacterium sp. MPSACTX8

ANTIBIOTIC RESISTANCE DETERMINANT

Novel florfenicol and
chloramphenicol resistance
gene

33% amino acid identity to drug resistance
transporters from Wolbachia spp.
(YP_002726856, YP_198189, and NP_966057)

Activity-based screening
of E. coli phagemid vector,
plasmid, and
broad-host-range vector
library

Function-based screening
of E. coli fosmid library

Soail, University of
Gottingen, Germany

Bijtenhoorn et al.,
2011

Soil samples from an
island in the Tanana River
near Fairbanks, Alaska

Lang et al., 2010

Two novel genes conferring
resistance to kanamycin
and ceftazidime

Both showed highest similarity to uncultured soil
microorganisms

Activity-based screening
of E. coli fosmid library

Soil from apple orchard, Donato et al., 2010

southern Wisconsin

Resistance genes to
chloramphenicol, ampicillin
and kanamycin.

Multidrug resistant clone
conferring ampicillin and
kanamycin resistance

Multidrug resistant clone showed highest identity
(95%) to a B-lactamase from Bacillus sp. BT-192.
For chloramphenicol resistance, highest homology
was seen to a hypothetical protein from
Methylibium petroleiphilum. A kanamycin resistant
clone showed 55% identity to a Microscilla sp.
protein. An ampicillin resistant clone showed 66%
identity to a B-lactamase from Spirosoma linguale

Functional screening of
metagenomic BAC,
plasmid, and phagemid
vector libraries expressed
in E. coli. Sequencing of
small insert libraries.

Activated sludge Parsley et al., 2010

Novel chloramphenicol
hydrolase (resistance to
chloramphenicol and
florfenicol)

14 ORFs varying in similarity (30-77%) to
corresponding proteins from known
microorganisms. Highest similarity overall to
proteins from the bacterial phylum Proteobacteria

Activity-based screening
of E. coli plasmid library

Alluvial soil Tao et al., 2012

Novel carboxylesterase

Highest identity (58%) to B-lactamase
(YP_004154831) from Variovorax paradoxus EPS

Activity-based screening
of E. coli cosmid library

Soil from the Upo wetland, Jeon et al., 2011

South Korea

(Continued)
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TABLE 3 | Continued

Antimicrobial

Closest known relationship (percentage
homology)

Method/Host

Environment

References

31 previously undescribed
antibiotic resistance genes
to ampicillin, amoxicillin,
tetracycline, and penicillin.
This includes class A and C
B-lactamases and six
different tetracycline
resistance genes

Significant similarity to proteins from multiple
genera from the ARDB and GenBank databases

Activity-based screening
of E. coli plasmid library

Fecal samples of Herring
gulsl, Appledore Island,
ME and Rochester, NH,
USA

Martiny et al., 2011

39 clones conferring
resistance to kanamycin,
gentamicin,
chloramphenicol, rifampin,
trimethoprim, and
tetracycline

Highest homology to the following phyla:
Proteobacteria, Actinobacteria, and Firmicutes

Activity-based screening
of E. coli plasmid library

Urban soil, Seattle, WA,
USA

McGarvey et al.,
2012

110 antibiotic resistance
genes conferring resistance
to B-lactams,
aminoglycosides,
amphenicols, sulfonamides,
and tetracyclines, including
55 B-lactamases

18 resistance genes showed 100% identity to
known human pathogens

Activity-based screening
of metagenomic library
expressed in E. coli
coupled with PARFUMS

11 soil samples, USA

Forsberg et al., 2012

95 unique antimicrobial
resistance eDNA inserts. 10
novel B-lactamase gene
families

Average of 69.5% nucleotide identity to GenBank
sequences. 15 B-lactamase resistance genes
showed high identity (>90%) to known human
pathogens

Activity-based screening
of metagenomic library
expressed in E. coli

Human saliva and fecal
samples

Sommer et al., 2009

A novel kanamycin
resistance gene fusion (to a
hypothetical protein domain)

N-terminus was 42% identical to AAC(6’) from
Enterococcus hirae. C-terminus was 35%
identical to a hypothetical protein (CBL37632)
from Clostridiales sp. SSC/2

Activity-based screening
of E. coli fosmid library

Four human fecal samples

Cheng et al., 2012¢c

45 clones resistant to
tetracycline, minocycline,
aminoglycosides,
streptomycin, gentamicin,
kanamycin, amikacin,
chloramphenicol, and
rifampicin

26-92% similarity to known proteins in the
GenBank database

Activity-based screening
of E. coli plasmid library

Four agricultural soil
samples, China

Suetal., 2014

Five clones conferring
Fluoroquinolone resistance,
cephalosporin resistance,
and trimethoprim resistance

High similarity to homologs in species of Bacillus,
Erwinia, Exiguobacterium, Pseudomonas

Activity-based screening
of two E. coli plasmid
libraries from cultured
spinach microbiota and
from uncultured spinach
wash

Retail spinach

Berman and Riley,
2013

Ampicillin resistance and
kanamycin resistance

Homology to Streptococcus thermophilus and
Lactobacillus helveticus

Activity-based screening
of an E. coli fosmid library

Mozzarella di Bufala
Campana (MBC) Cheese,
produced in Central and
Southern ltlaly

Devirgiliis et al., 2014

to identify novel resistance mechanisms used by bacteria in
nature which may not have manifested in the clinical setting
yet and so can allow one to predict possible routes via which
resistance to current antibiotic therapies could emerge. The
studies discussed below provide insight into the diversity of
antimicrobial resistance mechanisms, proposing new avenues of

research for tackling antibiotic resistance. They also show the
value of functional metagenomics as a tool for the investigation
of antimicrobial resistance, as reviewed by Mullany (2014).
Donato et al. (2010) screened a metagenomic apple orchard soil
library for DNA fragments that conferred antibiotic resistance
to their E. coli host. Clones were screened for resistance to a
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selection of 10 antibiotics. The group reported the discovery
of two novel enzymes. In one case, a metagenomic clone
encoding an aminoglycoside acetyltransferase domain fused
to a second acetyltransferase domain displayed resistance to
kanamycin. Interestingly, sequence analysis of this clone did
not predict antimicrobial resistance. The second interesting
clone encoded a bifunctional protein containing a natural
fusion of a f3-lactamase and a sigma factor conferring onto
the host resistance to ceftazidime. Additional potential
chloramphenicol resistance was predicted by sequencing
this particular clone, which may evoke further analysis. Tao
et al. (2012) used a TLC-based method to screen an alluvial soil-
derived metagenomic library for chloramphenicol resistance.
They identified a resistant clone harboring a hydrolysate
which conferred to the host resistance to chloramphenicol
and florfenicol, a synthetic form of chloramphenicol that was
employed as a safe antibiotic treatment for use in farming. The
enzyme was capable of hydrolyzing both chloramphenicol and
florfenicol, with greater efficiency at hydrolyzing florfenicol.
Various metagenomic studies have been carried out to identify
antimicrobial resistance genes in certain foods. Antibiotic
therapies for the treatment of bacterial infections in farm
animals select for resistant microbes in food production chains
(Hawkey, 2008). Although most microorganisms in foodstuffs
are usually not pathogenic, resistant bacteria that survive on
products for human consumption may transfer their resistance
to opportunistic human pathogens or to the human microbiota.
Certain foods (e.g., foods eaten raw) and the human gut
microbiota itself may then potentially become a reservoir
for antibiotic resistance genes. Retail spinach is commonly
eaten raw and thus, has been linked to outbreaks of bacterial
infections (Lynch et al,, 2009; Wendel et al, 2009). Berman
and Riley (2013) functionally screened two spinach-derived
metagenomic libraries for resistance to 16 different antimicrobial
agents, identifying numerous novel genes conferring resistance
to ampicillin, aztreonam, ciprofloxacin, trimethoprim, and
trimethoprim-sulfamethoxazole from five different active clones.
Their study suggests that microorganisms in close contact with
fresh food products, such as plant commensals and saprophytes,
may serve as a reservoir of antimicrobial resistance genes.
In a study with a similar objective, Devirgiliis et al. (2014)
isolated clones displaying ampicillin and kanamycin resistance
from a metagenomic library constructed from Mozzarella di
Bufala Campana Italian cheese. These studies ultimately show
that food products can potentially harbor bacterial species
possessing clinically relevant antimicrobial resistance which may
be horizontally transferred to pathogens, either directly or by an
indirect route through the human microbiota.

Unusual or unexpected antimicrobial resistance mechanisms
can be found in nature. Some studies investigating the resistome
of uncultured bacteria have explored areas and environments
which have not been previously exposed to clinical antibiotics
and where endogenous microorganisms have therefore not faced
selective pressure to develop antibiotic resistance. A recent
study by Fouhy et al. (2014) examined the resistome of the
naive infant gut. A metagenomic library constructed from fecal
samples of 22 six-month old infants who had not previously

been exposed to antibiotics was screened for resistance to
aminoglycoside and B-lactam antibiotics, identifying gentamicin
and ampicillin resistant clones. PCR analyses were also carried
out to detect DNA sequences encoding aminoglycoside and -
lactam resistance genes not successfully cloned and expressed
in the library. One hundred ampicillin resistant clones were
identified in their functional screen, conferring resistance via
several P-lactamase genes. Aminoglycoside resistant clones
were also identified, whose resistance was conferred by
acetylation, adenylation, and phosphorylation genes. This study
uncovered resistance to clinically relevant antibiotics in a naive
environment. Other studies assessing the resistome of microbial
samples from remote areas where little or no antibiotic therapy
has been practiced have also identified unexpected resistance
(Pallecchi et al., 2008; Bartoloni et al., 2009). More recently,
Clemente et al. (2015) examined the bacterial microbiome (from
fecal, oral, and skin samples) of 34 Yanomami individuals
from an isolated Amerindian village in South America. Among
huge microbial diversity observed through 16S rRNA gene
sequencing of DNA from the obtained samples, activity-
based and culture-independent screening of functional and
shotgun metagenomic libraries also revealed resistance genes to
clinically relevant antibiotics. These studies further emphasize
the diversity of the as yet uncultured microbial world by
establishing that genes conveying resistance to current antibiotic
therapies can be found in environments void of selective
pressure.

Conclusions and Future Prospects

Metagenomics grants access to the huge diversity of the
microbial world and has led to significant progress among
research communities and in industrial settings with respect
to understanding and benefitting from unculturable microbes.
Functional metagenomics is a powerful tool for the discovery of
novel enzymes and bioactives sourced from as yet uncultured
microorganisms. As a relatively new technology, functional
metagenomics faces challenges that have yet to be overcome.
However, the promise of a technique that has already proven
to be fruitful even in its early years suggests that there can
be significant rewards if appropriate solutions and further
optimization takes place. The development of new screening and
selection techniques along with faster and cheaper sequencing
technologies will allow for the expansion of a very promising
field in microbiology, genetics and the food and pharmaceutical
industries.

This article discusses the potential of functional metagenomics
to facilitate the development of novel industrial products
sourced from as yet uncultured microorganisms. Nonetheless,
following the identification of useful proteins and bioactives,
challenges ensue in another area, that being the development
of a consumer friendly and commercially viable product that
can be manufactured in industrially relevant quantities, retains
its activity when scaled up (for example when present in high
amounts in a large industrial reaction vessel), can be purified and
formulated appropriately into a finished product and maintains
its stability during shipping and storage. The product also
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needs to be reasonably easy to use and must be applicable
to current industrial demands, i.e., the product must perform
efficiently under the proposed/outlined conditions to carry out
the job it was bought to do. A successful reaction achieved
under laboratory conditions may be difficult to reproduce on an
industrial scale. Pilot plant studies must be carried out initially
to identify any variables or short comings in the reaction that
were not evident at the laboratory stages of development. These
studies are a stepping stone between discovery of the interesting
active agent and its formulation into a final commercial product.
Once deficiencies and other problems have been corrected in the
pilot plant phase, further studies must be conducted to qualify
the agent at an industrial level and guarantee the development of
arobust product that is efficient and true to its intended purpose.
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B-glucosidases (BGLs) hydrolyze cello-oligosaccharides to glucose and play a crucial
role in the enzymatic saccharification of cellulosic biomass. Despite their significance for
the production of glucose, most identified BGLs are commonly inhibited by low (~mM)
concentrations of glucose. Therefore, BGLs that are insensitive to glucose inhibition
have great biotechnological merit. We applied a metagenomic approach to screen for
such rare glucose-tolerant BGLs. A metagenomic library was created in Escherichia
coli (~10,000 colonies) and grown on LB agar plates containing 5-bromo-4-chloro-3-
indolyl-B-D-glucoside, yielding 828 positive (blue) colonies. These were then arrayed in
96-well plates, grown in LB, and secondarily screened for activity in the presence of 10%
(w/v) glucose. Seven glucose-tolerant clones were identified, each of which contained a
single bg/ gene. The genes were classified into two groups, differing by two nucleotides.
The deduced amino acid sequences of these genes were identical (452 aa) and found
to belong to the glycosyl hydrolase family 1. The recombinant protein (KsbA7) was
overproduced in E. coli as a C-terminal 6 x His-tagged protein and purified to apparent
homogeneity. The molecular mass of the purified Ks5A7 was determined to be 54 kDa
by SDS-PAGE, and 160 kDa by gel filtration analysis. The enzyme was optimally active at
45°C and pH 5.0-6.5 and retained full or 1.5-2-fold enhanced activity in the presence of
0.1-0.5 M glucose. It had a low Ky (78 wM with p-nitrophenyl B-D-glucoside; 0.36 mM
with cellobiose) and high Vimax (91 wmol min—! mg~1 with p-nitrophenyl B-D-glucoside;
155 wmol min~1 mg~" with cellobiose) among known glucose-tolerant BGLs and was
free from substrate (0.1 M cellobiose) inhibition. The efficient use of Ks5A7 in conjunction
with Trichoderma reesei cellulases in enzymatic saccharification of alkaline-treated rice
straw was demonstrated by increased production of glucose.

Keywords: B-glucosidase, cellulosic biomass, enzymatic saccharification, metagenome, substrate inhibition,
product inhibition

Abbreviations: GH1, glycoside hydrolase family 1; pNP p-nitrophenol, pNPGlc p-nitrophenyl B-D-glucopyranoside;
pNPFuc, p-nitrophenyl p-D-fucopyranoside; X-glc, 5-bromo-4-chloro-3-indolyl-B-D-glucoside.
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Introduction

Cellulose, the most abundant component of biomass on earth,
is a linear polymer of D-glucose linked by B-1,4-glucosidic
bonds. Because of the increasing demand for energy and the
continuous depletion of fossil fuels, the production of bio-
energy and bio-based products from cellulosic biomass is one
of the biggest challenges in biotechnology. The breakdown
of cellulosic biomass to glucose involves physical-chemical
treatment followed by enzymatic saccharification of the raw
material. The enzymatic process involves the synergistic actions
of four classes of enzymes: (i) endo-p-1,4-glucanase (EC 3.2.1.4);
(ii) exo-cellobiohydrolase (EC 3.2.1.91); (iii) copper-dependent
Iytic polysaccharide monooxygenase; and (iv) B-glucosidase (EC
3.2.1.21, BGL). Endo-glucanase and exo-cellobiohydrolase act on
cellulose to produce cellobiose, which often inhibits the activities
of the enzymes that catalyze its production (Coughlan, 1985;
Kadam and Demain, 1989; Watanabe et al., 1992). B-glucosidases
(BGLs) act on cellobiose (and cello-oligosaccharides) to produce
glucose; this can reduce the inhibitory effect of cellobiose on
endo-glucanase and exo-cellobiohydrolase (Xin et al., 1993;
Saha et al., 1994). However, most of the microbial BGLs known
to date are highly sensitive to glucose (Gueguen et al.,, 1995;
Saha et al,, 1995). Furthermore, BGLs are also inhibited by
their substrate, cellobiose (Woodward and Wiseman, 1982;
Schmid and Wandrey, 1987). Thus, the development of BGLs
that are insensitive to glucose and cellobiose inhibition will
have a significant impact on the enzymatic saccharification
of cellulosic biomass and will accelerate the entire process of
cellulose breakdown.

To date, several glucose-tolerant BGLs have been identified
in insects (Uchima et al., 2011), fungi (Saha and Bothast, 1996;
Yan and Lin, 1997; Riou et al., 1998; Decker et al., 2001; Zanoelo
et al., 2004; Souza et al., 2014), bacteria (Pérez-Pons et al., 1995),
and metagenomes (Fang et al., 2010; Biver et al., 2014). Recently,
we have identified a glucose-tolerant BGL (Td2F2) in a wood
compost metagenomic library (Uchiyama et al., 2013). Td2F2
has a unique property in that its activity is not reduced by
glucose but is stimulated in the presence of high concentrations
of glucose (0.1 M or higher). The basis for this unique property
is its high transglycosylation activity. The tolerance to glucose
and high transglycosylation activity of Td2F2 will be strongly
advantageous when it is used in the enzymatic saccharification
of cellulose as well as the enzymatic synthesis of stereo- and
regio-specific glycosides.

To identify other potentially useful BGLs, we screened
a metagenomic library of Kusaya (a Japanese traditional
fermentation product made from fish) gravy as a source
for genomes. The library was constructed in Escherichia coli,
which was first screened for BGL activity in the absence of
glucose. Positive clones were then screened in the presence
of glucose. As a result of this screen, we successfully
obtained a glucose-tolerant BGL, which we named Ks5A7.
The gene encoding Ks5A7 was overexpressed in E. coli,
and the recombinant enzyme was characterized. We applied
Ks5A7 to the saccharification of alkaline-treated rice straw, in
combination with fungal cellulases from Trichoderma reesei,

to demonstrate its efficiency for enhancing the production of
glucose.

Materials and Methods

Reagents

Restriction endonucleases, DNA ligase, and DNA polymerase
were purchased from Takara Bio (Shiga, Japan). The QIAquick
Kit was obtained from Qiagen (Hilden, Germany). 5-Bromo-
4-chloro-3-indolyl-B-D-glucoside (X-glc) was purchased from
Rose Scientific (Edmonton, AB, Canada). p-Nitrophenyl
(pNP) a-D-galactopyranoside, pNP o-D-glucopyranoside,
and pNP B-D-xylopyranoside ~were purchased from
Nacalai (Kyoto, Japan). pNP a-D-mannopyranoside was
purchased from Senn Chemicals (Zirich, Switzerland).
The following chemicals were purchased from Sigma (St
Louis, MO, USA): avicel, pNP o-L-arabinofuranoside, pNP
a-L-arabinopyranoside, pNP f-L-arabinopyranoside, pNP
a-L-fucopyranoside, pNP B-D-fucopyranoside (pNPFuc), pNP
p-D-galactopyranoside, pNP B-D-glucopyranoside (pNPGIc),
pNP B-D-mannopyranoside, pNP N-acetyl-p-D-glucosaminide,
pNP a-L-rhamnopyranoside, pNP o-D-xylopyranoside, and
pNP B-D-cellobioside, sophorose, nigerose, maltose, isomaltose,
lactose, and salicin. Cello-origosaccharides and laminaribiose
were purchased from Seikagaku Kogyo (Tokyo, Japan).
Gentiobiose was purchased from Tokyo Chemical Industry
(Tokyo, Japan).

Library Construction and Screening for BGLs
Kusaya gravy was sampled at Niijima Island, Tokyo, Japan
in May, 2007. The metagenome was purified, fragmented by
partial digestion with Sau3Al, and ligated into a pl8GFP
vector at the BamHI site, as described previously (Uchiyama
and Watanabe, 2008). E. coli DHI10B cells were transformed
with the ligation mixture and grown at 37°C overnight on
LB agar plates containing 100 jLg mL™! ampicillin (Amp) to
yield ~380,000 colonies. The colonies were scraped from the
plates, mixed well, appropriately diluted, and regrown on LB
agar plates containing 100 g mL~! Amp, 10 uM isopropyl-
B-D-thio-galactopyranoside (IPTG), and 20 pg mL™! X-glc.
Approximately 10,000 colonies appeared on the plates; colonies
that turned blue in color after prolonged incubation at 4°C for
3 weeks were selected and arrayed in a 96-well format.

Screening for Glucose-Tolerant BGLs

Blue E. coli colonies arrayed in 96-well plates were grown
in 800 pL of LB liquid medium containing 100 pg mL™!
Amp, 10 pM IPTG at 37°C overnight with vigorous agitation
(1,000 rpm) in a Taitec (Saitama, Japan) MBR-420FL shaker.
Cultures were then transferred to three 96-well plates (200 L
each, with the remaining 200 pL reserved for stock), pelleted
by centrifugation (3,220 x g, 15 min, 4°C), and the supernatant
discarded. Cells were resuspended in 0.1 M sodium phosphate
buffer, pH 6.0, containing 1 mM pNPGlc and 0 or 10% (w/v)
glucose, and incubated at 37°C with agitation (1,000 rpm). After
48 h, cells were pelleted by centrifugation (3,220 x g, 15 min,
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4°C), and 50 pL of the supernatants were transferred to fresh
96-well plates; 100 wL of 0.1 M Na,CO3 was added to each well,
and absorbance at 405 nm was read using a Molecular Devices
(Sunnyvale, CA, USA) plate reader (VersaMax).

DNA Sequencing and Sequence Data Analysis

A shotgun DNA library was produced using plasmids partially
digested with Alul. The products were separated by agarose
gel electrophoresis and fragments 1-3 kb in length were gel-
purified and cloned into a suicide vector pre-digested with Smal
(Miyazaki, 2010). The DNA sequences of the cloned fragments
were determined from one end of the vector, flanked by the
Smal site, by the Sanger method. A sequence similarity search
was performed using BLAST software (Altschul et al., 1997)
and the National Center for Biotechnology Information (NCBI)
database.

Production and Purification of Recombinant
Ks5A7

To remove two Ndel sites encoded in the ks5a7 gene, two
rounds of QuikChange-based site-directed mutagenesis (Weiner
et al., 1994) were performed using sets of primers xNdel-1+
and xNdel-1—, followed by xNdel-2+ and xNdel-2— (Table 1).
After removing the two Ndel sites, the ks5a7 gene was amplified
by PCR using forward (Ks5A7Fwd) and reverse (Ks5A7Rev)
primers (Table 1). The amplicon (1.4 kbp) was gel-purified,
digested with Ndel and Xhol, and cloned into the same sites
of the pET29b (4) vector to fuse a 6 x His-tag to the
C-terminus of the recombinant protein. The expression plasmid
was introduced into E. coli Rosetta (DE3) and grown on LB
agar plates containing 50 jLg mL~! kanamycin and 34 pg mL™!
chloramphenicol. A single colony was selected and grown in 1 L
of Overnight Express Instant LB Medium (Novagen, Madison,
WI, USA) containing 50 jLg mL~! kanamycin and 34 pg mL™!
chloramphenicol at 30°C with agitation (200 rpm). After 18 h,
cells were collected by centrifugation (5000 x g, 10 min,
4°C) and resuspended in 100 mL of BugBuster (Novagen) and
Benzonase (Novagen). After gentle agitation at room temperature
for 30 min, debris was removed by centrifugation (15,000 x g,
20 min, 4°C). The supernatant was then loaded onto a Ni-NTA
column (5 mL; Qiagen, Hilden, Germany) pre-equilibrated with
20 mM sodium phosphate buffer (pH 7.4) containing 0.5 M

TABLE 1 | Oligonucleotide primers used in this study.

Primer sequence

xNdel-1+ 5'- ATGATATTGTTCCATACGTTACTCTTTTTCACTGG -3
xNdel-1- 5'- CCAGTGAAAAAGAGTAACGTATGGAACAATATCAT -3
xNdel-2+ 5'- TTCTTGACTTAAATGATGCATACGTCTGGTCTGTTTCATT -3
xNdel-2— 5'- AATGAAACAGACCAGACGTATGCATCATTTAAGTCAAGAA -3’
KsbA7Fwd 5'- AAAAACATATGATGAAATTTAATGAAAACTTTGTTTGGGGT -3
KsbA7Rev 5- TTTTTCTCGAGTAGGTTCTCACCATTTTCTTCAATA -3’
E163Q+ 5'- AAATACATTATGACATTTAATCAACCTCAGTGCACAATT -3’
E163Q- 5'- AATTGTGCACTGAGGTTGATTAAATGTCATAATGTATTT -3’
E357Q+ 5'- ACCTACCTTTTTATATAACTCAAAACGGCCTTGC -3

E357Q- 5'- GCAAGGCCGTTTTgAGTTATATAAAAAGGTAGGT -3

NaCl. After washing the column with 100 mL of 20 mM sodium
buffer (pH 7.4) containing 0.5 M NaCl, the column was further
washed with 100 mL of 20 mM sodium phosphate buffer (pH
7.4) containing 0.5 M NaCl and 25 mM imidazole. Bound
proteins were then eluted with a linear gradient of imidazole
from 25 to 500 mM in 20 mM sodium phosphate buffer (pH
7.4) containing 0.5 M NaCl, over a total volume of 100 mL.
Active fractions were combined and buffer-exchanged to 20 mM
sodium phosphate (pH 7.4) containing 50 mM NaCl using an
Amicon Ultra-15. The concentration of Ks5A7 was determined
based on the molecular coefficient of 117,035 M~! cm™! at
280 nm. Calculations were performed using the ProtParam tool
at http://www.expasy.ch/tools/protparam.html (Gasteiger et al.,
2005).

Construction, Expression, and Protein
Purification of E163Q and E3570Q Variants of
Ks5A7

Site-directed mutagenesis was carried out following the
QuikChange protocol (Weiner et al., 1994). For E163Q, a set of
complementary primers (E163Q+ and E163Q-, Table 1) was
used. For E357Q, a set of complementary primers (E357Q+
and E3457-, Table 1) was used. Gene expression and protein
purification were carried out in the same manner as for the wild

type.

Molecular Mass

Polyacrylamide gel electrophoresis was performed under
denaturing conditions using a DRC XV Pantera gel (7.5-15%
[w/v] gradient polyacrylamide) in a Tris-Glycine buffer system
containing 0.1% (w/v) sodium dodecylsulfate. Samples were
heat-treated at 95°C for 5 min with 2-mercaptoethanol and
0.1% (w/v) sodium dodecylsulfate prior to electrophoresis. Gel
filtration analysis was carried out using a GE Healthcare column
(Superose 6 10/300 GL, 1 cm x 30 c¢m) in 20 mM Tris-HCI (pH
7.0) containing 0.2 M NaCl and 10 mM dithiothreitol at a flow
rate of 0.5 mL min~!. The molecular weight standards were
thyroglobulin (670 kDa), bovine yglobulin (158 kDa), chicken
ovalbumin (44 kDa), equine myoglobin (17 kDa), and vitamin
B12 (1.35 kDa).

Enzyme Assays

Enzyme activity was routinely assayed in a 85-pL reaction
mixture containing Mcllvaine buffer (pH 5.5; Mcllvaine, 1921),
5 mM pNPGlc, and 1.0 ng pL™! enzyme. After 5 min of
incubation at 45°C, the reaction was stopped by incubation
at 95°C for 3 min; 85 wL of 0.2 M Na,CO; was added to
the mixture, and the levels of liberated p-nitrophenol (pNP)
were determined at 405 nm using a Molecular Devices plate
reader (VersaMax). Optimal reaction temperature and pH were
determined by changing the assay temperature or buffers in the
presence of 5 mM pNPGlc and 1.0 ng pL~! enzyme. Inhibition
of pNPGIc hydrolysis by glucose was tested in a 85-iwL reaction
mixture containing 5-20 mM pNPGlc, Mcllvaine buffer (pH 5.5),
1.0 ng pL™! enzyme, and varied concentrations of glucose (0-
0.5 M). Kinetic constants were determined at 45°C from the
initial rate of activity. The reaction was performed for 5 min

Frontiers in Microbiology | www.frontiersin.org

June 2015 | Volume 6 | Article 548 | 32


http://www.expasy.ch/tools/protparam.html
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Uchiyama et al.

Glucose-tolerant p-glucosidase

and stopped by incubation at 95°C for 3 min. For pNPGlc
and pNPFuc, the assay was performed in a 85-pwL reaction
mixture containing Mcllvaine buffer (pH 5.5), 0.0156-0.5 mM
substrate, and 0.1 ng pL™! enzyme; 85 wL of 0.2 M Na,CO3
was added to the mixture, and levels of liberated pNP were
determined.

The enzyme activity with respect to oligosaccharide substrates
was determined in a 50-pL reaction mixture containing
Mcllvaine buffer (pH 5.5), 1.0 mg mL™! substrate, and
0.1 ng pL~! enzyme. The reaction was stopped by heating
the sample to 98°C for 5 min. The concentration of released
glucose was determined using an Invitrogen Amplex Red
glucose/glucose oxidase assay kit, according to the manufacturer’s
instructions. The kinetic constants for cello-oligosaccharides
were determined in a 50-uL reaction mixture containing
Mcllvaine buffer (pH 5.5), 0.0625-4 mM substrate, and 0.1 ng
wL~! enzyme. The kinetic constants, Ky and ke, were
calculated by non-linear regression with the Michaelis—Menten
equation using GraphPad PRISM Version 6.0 (GraphPad
Software).

Saccharification of Alkaline-Treated Rice

Straw

Alkaline-treated rice straw was prepared by incubation in 0.5%
[w/v] NaOH at 100°C for 5 min as described previously (Kawai
et al, 2012), which was purchased from Japan Bioindustry
Association. T. reesei strain PC-3-7 (ATCC 66589) were
purchased from American Type Culture Collection (ATCC). For
preparation of crude cellulases from the T. reesei strain PC-
3-7, the fungus was cultivated on potato dextrose agar and
107 conidia were collected and inoculated into 50 mL of basal
medium (Kawamori et al., 1986) containing 1 % (w/v) avicel.
The inoculum was cultivated for 1 week at 28°C, 220 rpm. After
cultivation, the culture was centrifuged at 8,000 x g for 20 min
at 4°C, and the supernatant was filtered. The resulting filtrate was
used as the crude cellulases.

The concentration of the crude cellulases was determined
using a Quick Start Bradford Dye Reagent (Bio-Rad Laboratories,
Hercles, CA, USA) with bovine y-globulin as the standard.
Saccharification of alkaline-treated rice straw was performed
in a hermetically closed 20-mL plastic bottle at 50°C, with
shaking at 150 rpm. The reaction medium contained 50 mg
mL~! alkaline-treated rice straw, 100 mM sodium acetate
buffer pH 5.0, 0.2 mg mL~! sodium azide, and 150 jLg mL™!
of crude cellulases. BGL (Ks5A7 or Td2F2) was added to
a concentration of 5 pg mL™!. After the reaction, the
supernatants were boiled for 5 min, and the production of
glucose and cellobiose was measured by HPLC following the
method described previously (Kawai et al., 2012). Preparation
of Td2F2 was as described previously (Uchiyama et al,
2013).

Nucleotide Sequence Accession Numbers

The nucleotide sequence for Ks5A7 has been deposited
in GenBank/EMBL/DDBJ under the accession number
HV348683.

Results and Discussion

Screening for BGL in a Metagenomic Library of
Kusaya Gravy

A metagenomic library was constructed in E. coli using Kusaya
gravy, a traditional Japanese fermentation food product of dried
fish, as a source of the metagenome. The library containing
~380,000 clones included insert fragments ranging from 5 to
20 kbp in length. A portion of the library (~10,000 clones) was
used to screen for BGL by growing on LB agar plates containing
X-glc as a substrate. Although overnight cultivation generated
very few positive (i.e., blue) colonies, prolonged incubation at
4°C gradually increased the number of positive colonies, yielding
~1,000 blue colonies after 3 weeks. The positive colonies were
then streaked onto LB agar plates containing X-glc for single
isolation, yielding 828 clones in total.

Screening for Glucose-Tolerant BGLs

The clones initially identified as positive were arrayed in a 96-
well format. Clones were grown in LB, and whole cells were used
to determine activity in the presence and absence of 10% (w/v)
glucose. Although the majority of clones exhibited no activity
in the presence of 10% (w/v) glucose, seven (5A7, 5B6, 5F2,
6C8, 7F9, 9B4, and 10H11) retained >20% activity relative to
the glucose-free condition. DNA sequencing was performed from
one end of the plasmids, revealing that three clones (7F9, 9B4, and
10H11) had identical insert fragments.

DNA Sequencing of Glucose-Tolerant BGLs
Plasmids were purified from the five different clones: 5A7, 5B6,
5F2, 6C8, and 7F9. For each plasmid, a total of 96 shotgun clones
were analyzed. Although no complete bgl gene was obtained
from the partially determined nucleotide sequences, the results
suggested that the clones carried bgl genes with high identity.
We then synthesized a set of PCR primers to amplify the bgl
gene from the five plasmids. All five clones produced a 1.4-kbp
amplicon. DNA sequencing of the fragments revealed that the
five bgl genes could be classified into two groups, differing by only
two nucleotide substitutions. The deduced amino acid sequences
were identical, and the gene obtained from clone 5A7 was used
for subsequent studies.

The bgl gene ks5a7 contained 1,359 bp, with a GC content of
32.3%. The predicted ATG initiation codon was preceded by a
possible ribosomal binding site, 5'-AAGAGGA-3'. The deduced
amino acid sequence contained 452 amino acids and had a
calculated molecular mass of 52,509 Da.

Using BLAST-P!, we found that Ks5A7 was highly similar to
enzymes belonging to the glycoside hydrolase family 1 (GH1) of
the carbohydrate-active enzyme classification database (Lombard
et al,, 2014)>. Ks5A7 exhibited the highest identity (57%) with a
putative BGL from Clostridiales bacterium oral taxon 876 and a
55% identity with a putative BGL from Clostridium hathewayi
DSM13479. When compared with functionally characterized

Uhttp://www.ncbi.nlm.nih.gov/BLAST/
Zhttp://www.cazy.org/

Frontiers in Microbiology | www.frontiersin.org

June 2015 | Volume 6 | Article 548 33


http://www.ncbi.nlm.nih.gov/BLAST/
http://www.cazy.org/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Uchiyama et al.

Glucose-tolerant B-glucosidase

BGLs, the Ks5A7 showed the highest (46%) identity with that of
Thermotoga neapolitana (Yernool et al., 2000; Park et al., 2005).

Overproduction of Ks5A7

Ks5A7 was produced as a C-terminal 6 x His-tagged protein
using a pET system (Studier and Moffatt, 1986). Two E. coli
strains, Rosetta (DE3), and BL21 (DE3), were tested as a host.
Approximately 2.5-fold higher activity was obtained from the cell
extract prepared from Rosetta (DE3) compared with that from
BL21 (DE3). Ks5A7 contained a high rate of rare codons (52 of
a total 452 amino acids). Of particular note, all 17 Arg residues
were encoded by rare codons: 14 AGA, 2 CGA, and 1 AGG.
Because Rosetta (DE3) carries a plasmid containing seven genes
for rare tRNA codons, including those for AGA, and AGG, the
low production level in BL21 (DE3) might have been improved
in Rosetta (DE3) as a result of the supply of rare tRNAs. In terms

of temperature, in Rosetta (DE3), the activity was 10-fold higher
at 30°C than at 37°C.

Expressed recombinant protein was readily purified to
homogeneity using a Ni-NTA column. A large quantity of
purified enzyme was recovered, with a typical final yield of 70 mg
L~! culture, representing a 30% yield.

General Properties of Ks5A7

Purified recombinant Ks5A7 had a molecular mass of ~50 kDa
according to SDS-PAGE (Figure 1A), which is in agreement
with the mass calculated from the deduced amino acid
sequence (53,573 Da). The molecular mass of the native
structure of Ks5A7 was determined by gel filtration column
chromatography (Figure 1B). Ks5A7 was eluted at the
160 kDa position, suggestive of multimeric states (trimer or
tetramer).

KsbA7. KsbA7 was eluted at ~160 kDa.

B
1000000 1 Thyroglobulin (670 kDa)
Ks3SA7 (160 kDa)
U_‘gc':-‘b 100000 - ovine y-globulin (158 kDa)
(53
E Chikien ovalbumin (44 kDa)
—g Equine myoglobin
=
Vitamin B12
(1.35 kDa)
1000 T T 3
2.0 2:5 3.0 35

FIGURE 1 | Molecular mass analysis of recombinant Ks5A7. (A) SDS-PAGE. Lane 1, soluble protein fraction; lane 2, flow-through from Ni-NTA column; lane 3,
purified Ks5A7; lane 4, molecular markers. Ks5A7 migrated at ~50 kDa. (B) Gel filtration. Symbols: solid circles, molecular mass of protein markers; open circle,
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FIGURE 2 | Effects of (A) pH and (B) temperature on the activity
(solid circles) and stability (open circles) of purified Ks5A7. With
regard to the pH-dependence of stability, the enzyme was incubated
for 30 min at various pH values. In terms of the pH-dependence of
activity, the enzyme was assayed at various pH values by the standard
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assay method. To address the temperature-dependence of stability, the
enzyme was incubated for 10 min at various temperatures. In terms of
the temperature-dependence of activity, the enzyme was assayed at
various temperatures by the standard assay method. Error bars, SD.
N = 3.
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The pH-stability and pH-dependence of activity are illustrated
in Figure 2A. The enzyme was fairly stable at pH 5.5-8.5
(30 min at 25°C). It was optimally active between pH 5.0 and
6.0 (specific activity, 49.1 £ 0.4 wmol min~! mg~!) with ~80%
activity at pH 4.5 and 7.0, respectively. The effects of temperature
on stability and activity are shown in Figure 2B. The enzyme
was inactivated upon incubation at 55°C for 10 min. Maximal
activity was observed at 50°C in a 5-min assay (specific activity,
58.4 & 1.4 pmol min~! mg~1).

On the basis of similarity to the known GH1 family BGLs, it
has been inferred that E163 and E357 function as an acid-base
catalyst and nucleophile, respectively (Withers et al., 1990; Wang
et al.,, 1995). They were individually substituted to glutamine,
and the resultant mutant enzymes were characterized. No activity
was observed when 5 mM pNPGlc was used for both enzymes
(data not shown), suggesting the same roles for these residues in
catalysis as observed in other GH1 BGLs.

Activity with p-Nitrophenyl Substrates and
Oligosaccharides
The substrate specificity of Ks5A7 was characterized using a
fixed concentration (5 mM) of various p-nitrophenyl substrates
and oligosaccharides. For p-nitrophenyl substrates, the enzyme
showed the highest activity for pNPFuc, followed by pNPGlc
(Table 2). Dual pNPFuc and pNPGlc activities have been reported
for a BGL enzyme from Bifidobacterium breve (Nunoura et al.,
1996a,b). However, the activity of Bifidobacterium BGL lost 30%
of its original activity in the presence of 0.1 M glucose, whereas
Ks5A7 displayed 150% activity under the same conditions (see
below, Figure 3A). Both enzymes belong to the GH1 family but
share only 37% of their amino acid sequence identity. Therefore,
these two enzymes are distinct, and the basis for the dual
pNPFuc/pNPGlu activities remains unknown.

As shown in Table 2, Ks5A7 was found to possess
enzyme activity for cello-oligosaccharides from cellobiose to
cellopentaose. Ks5A7 hydrolyzed a range of B-linked glycosides

including $(1,2), B(1,3), and B(1,4) but not f(1,6). No activity was
detected for the oligosaccharides with a-linkages.

Kinetic Constants of Ks5A7
The steady-state kinetic constants of Ks5A7 for pNPGlc, pNPFuc,
and cello-oligosaccharides are shown in Table 3. The Ky for

TABLE 2 | Substrate specificity of the recombinant Ks5A7.

Substrate? Linkage of Relative
glycosyl group activity (%)

Chromogenic substrates
pNPGIc B-Glucose 100 £ 9.7°
pNPFuc B-Fucose 164 + 12
p-Nitrophenyl-B-D-galactopyranoside B-Galactose 645 +55
p-Nitrophenyl-g-D-xylopyranoside B-Xylose 1.056 £ 0.0
p-Nitrophenyl-g-D-cellobioside B-Cellobiose 7.88 £ 0.0
p-Nitrophenyl-p-D-lactopyranoside B-Lactose 46.8 £ 5.5
p-Nitrophenyl-a-D-glucopyranoside a-Glucose 254 +£0.0
p-Nitrophenyl-a-L-arabinopyranoside a-Alabinose 3.31 £0.0

Oligosaccharides
Cellobiose B(1,4)Glucose 100 + 8.4°
Cellotriose B(1,4)Glucose 116 £ 7.0
Cellotetraose B(1,4)Glucose 121 + 21
Cellopentaose B(1,4)Glucose 90.1 +8.8
Laminaribiose B(1,3)Glucose 112+ 0.8
Sophorose B(1,2)Glucose 65.5 +9.7
Salicin B(1,4)Glucose 59.1 + 3.8

8No  activity was detected with  p-nitrophenyl-B-D-mannopyranoside,
p-nitrophenyl- N-acetyl- f-D-glucosaminide, p-nitrophenyl--L-arabinopyranoside,
p-nitrophenyl-a-D-galactopyranoside, p-nitrophenyl-a-D-xylopyranoside,
p-nitrophenyl-a-L-fucopyranoside,  p-nitrophenyl-a-L-arabinofuranoside, — and
p-nitrophenyl-a-L-rhamnopyranoside, oligosaccharides, such as gentiobiose,
nigerose, maltose, isomaltose, and lactose.

bThe specific activity of Ks5A7 for pNPGIc was 53.9 + 5.2 umol min”" mg’, by
measuring the release of pNP.

CThe specific activity of Ks5A7 for cellobiose was 170 & 20 umol min" mg™', by
measuring the release of glucose.
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FIGURE 3 | Effects of (A) glucose and (B) cellobiose on enzymatic
activity of Ks5A7. (A) Activities were determined in the presence of various
concentrations of glucose using 5 (solid triangles), 10 (open circles), or 20 mM
of pNPGic (solid circles) at 45°C. (B) Activities were determined in the presence
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of various concentrations of cellobiose at 45°C. The specific activity for
cellobiose was measured by evaluating the glucose concentration. The activity
for 50 mM cellobiose was taken to be 100%. The specific activity was

131.9 £ 21 pmol min~" mg~". Error bars, SD. N = 3.
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pNPFuc was higher (0.152 mM) than that for pNPGlIc, but the
Vimax (137 pmol min~! mg’l) was also higher for pNPFuc,
resulting in similar overall catalytic efficiency (ke /Ky ) for the
two substrates. Compared with other known glucose-tolerant

TABLE 3 | Steady-state kinetic constants of the recombinant Ks5A7.

Substrate Km (MM) Viax (kmol  keat (5™1)  keat/Km
min—' mg~1) (s~TmM—1)
Aryl-p-glycosides
pNPGilc 0.078 £0.002 90.8 £ 0.7 81.0+ 0.6 1045
pNPFuc 0.152 £ 0.004 137 £0.2 122 +1.2 803
Oligosaccharides
Cellobiose 0.358 £ 0.055 155 +8.3 138+ 7.4 386
Cellotriose 0.163 £ 0.016 111 £3.2 99.1+2.8 610
Cellotetraose  0.160 + 0.012 114 +£2.5 101 +£22 634
Cellopentaose 0.132 £ 0.011 112+ 2.5 99.7 £2.2 753

TABLE 4 | Effects of organic solvents, metal ions, and chelating agent on
the enzyme activities of the recombinant Td2F2.

Reagent Concentration Relative activity (%)
No additive 100 + 0.92
Ethanol 10% v/v 102 £ 25
Ethanol 25% v/v 442 £2.2
Dimethylsulfoxide 10% v/v 85.9 +£0.9
Dimethylsulfoxide 25% v/v 438 £1.2
AlCl3 1mM 73.6 £2.1
CaCly 1mM 84.0 £ 0.5
CoCly 1mM 85.7 £1.2
CuCly 1mM 29.6 £ 0.1
FeCls 1mM 101 +£14
MgCla 1mM 752 +19
MnCly 1mM 81.8+27
NiCla 1mM 88.6 £+ 1.6
ZnCly 1mM 439 +0.2
EDTA 10 mM 102 £ 4.0
DTT 10 mM 91.8 £ 1.1

aThe activity without an additional regent was taken to be 100% (specific activity
50.7 &+ 0.5 umol min™" mg’).

BGLs (Pérez-Pons et al., 1995; Saha and Bothast, 1996; Yan and
Lin, 1997; Riou et al., 1998; Decker et al., 2001; Zanoelo et al,,
2004; Fang et al., 2010; Uchima et al, 2011; Uchiyama et al,
2013; Biver et al., 2014; Souza et al., 2014), the Ky of Ks5A7 for
pNPGIc was the lowest (0.078 mM) and the V¢ was relatively
high (90.8 pmol min~! mg~1).

For cello-oligosaccharides, the Ky value was highest with
cellobiose as a substrate, and it gradually decreased as the
chain length increased, suggesting that the active site include
subsites that accommodate the oligosaccharides. The absence
of glucose inhibition is presumably because the small glucose
molecule cannot efficiently bind to the active site. The Viay
value was slightly higher with cellobiose than with other cello-
oligosaccharides. The overall reaction efficiency was highest
with cellopentaose. The time-course analysis of cellopentaose
hydrolysis by HPLC revealed that the only products were
cellotetraose and glucose, indicating that glucose was liberated
from cellopentaose, and confirming the exo-type of activity of
Ks5A7 (data not shown). Compared with known glucose-tolerant
BGLs (Pérez-Pons et al., 1995; Saha and Bothast, 1996; Riou
et al., 1998; Zanoelo et al., 2004; Fang et al.,, 2010; Uchiyama
et al., 2013; Biver et al., 2014; Souza et al., 2014), Ks5A7 had the
lowest Ky (0.36 mM) for cellobiose and a relatively high Vi,
(155 pmol min~! mg_l).

Effect of Solvents, Metal lons, and Chelating

and Reducing Agents

The effects of various regents and metal cations were examined
(Table 4); 10% (v/v) ethanol did not affect the activity, whereas
25% (v/v) ethanol reduced the activity to 44%. The addition
of 10% or 25% (v/v) DMSO reduced enzyme activity. Among
the metal ions tested (1 mM fixed concentration), significant
inactivation was observed with CuCl, and ZnCl,, whereas more
than 70% of the activity remained in the presence of AlCls,
CaCl,, CoCl,, FeCl3, MgCl,, MnCl,, and NiCl,. The chelating
agent EDTA (10 mM) did not affect enzyme activity, suggesting
that divalent cations are not involved in catalysis. The reducing
agent dithiothreitol (10 mM) slightly reduced activity (to 92%),
indicating that the seven cysteines in each protein (per subunit)
might be involved in catalysis or structural formation.

Agmo- BE’:HO- Cguo-
£120 1 2120 1 E 120 1
2100 1 £100 £ 100 1
£ 80 1 E g0 £ 30 -
£ g £ 0]
g % Sl g
oy 5 40 1 2 40 4
B 201 2 20 1 g 207
& 0 & T T T \ A 0 & - - - ’1_' A 0 T T T ]
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FIGURE 4 | Saccharification of alkaline-treated rice straw by the crude cellulases from Trichoderma reesei with g-glucosidase. Production of glucose
(solid circles) and cellobiose (open circles) are shown. The reaction was performed with (A) no BGL addition, (B) plus Ks5A7, and (C) plus Td2F2. Error bars, SD.
N=23.
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Effect of Glucose and Cellobiose on Ks5A7
Activity

Ks5A7 was initially identified as a glucose-tolerant enzyme, but
the screening process involved whole cells rather than extracted
enzymes. Therefore, we verified that the purified enzyme also
showed tolerance to glucose. As shown in Figure 3A, no loss of
activity was observed in the tested range, 0-0.75 M, at a substrate
concentration of 5 mM pNPGlc. At 1.0 M, the activity was
reduced to ~80%. To date, several BGLs that enhance activities
in the presence of glucose have been identified (Pérez-Pons et al.,
1995; Zanoelo et al., 2004; Fang et al., 2010; Uchima et al., 2011;
Uchiyama et al.,, 2013; Biver et al., 2014; Souza et al.,, 2014).
Similar to that of these enzymes, the activity of Ks5A7 was also
enhanced by glucose. In the presence of 250 mM glucose (and
5 mM pNPGlc), the activity was enhanced 1.4-fold, compared
with activity in the absence of glucose (Figure 3A). At higher
concentrations of glucose, however, activity was reduced. This
pattern is consistent with the sensitivity to glucose of several other
glucose-activated BGLs (Pérez-Pons et al., 1995; Fang et al., 2010;
Uchima et al., 2011; Souza et al., 2014).

We recently obtained another glucose-activated BGL, Td2F2,
from a wood compost metagenomic library (Uchiyama et al.,
2013). In the case of Td2F2, the basis for the enhanced activity
in the presence of glucose is due to the strong glycosyltransferase
activity (Uchiyama et al., 2013). Taking this into account, we
analyzed the reaction products of Ks5A7 after incubation with
5 mM pNPGIc and 250 mM glucose. Glucose was identified as
the sole product, suggesting a lack of transglycosylation activity
in Ks5A7.

Using cellobiose as a substrate, we investigated substrate
inhibition of the enzyme in the tested range, from 50 to 100 mM
(Figure 3B); no substrate inhibition occurred, at least up to
100 mM cellobiose.

Product inhibition by glucose (Gueguen et al., 1995; Saha et al.,
1995) and substrate inhibition by cellobiose (Woodward and
Wiseman, 1982; Schmid and Wandrey, 1987) are common major
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problems for BGLs. Ks5A7 is resistant not only to glucose but
also to cellobiose. These unique properties are ideal for cellulosic
biomass degradation.

Effect of BGLs on the Enzymatic

Saccharification of Alkaline-Treated Rice

Straw Hydrolysis

Using alkaline-treated rice straw as a substrate, we investigated
whether Ks5A7 (or Td2F2) would be effective for the enzymatic
degradation of cellulosic materials. Cellulases from T. reesei PC3-
7 were used as base enzymes in the reaction, to which a BGL
(Ks5A7 or Td2F2) was added (Figure 4). Compared with the
control (no BGL addition, Figure 4A, filled circle), a two fold
increase of glucose was observed for Ks5A7 (Figure 4B, filled
circle), which was much more effective than Td2F2 (Figure 4C,
filled circle). In addition, virtually no accumulation was observed
for cellobiose (Figure 4B, open circle). This is probably because
Ks5A7 has a higher catalytic efficiency in response to cellobiose
than did Td2F2: Ks5A7, Ky, 0.358 mM, and kegt, 155 s~ 1; Td2F2,
Ky 4.44 mM, keat; 7.13 s7! (Uchiyama et al., 2013). Td2F2
is the GH1 BGL, which was obtained from the wood compost
metagenome and is insensitive to glucose.
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Hypersaline environments are considered one of the most extreme habitats on earth
and microorganisms have developed diverse molecular mechanisms of adaptation to
withstand these conditions. The present study was aimed at identifying novel genes
from the microbial communities of a moderate-salinity rhizosphere and brine from the
Es Trenc saltern (Mallorca, Spain), which could confer increased salt resistance to
Escherichia coli. The microbial diversity assessed by pyrosequencing of 16S rRNA gene
libraries revealed the presence of communities that are typical in such environments and
the remarkable presence of three bacterial groups never revealed as major components
of salt brines. Metagenomic libraries from brine and rhizosphere samples, were
transferred to the osmosensitive strain E. coli MKH13, and screened for salt resistance.
Eleven genes that conferred salt resistance were identified, some encoding for well-
known proteins previously related to osmoadaptation such as a glycerol transporter
and a proton pump, whereas others encoded proteins not previously related to this
function in microorganisms such as DNA/RNA helicases, an endonuclease Il (Nth) and
hypothetical proteins of unknown function. Furthermore, four of the retrieved genes
were cloned and expressed in Bacillus subtilis and they also conferred salt resistance to
this bacterium, broadening the spectrum of bacterial species in which these genes can
function. This is the first report of salt resistance genes recovered from metagenomes
of a hypersaline environment.

Keywords: functional metagenomics, salt resistance genes, stress response, hypersaline, rhizosphere, brine,
saltern, DNA repair

INTRODUCTION

Life under extreme osmotic pressure in the environment represents a challenge for the vast
majority of the microorganisms. Hypersaline habitats such as lakes, salt ponds, and sediments
associated with marine ecosystems are considered extreme environments constituted by a
discontinuous salinity gradient where salt can reach saturation by evaporation processes (Oren,
2002). These salt-enriched habitats constitute appropriate systems to address questions related to
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the molecular mechanisms of adaptation to elevated concen-
trations of NaCl since the native microbial consortia that inhabit
these hypersaline environments can grow in the presence of more
than 30% (w/v) total salts (Rodriguez-Valera et al., 1985; Anton
et al., 2000). Although the predominant salt-adapted organisms
belong to halophilic Archaea such as the members of the family
Halobacteriaceae, representatives of Bacteria and Eukarya can
also thrive under these harsh conditions (Oren, 2008).

In general, halophiles adapt to the presence of salt by
employing two main strategies to maintain the osmotic balance
between the cytoplasm and the surrounding medium: the
“salt-in-cytoplasm” strategy and the compatible solute strategy
(Galinski, 1995; Sleator and Hill, 2001; Oren, 2008). The ‘salt-
in’ strategy is characterized by increasing the salt concentration
inside the cell, leading to significant changes in the enzymatic
machinery. These include the over-representation of highly
acidic amino acids such as aspartate (Asp), and a low
proportion of hydrophobic residues that tend to form coil
regions instead of helical structures when compared to non-
halophile proteins (Paul et al, 2008; Rhodes et al., 2010).
Microorganisms that use this strategy include the bacterium
Salinibacter ruber and also extremely halophilic Archaea such
as Halobacterium sp. whose proteins are very acidic (Oren,
2008). On the other hand, the compatible solute strategy is
phylogenetically more widespread than the “salt-in” strategy
and consists of the use of osmoprotectants or compatible
solutes that do not interfere with the metabolism of the cell.
In an initial phase of osmoadaptation using this strategy,
high osmolarity conditions can trigger accumulation of K
ions in the cytoplasm, which can eventually lead to salt
tolerance as they can serve as intracellular osmoprotectants
(Csonka, 1989; Sleator and Hill, 2001). In a secondary
response, compatible solutes can act as organic osmoprotectants
that are biosynthesized and/or accumulated inside the cell
to restore the cell volume and turgor pressure lost during
the osmotic stress (Csonka, 1989; Sleator and Hill, 2001).
There is a great variety of organic solutes that can act as
osmoprotectants, including glycine betaine and glycerol. Some
of these solutes are found in specific phylogenetic groups while
others are widely distributed in halophilic organisms (Oren,
2008).

The vast majority of the mechanisms of elevated salt
resistance and osmoprotection are derived from the knowledge
of cultivated microorganisms and their sequenced genomes,
thus this information may be biased and may overlook specific
strategies of adaptation (Wu et al., 2009). In fact, previous
studies using metagenomic sequencing approaches in well-
characterized hypersaline environments have revealed novel
lineages and genomes from diverse microorganisms without
previously cultured representatives (Narasingarao et al., 2012;
Lopez-Lopez et al., 2013). Moreover, recent genomic studies
on the genus Halorhodospira have revealed a combined use
of both strategies of salt adaptation (Deole et al., 2013) and
through metagenomic analysis an acid-shifted proteome has
been described in a hypersaline mat from Guerrero Negro
(Kunin et al., 2008). On the basis of these findings, the
notion of a correlation between phylogenetic affiliation and

the strategy of osmotic adaptation should be revised (Oren,
2013).

Functional metagenomics is a culture independent approach,
which is based on the construction of gene libraries using
environmental DNA and subsequent functional screening of the
resulting clones to search for enzymatic activities. Advantages
of this approach include the identification of functional genes
during the screening and also that the nucleotide sequences
retrieved are not derived from previously sequenced genes,
which enables the identification of both novel and known genes
(Simon and Daniel, 2009; Lopez-Pérez and Mirete, 2014). Thus,
functional metagenomics has recently been used to identify
novel genes involved in salt tolerance from microorganisms
of a freshwater pond water (Kapardar et al,, 2010) and also
from the human gut microbiome (Culligan et al., 2012).
Nevertheless, to our knowledge a functional metagenomic
strategy has not been used to retrieve novel salt resistant
genes from microorganisms of hypersaline environments. In
this work, we employed this approach to search for salt
resistance genes of microorganisms present in two different
niches within a solar saltern in the south of Mallorca, Spain:
(i) saturated sodium chloride brines, and (ii) moderate-salinity
rhizosphere from the halophyte Arthrocnemum macrostachyum.
To complement the study, the microbial diversity of the
brines and the rhizosphere was characterized by amplifying
and sequencing the 16S rRNA gene using 454 technology
(pyrotagging). The microbial DNA from those samples was
also used to construct two small-insert metagenomic libraries
which were used to transform the Escherichia coli strain MKH13
which is more susceptible to elevated salt concentrations than
wild type E. coli strains (Haardt et al., 1995). Library screening
identified 11 different genes involved in salt resistance, some
of which were similar to previously identified genes encoding
for proteins conferring salt resistance whereas others encode for
proteins that eventually may be related to novel salt resistance
mechanisms.

MATERIALS AND METHODS

Bacterial Strains, Media, and Growth

Conditions

Escherichia coli DH10B (Invitrogen) and MKH13 [MC4100
A(putPA)101 A(proP)2 A(proU); Haardt et al., 1995] strains,
and Bacillus subtilis PY79 strain (Youngman et al., 1984) were
routinely grown in Luria-Bertani (LB) medium (Laboratorios
Conda) at 37°C. E. coli DH10B was used as a host to
maintain and to construct the metagenomic libraries. The growth
medium for transformed E. coli strains was supplemented with
50 mg ml~! ampicillin (Ap) to maintain the pBluescript SKII
(+) plasmid (pSKIIT), and 100 mg ml™! spectinomycin (Sp)
for transformation of B. subtilis cells with the pdr111 plasmid.
Screening for salt resistance clones and growth curves were
carried out in LB medium supplemented with NaCl (Sigma).
LB medium also contains NaCl (0.5%), however, the NaCl
concentrations mentioned in this study are referred only to the
supplemented NaCl.
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For the growth curves, cells were cultured overnight in LB
broth or LB broth supplemented with 3% NaCl at 37°C, then
diluted to an ODggg of 0.01 with or without 3% NaCl and 200 ml
was transferred to sterile a 96-well micro-titre plate (Starstedt,
Inc., Newton, MA, USA) and grown at 37°C for 50 cycles (49 h).
ODgoo was measured every 60 min by using a microplate reader
(Tecan Genios, Mannedorf, Switzerland). Non-inoculated wells
served as the blank and their values were subtracted from those
obtained in inoculated wells. All experiments were carried out in
triplicate and the results for each data point were represented
as the mean and SEM determined with OriginPro8 software
(OriginLab Corporation, Northampton, MA, USA).

DNA Isolation from Brine and

Rhizosphere Samples

Brine and rhizosphere samples used in this study were recovered
from the Es Trenc saltern (Mallorca, Spain) in August 2012.
Total salinity (%) was determined by refractometry and electric
conductivity for brine and rhizosphere samples, respectively, and
using three independent replicas. Microbial cells were collected
from 400 ml of brine samples by filtration on a 0.22-mm-pore-
size membrane filter (Nalgene). The filter was mixed with 5 ml
of lysis buffer [100 mM Tris-HCI, 100 mM de EDTA, 100 mM
Na,HPO4 (pH 8.6) and 1% SDS]. The mix was incubated at
65°C with occasional vortex mixing. Samples were centrifuged at
4500 rpm for 5 min at 4°C, and the supernatants were collected.
Then, 1.7 ml of NaCl 5 M and 1.7 ml of 10% CTAB were added
to the supernatant and then incubated in a 65°C water bath
for 10 min with occasional vortex mixing. An equal volume of
phenol-chloroform-isoamyl-alcohol (25:24:1; PCIA) was added
and centrifuged at 12000 rpm for 15 min at room temperature.
The aqueous layer was transferred to a fresh tube and an equal
volume of chloroform was added. The mix was then centrifuged
at 12000 rpm for 15 min at room temperature. The aqueous layer
was removed and transferred to a fresh tube. To precipitate the
DNA, 0.6 volumes of isopropanol were added to each tube, stored
at room temperature for 1 h and centrifuged at 12000 rpm for
20 min at room temperature. After decanting the supernatant,
the pellet was washed with 1 ml of 70% (vol/vol) EtOH and
centrifuged at 12000 rpm for 5 min at room temperature. Finally,
the pellet was air dried and resuspended in 200 pl of sterile
deionized water.

Rhizosphere samples used in this study were obtained from
plants of the species A. macrostachyum. These samples were
kept in 50-mL tubes containing RNA Later (Sigma) and stored
at —80°C. In order to extract DNA, the rhizosphere and
the soil adhered to the roots were thawed and aseptically
processed with the BIO101 FastDNA Spin kit for soil (Qbiogene)
and the FastPrep device following to the manufacturer’s
recommendations.

Determination of the Community

Structure of the Samples

PCR Amplification and 454-Pyrosequencing

16S rRNA gene amplification was performed using bacterial
primer pairs GM3 and 630R for Bacteria (RB: Bacteria in

rhizosphere and BB: Bacteria in brines), and 21F and 1492R
for Archaea (RA: Archaea in rhizosphere and BA: Archaea
in brine; Supplementary Table S1) and previously reported
conditions (Lane et al., 1985). A five-cycle PCR was performed
in a final volume of 25 uL in triplicate to incorporate tags
and linker into the amplicon using 1:25 dilution of the original
products as templates, and also using the same temperature
cycles as for the first PCR. The second PCR was performed
using the forward primers GM3-PS (Bacteria), 21F-PS (Archaea)
and the reverse primer 907R-PS (Supplementary Table S1). The
products were visualized after electrophoresis in 1% agarose gel
run in 1X TAE buffer, at 25 V for 50 min. Two bands were
observed, a first of ~1500 bp and the second of ~960 bp. The
smaller band was excised and eluted using the Zymoclean™
Gel DNA recovery Kit (Zymo Research, Orange, CA, USA)
following the manufacturer’s instructions. The concentration
of the barcoded-amplicons was measured with Mass-Ruler
Express forward DNA Ladder Mix (Thermo Scientific). Finally,
an equimolar mixture of the amplicons was sent to the
sequencing company Macrogen, Inc. (Seoul, Korea). The samples
were sequenced using 454 GS-FLX+ Titanium technology.
Sequences were submitted in the European Nucleotide Archive
(ENA) under the Study Accession Number PRJEB9023 (samples
ERS696577-80).

OTU (Operational Taxonomic Unit) Clustering,
Phylogenetic Affiliation, and Selection of OPUs
(Operational Phylogenetic Units)

Sequences with <300 nucleotides were removed, and low-quality
sequences were trimmed with a window size of 25 and average
quality score of 25. No ambiguities and mismatches in reads with
primer pairs and barcodes were allowed. Chimeras were removed
with the application Chimera Uchime. The trimming process
was performed using Mothur software (Schloss et al., 2009).
The adequate selected sequences were clustered in operational
taxonomic units (OTUs) at 99% using the UCLUST tool in
QIIME (Caporaso et al., 2010). We consider one OTU each
unique cluster of sequences with identities >99%. The longest
read of each OTU was selected as representative.

Phylogenetic inference was performed using the ARB software
package (Ludwig et al., 2004). Sequences were aligned with SINA
aligner (Pruesse et al., 2012), using LTPs115 database (Yarza
etal., 2010). Alignments were manually inspected and improved,
and sequences were added to the non-redundant SILVA REF115
database (Quast et al., 2013) with the ARB parsimony tool to
a default tree. The non-type strain closest relative sequences
of an acceptable quality were selected and merged with the
LTP115 database. The Neighbor-Joining algorithm was used for
the final tree reconstruction, with the Jukes-Cantor correction
with Bacteria and Archaea filter depending Domain, using only
almost complete sequences of all reference entries. Representative
of each OTU were finally added to the reference tree with
the parsimony tool. Sequences were grouped in operational
phylogenetic units (OPUs; Franga et al., 2014) based on the visual
inspection of the tree. We consider an OPU as the smallest clade
containing one or more amplified sequences affiliating together
with reference sequences available in the public repositories.
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When possible, the OPUs should include a type strain sequence
present in the LTP database (Yarza et al., 2010).

Ecological Indexes

Operational phylogenetic units were used to calculate rarefaction
curves and the Shannon-Wiener (H’), Chao 1, and Dominance
(D) indexes per sample with PAST v 3.01 software (Hammer and
Harper, 2008).

Construction of Metagenomic Libraries

The construction of metagenomic libraries and their subsequent
amplification was accomplished as previously described (Mirete
et al., 2007; Gonzalez-Pastor and Mirete, 2010). Briefly, the
metagenomic DNA was partially digested using Sau3AI, and
fragments from 1 to 8 kb were collected directly from a 0.8%
low-melting-point agarose gel with the QIAquick extraction gel
(QIAGEN) for ligation into the dephosphorylated and BamHI-
digested pSKII™ vector. DNA (100 ng) excised from the gel
was mixed with the vector at a molar ratio of 1:1. Ligation
mixtures were incubated overnight at 16°C using T4 DNA ligase
(Roche) and used to transform E. coli DH10B cells (Invitrogen)
by electroporation with a Micropulser (Bio-Rad) according to the
manufacturer’s instructions.

Screening for Salt Resistance
Recombinant plasmids from the metagenomic libraries
constructed in E. coli DH10B cells were extracted using the
Qiaprep Spin Miniprep kit (Qiagen) and ~100 ng of vector
were used to transform electrocompetent cells of E. coli
MKH13. Electrocompetent cells of E. coli MKH13 were prepared
according to Dower et al. (1988). Cells grown to mid-exponential
phase (OD 0.6) were harvested by centrifugation and washed
three times with a low salt buffer (1 mM Hepes, pH 7.0). Cells
were resuspended in cold 10% glycerol and stored at —80°C.
After electroporation of MKH13 cells, ~5 x 10* transformed
cells per amplified library were subsequently screened on LB
agar plates supplemented with 50 mg/ml Ap and 3% NaCl,
a lethal concentration of salts for MKH13 cells. Plates were
then incubated at 37°C for 72 h. To ensure that the resistance
phenotype was not due to the presence of chromosomal
mutations, the resistant colonies were pooled, their plasmidic
DNA was isolated and it was used to transform MKHI13 cells,
and colonies were selected on LB-Ap plates without 3% NaCl
From each transformation, 100 colonies were patched onto LB-
Ap plates containing 3% NaCl. Recombinant plasmids isolated
from salt-resistant clones were digested with Xhol and Xbal, to
select those which are unique in their restriction patterns.

In silico Analysis of Salt Resistant Clones

The DNA inserts of the plasmids from salt resistant colonies were
sequenced on both strands with universal primers M13F and
M13R and others for primer walking by using the ABI PRISM dye
terminator cycle-sequencing ready-reaction kit (Perkin-Elmer,
Waltham, MA, USA) and an ABI PRISM 377 sequencer (Perkin-
Elmer), according to the manufacturer’s instructions. Sequences
were assembled and analyzed with the Editseq and Seqman
programs from the DNAStar package. Prediction of potential

open reading frames (ORFs) were conducted using ORF Finder
and FGENESB (Solovyev and Salamov, 2011), which are available
at the NCBI web page' and www.softberry.com, respectively. The
bacterial code was selected, allowing ATG, CTG, GTG, and TTG
as alternative start codons for translation to protein sequences.
All the predicted ORFs longer than 90 bp were translated
and used as queries in BlastP and their putative function was
annotated based on their similarities to protein family domains
by using Pfam (protein families) available at the European
Bioinformatics Institute (EMBL-EBI?). Those sequences with an
E value more than 0.001 in the BlastP searches and longer than
300 bp were considered as hypothetical. Transmembrane helices
were predicted with TMpred®.

Cloning of Genes Conferring Salt

Resistance

To determine which ORFs were involved in salt resistance in
the recombinant plasmids bearing more than one ORE they
were cloned individually in the vector pSKII*. Thus, PCR-
amplified fragments containing these genes were digested with
Xhol/HindIII and Xbal restriction enzymes and ligated into
pSKII™T digested with the same restriction enzymes. The plasmids
obtained were used to transform the MKH13 strain, and growth
of the resulting clones was compared with that of the original
clone carrying the entire environmental DNA fragment. PCR
amplification of the ORFs was carried out using the following
reaction mixture: 25 ng of plasmid DNA, 500 uM of each of the
four dNTPs, 2.5 U of Pfu Ultra DNA polymerase (Stratagene)
and 100 nM of each forward and reverse primers (described in
Supplementary Table S2A, Supporting information) up to a total
volume of 50 pl. The PCR amplification program used was as
follows: 1 cycle of 5 min at 94°C, 30 cycles of 30 s at 94°C, 30 s
at 52°C, 5 min at 72°C and finally 1 cycle of 10 min at 72°C.
PCR amplification products were excised from agarose gels and
purified using the Qiaquick Extration Gel kit (Qiagen). Purified
PCR products were then digested with the appropriate restriction
enzymes (Roche) and ligated into pSKII*. To incorporate their
native expression sequences (promoters and ribosome binding
sites), a region of ~200 bp located upstream of the start codon
was also amplified. Some of the ORFs were truncated or the
5" region was close to the polylinker sequence of the pSKII*
vector, and they were subcloned in the same orientation as of the
original clone. The E. coli genes encoding the endonuclease (nth)
and the RNA helicase (rhlE) were amplified by PCR from DNA
of the MKH13 strain (primers are described in Supplementary
Table S2B) and similarly subcloned in the pSKII vector. E. coli
genomic DNA was isolated using the Wizard Genomic DNA
Purification Kit as recommended by the manufacturer (Promega,
Madison, WI, USA). The MKH13 strain was transformed with
these genes and the growth of the resulting strains was tested by
growth experiments carried out on LB-agar supplemented with
3% NaCl

'http://www.ncbi.nlm.nih.gov/gorf/gorf.html
2http://pfam.xfam.org/
Shttp://www.ch.embnet.org/software/ TMPRED_form.html
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To assess the salt resistance in B. subtilis, the genes were
cloned in plasmid pdrlll using the specific primer listed in
Supplementary Table S3. This plasmid was a gift from D. Rudner
(Harvard Medical School) and derives from pDR66, thus carrying
front and back sequences of the B. subtilis amyE gene, which
encodes an alpha-amylase. It also contains the hyper-SPANK
promoter (Phyperspank), which is inducible by IPTG. The
recombinant plasmids were then transferred to B. subtilis strain
PY79 with selection for Sp resistance. pdrl11 is not capable of
replication in B. subtilis, thus the DNA fragment is inserted in the
amyE locus in the chromosome, the transformants were screened
for the absence of amylase activity on starch plates. Briefly, for
transformation of B. subtilis, cultures grown overnight on LB
broth at 30°C were diluted to OD600 nm of 0.08 in 10 ml of
the modified competence medium (MCM) and were incubated
at 37°C with agitation (200 rpm; Spizizen, 1958). At the onset of
stationary phase (OD 600 nm = 1.5-2), 1 mg of the recombinant
plasmids were added to 1 ml of the culture. Then, culture was
incubated at least 2 h at 37°C and 200 rpm before plating on LB
solid medium containing Sp (100 mg ml~!). Growth curves were
carried out as previously described either in the presence or in the
absence of 1 mM IPTG.

Elemental Quantification of Nat in

Resistant Clones

Escherichia coli MKHI13 carrying the empty vector and
recombinant clones were grown aerobically in LB liquid medium
containing 50 mg ml~! Ap at 37°C in a shaking incubator, and
growth was monitored as optical density at 600 nm (ODggp).
NaCl was added at 6% in early stationary phase to the cultures
and grown for one additional hour. Cultures were washed four
times extensively with ultrapure MiliQ H,O and centrifugation.
Washed pellets were lyophilized, pulverized and subsequently
the concentration of Na™ was measured by inductively coupled
plasma spectroscopy-mass spectrometry (ICP-MS) analysis at
SIdI (UAM, Madrid). Results were expressed as mg of Na™ g~!
dry weight of cells. One-way ANOVA and Tukey’s test were
used for statistical analysis with OriginPro8 software (OriginLab
Corporation, Northampton, MA, USA).

RESULTS

Microbial Community Structure of the
Brine and Rhizosphere Samples

In order to search for genes that could confer increased salt
resistance to E. coli, we sampled two sites in the hypersaline
environment Es Trenc: (i) brine from a crystallizer pond
(total salinity of 38.53 £ 0.23%), and (ii) moderate-salinity
rhizosphere from the halophyte A. macrostachyum (total salinity
of 3.28 £ 0.48%). DNA isolated from these samples was used
to explore the bacterial and archaeal diversity. 16S rRNA gene
sequences were clustered at an identity threshold 99%, resulting
in a total of 970 OTUs (Supplementary Table S4) that after the
phylogenetic inference produced a total of 226 OPUs, 200 for
Bacteria and 26 for Archaea (Figure 1, Supplementary Table S5).

Most bacterial OPUs (187 OPUs) were detected only in RB,
while BB contained just 13 OPUs, and only two were shared
by both samples (OPUs 109 and 144). The sequences were
distributed in 16 phyla (Figure 1A; Supplementary Table S5).
A total of 102 OPUs affiliated with the phylum Proteobacteria (47
Alpha-, 8 Beta-, 30 Gamma-, and 17- Deltaproteobacteria);
31 with Actinobacteria, 27 with Bacteroidetes and 17
with Firmicutes. The major OPUs in RB were OPU 120
(Ardenticatenamaritima, 5.0%), OPU 153 (Cytophagales,
3.6%), OPU 125 (Bacillus halosaccharovorans, 3.3%), OPU
172 (Actinobacteria, 3.0%), OPU 90 (Sorangiineae, 2.9%)
and, OPU 22 (Rhodobacteraceae, 2.4%). In no case one OPU
exceeded 5.1% of the total sequences (Supplementary Table
S5). On the other hand, the major OPUs in BB were OPU 102
(Uncultured GR-WP33-58, 43.38%, a Deltaproteobacteria close
to Myxobacteria), OPU 143 (Uncultured Chitinophagaceae,
12.6%), and OPU 34 (Uncultured Limimonas, 12.6%). The
latter OPU and the OPU 109 (Rhodopirellula) were the unique
OPUs present both in RB and BB (Supplementary Table
S5).

Sequences affiliated with Archaea generated lower diversity
yields with 26 OPUs, all them in the Euryarchaeota phylum
(Figure 1B). Most of the OPUs affiliated with Halobacteriaceae
(90.8% for RA and 100% for BA). Methanosarcinaceae and
Methanoregulaceae were present only in RA with 3.9 and
5.3%, respectively. The most representative in RA sample
were OPUs 204 and 205 (Haladaptatus sp., 52.6%), OPUs 215
and 216 (Halopelagius sp., 10.5%), OPUs 201-203 (Halococcus
sp. 9.2%), OPU 226 (Methanolinea mesophila, 5.3%), and
OPU 225 (Methanosarcina sp., 3.9%). While, sequences in
sample BA were represented principally by OPUs 209-213
(Halorubrum sp., 61.2%), OPU 220 (Haloquadratum sp.,
16.7%), OPUs 221 and 222 (Haloarcula sp., 3.8%), OPU
208 (Halomarina oriensis, 3.7%), OPU 223 (Halonotius sp.,
3.7%), and OPU 224 (Halobacteriaceae, 3.7%; Supplementary
Table S5).

Bacterial diversity (H') and richness (Chao-1) indexes were
higher in RB (4.5 and 221.5, respectively) than in BB (1.8
and 12, respectively; Supplementary Table S4). However, the
abundances were more homogeneously distributed in RB than
in BB. In accordance Dominance index for RB was the lowest in
comparison with all samples (Supplementary Table S4). Archaea
presented similar values for diversity (2.0), richness (13), and
dominance (0.2) in both samples.

Construction of Metagenomic Libraries

In order to search for genes that could confer increased
salt resistance to E. coli, we screened two metagenomic
libraries constructed in the high-copy-number vector pSKII*
with environmental DNA isolated from brine and from
rhizosphere samples. Approximately 236,250 (brine) and 192,000
(rhizosphere) recombinant clones were obtained and the libraries
were subsequently amplified as described in Experimental
procedures. Fragment length polymorphism analysis of 16
random clones per library showed an average insert size of
3 kb as shown in Supplementary Table S6. Overall, ~1.2 Gb of
environmental DNA was cloned within these libraries.
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Screening of the Metagenomic Libraries
for NaCl Resistant Clones

Recombinant plasmids from the two metagenomic libraries
constructed in E. coli DH10B strain were used to transform the
osmosensitive E. coli MKH13 strain. MKH13 is less salt-resistant
than E. coli wild type strains, because it carries mutations in the
ProP and ProU transport systems involved in the efficient uptake
of the osmoprotectant proline betaine (N,N-dimethyl-L-proline;
Haardt et al., 1995). One of the main problems of using E. coli
as a host for metagenomic libraries is to obtain the appropriate
expression of genes from other microorganisms. Thus, the use of
the MKH13 strain could favor the selection of genes conferring
salt resistance, but poorly expressed in this bacterium. As a result,
atotal of 101 and 12 salt resistance clones were obtained for brine
and rhizosphere samples, respectively. Of these, eight clones

containing genes that conferred salt resistance to the host, pSR1-
3 from brine and pSR4-8 from rhizosphere (Table 1) were found
unique in their enzymatic restriction pattern. The strain MKH13
transformed with the recombinant plasmids showed a better
growth rate in LB supplemented with 3% NaCl than MKH13
cells transformed with an empty vector (Figures 2B,D) whereas
no differences in growth rate was observed in the presence of
LB medium without supplemented NaCl (Figures 2A,C). All the
clones were also assayed in the presence of LB supplemented with
4% NaCl and an increase in the growth rate was also observed in
clones pSR2, pSR4, and pSR8 (data not shown).

A total of 14 genes were predicted using FGENESB and
ORF Finder programs in the sequenced inserts from the eight
plasmids (pSR1-pSR8) conferring salt resistance (Table 1 and
Figure 3). Sequence analyses of these environmental DNA
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TABLE 1 | Description of NaCl-resistant plasmids (pSR1 to pSR8) and their observed sequence similarities.

Plasmid (type GenBank Size G+C ORF? Length Closest similar protein Domain® E value % Identity No. of TM-
of sample) accession (bp) content (aa)® (organism_accession helices
number no. (%) number)
pSR1 (brine) KM603475 2478 70.26 1* 171 Prolyl-tripeptidyl peptidase B 3,00E-72 102/161 0
precursor (Candidatus (63%)
accumulibacter); EXI70660;
322 aa
2* 621 DNA helicase Il (Salinibacter B 0.0 464/484 0
ruber DSM 13855); (96%)
YP_003572414; 1227 aa
pSR2 (brine) KM603476 1509 56.20 1* 337 Hypothetical protein (Natrinema A 0.0 291/337 1
pellirubrum); WP_006182474; (86%)
833 aa
2 96 Hypothetical protein A 5,00E-51 80/96 0
(Halosimplex carlsbadense); (83%)
WP_006886095; 168 aa
PSR3 (brine) KM603477 1838 60.50 1* 392 Probable cell surface A 7,00E-108 212/382 2
glycoprotein (Natronomonas (55%)
moolapensis 8.8.11)
YP_007488500
2* 97 IISH7-type transposase A 8,00E-50 85/97 0
(Natronomonas moolapensis (88%)
8.8.11) YP_007488498.1;
558 aa
pSR4 KM603478 920 62.61 1 217 Endonuclease Il B 1,00E-126  174/217 0
(rhizosphere) (Verrucomicrobia bacterium (80%)
DG1235); WP_008102102;
229 aa
pSR5 KM603479 1800 64.15 1* 304 Hypothetical protein (Monosiga E 9,00E-27 96/270 1
(rhizosphere) brevicollis MX1); (36%)
XP_001749465; 1630 aa
2 164 Site-specific recombinase B 4,00E-24 56/110 0
(Pseudomonas fuscovaginae); (51%)
WP_029533036; 197 aa
pSR6 KM603480 2341 49.40 1* 168 OmpA/MotB B 5,00E-48 82/168 0
(rhizosphere) domain-containing protein (49%)
(Haliscomenobacter hydrossis
DSM 1100) YP_004451090;
1170 aa
2 214 Glycerol uptake facilitator or B 3,00E-38 86/202 6
related permease (43%)
(Methylacidiphilum infernorum
V4); YP_001939268; 209 aa
3* 216 Hypothetical protein B 1,00E-78 117/240 0
(Paenibacillus daejeonensis) (49%)
WP_020618935; 465 aa
(putative sulfatase)
pSR7 KM603481 1131 54.64 1* 377 RNA helicase (Methylophaga B 0.0 323/383 0
(rhizosphere) thiooxydans); WP_008290720; (84%)
605 aa
pSR8 KM603482 426 70.66 1* 142 Pyrophosphate-energized B 1,00E-50 95/142 3
(rhizosphere) proton pump (lumatobacter (67%)

coccineus YM16-304)
YP_007562997; 698 aa

a0RFs involved in NaCl resistance are shown in boldface type, and asterisks indicate incomplete ORFs.

baa, amino acids.
CA: Archaea, B: Bacteria, and E: Eukarya.

fragments revealed the presence of one unique ORF in pSR4,
pSR7 and pSR8, two ORFs in pSR1, pSR2, pSR3 and pSR5,
and three ORFs in pSR6. The G+4C content of these DNA
fragments varied from 49.4 to 70.7% indicating their diverse

phylogenetic origin. Most of the genes analyzed in this study
encoded amino acid sequences similar to bacterial proteins
whereas the inserts present in pSR2 and pSR3 may have been
retrieved from archaeal organisms due to their similarities with
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FIGURE 3 | Schematic organization of the ORFs identified in the
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resistance are indicated by gray arrows and those whose phenotype was not
resistant are shown in white arrows. The presence of predicted
transmembrane helices is represented by arrows shaded with vertical bars.
Asterisks indicate incomplete ORFs. HP, hypothetical protein.

members of this domain. In addition, BLASTP analyses revealed
that pSR5-orfl may be from eukaryotic origin whereas pSR5-
orf2 was probably derived from a bacterium related to the
Pseudomonas genus. This result suggests that pSR5 may be a

chimeric clone or that this clone may be derived from a fragment
of a mobile element. Alternatively, pSR5-orfI may be just an
uncommon bacterial gene with the eukaryotic sequence being
the closest gene sequenced. BLASTP as well as the protein family
domains (Pfam) databases were used to functionally categorize
the genes retrieved and showed that pSR1-orf2 and pSR4-orfI
encoded proteins related to DNA repair processes such as a
DNA helicase II and an endonuclease III, respectively (Table 1
and Supplementary Table S7). It is also interesting to note that
genes related to structural dynamics of nucleic acids were also
retrieved, including a IISH7-type transposase encoded by pSR3-
orf2, a putative site-specific recombinase encoded by pSR5-orf2
and a putative RNA helicase, particularly a DEAD-box helicase
encoded by pSR7-orfl (Table 1). The deduced amino acid
sequence of pSR7-orfl contained the five conserved sequence
motifs found in members of the DEAD-box helicase family: II
or Walker B (VLDEADEM; positions 10-17), III (SAT; positions
43-45), IV (IIFVRT; positions 105-110); V (LVATDVAARGLD;
positions 155-166) and VI (YVHRIGRTGRAG; positions 185-
196). Putative proteins encoded by pSR3-orfl, pSR6-orf2, and
pSR8-orfl were similar to a cell surface glycoprotein, a permease
related to glycerol uptake and a proton pump, respectively. These
may be related to either transport mechanisms or to membrane
components, in agreement with the presence of transmembrane
segments predicted in their amino acid sequences (Table 1).
The protein encoded by pSR6-orf3 showed homology with
choline-sulfatases from Vibrio sp., Cyclobacterium qasimii and
Clostridiales. Also, it contained the motif SDHGEFL (positions
71-77), which is highly similar to a peptide signature apparently
specific to choline sulfatases SDHGDML (Cregut et al., 2014).

In addition, hypothetical proteins were also found, such as
those encoded by pSR2-orfl, pSR2-o0rf2, pSR5-orfl, and pSR6-
orf3. In the case of pSR5-orfl, Pfam analysis showed that the
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encoded protein contained a VWA (von Willebrand factor type
A) domain present in some eukaryotes (Supplementary Table S7).

Identification of Genes Conferring NaCl

Resistance

The recombinant plasmids pSR4, pSR7, and pSR8 contained a
single ORF each, encoding an endonuclease III, a RNA helicase
and a proton pump, respectively, which are responsible for
the NaCl resistance phenotype (Table 1, Figures 2B,D). Five
recombinant plasmids contained more than one ORF (pSR1,
pSR2, pSR3, pSR5, and pSR6) as shown in Table 1 and Figure 3.
The DNA insert of pSR1 contains two ORFs: orfl encoding
a peptidase S9 and orf2 encoding a DNA helicase II. Clones
harboring each one of these ORFs were NaCl resistant since
an increase in the growth rate was observed compared to
the growth of MKH13-pSKII"cells, and even slightly more
pronounced than that of the original clone (Supplementary
Figure S1). In the case of the DNA insert from pSR2, two ORFs
were identified, both encoding hypothetical proteins. pSR2-
orfl clearly conferred resistance to NaCl whereas the slight
resistance observed in the growth of pSR2-orf2 (Supplementary
Figure S2B) may be explained by its limited growth in LB
not supplemented with NaCl (Supplementary Figure S2A). The
sequence of the DNA insert of pSR3 plasmid revealed that
it contained two ORFs, orfl encoded a probable cell surface
glycoprotein whereas orf2 encoded a IISH7-type transposase.
These two genes were both involved in the NaCl resistance
observed in the original clone as shown in Supplementary Figure
S3. In the case of the DNA sequence of pSR5 two ORFs were
identified and whose amino acid sequences were similar to a
hypothetical protein (orfI) and to a recombinase (orf2). The
increased growth rates observed for these clones revealed that
pSR5-orf1 provided NaCl resistance when compared with that of
MKH13-pSKII™T, and its growth rate was similar to that of the
original clone although slightly delayed (Supplementary Figure
S4), whereas the growth rate of the clone harboring pSR5-orf2
was reduced when compared with that of the control strain
in the LB medium supplemented with NaCl (Supplementary
Figure S4B). Three ORFs were found in the DNA insert
of pSRé6, encoding a protein similar to an OmpA (orfl), a
permease involved in glycerol uptake (orf2) and a putative
permease (orf3). Clones containing orf2 and orf3, but not
orfl, exhibited higher growth rates than that observed in the
control (MKH13 pSKII™) in LB medium supplemented with
NaCl, indicating that orf2 and orf3 may be responsible for the
NaCl resistance observed in the original clone (Supplementary
Figure S5).

Assessment of Salt Resistance in the
E. coli Homologs of Environmental
Genes

The discovery of salt-resistance genes related to nucleic acid
metabolism has been an interesting finding in this work. Thus,
to explore the specificity of these environmental genes in the
resistance phenotype, their E. coli homologs were cloned and
tested for growth in the presence of NaCl. The proteins encoded

by pSR4-orfl and pSR7-orfl were similar to the endonuclease
III (Nth, 38.53% identity; 49.54% similarity) and the DEAD-
box RNA helicase (RhIE, 31.94% identity; 46.86% similarity)
of E. coli, respectively. These genes were PCR amplified using
genomic DNA from MKHI13 cells, digested with either Xhol
or HindIIT and Xbal and ligated into pSKIT™ digested with the
same restriction enzymes. The growth on LB supplemented with
3% NaCl of the clones harboring the environmental genes, their
E. coli homologs and the empty plasmid were compared. As a
result, the growth rates of the strain carrying the nth gene of E. coli
and the control strain (MKH13 pSKII*) were similar in contrast
with the increased growth rate observed for the clone pSR4
(Figure 4), indicating that the environmental endonuclease III
but not its E. coli homolog specifically conferred salt resistance.
The growth of the clone carrying the pSR7 plasmid, which
encoded a protein similar to a DEAD-box RNA helicase, and the
clone containing the rhiE gene of E. coli were also compared. Asa
result, we observed a reduced growth rate of the rhlE clone in the
presence of LB alone and a prolonged lag phase in the presence
of NaCl (Figure 5). These results suggest that the RNA helicase
of environmental origin may provide a faster adaptation to the
presence of NaCl in LB medium than its E. coli homolog.

Expression of Salt Resistance Genes in
Bacillus subtilis

In order to investigate the expression of some of the retrieved
environmental genes involved in salt resistance in other hosts
than E. coli, four of the identified genes were transferred to the
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FIGURE 4 | Growth curve of E. coli MKH13 cells carrying pSR4, the
E. coli nth gene, and MKH13-pSKII* in LB broth (A) and LB broth
supplemented with 3% NacCl (B).
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FIGURE 5 | Growth curve of E. coli MKH13 cells carrying pSR7, the
E. coli rhIE gene and MKH13-pSKII* in LB broth (A) and LB broth
supplemented with 3% NaCl (B).

model organism B. subtilis (PY79 strain). This bacterium was
chosen as a representative of Gram-positive bacteria because it is
suitable for genetic manipulation (Earl et al., 2008). PY79 strain
exhibited increased resistance to NaCl than E. coli MKH13, thus
salt concentration was adjusted to 6% in the growth experiments.
The genes selected to be expressed in B. subtilis were those related
to metabolism of nucleic acids (pSR1-orf2, pSR4-orf1, and pSR7-
orfl) and also one encoding for a protein similar to a permease
(pSR6-0rf2). These four genes were subcloned into pdr111 vector,
under an inducible IPTG promoter, the hyper-SPANK promoter.
The resulting constructions were inserted at the amyE locus in
the B. subtilis chromosome. In the growth experiments, bacteria
carrying the empty vector inserted in the chromosome were used
as negative control. Interestingly, B. subtilis transformed with
these genes and grown either in the presence or in the absence
of IPTG exhibited an increased growth rate in comparison with
the negative control, as shown in Figure 6. These results indicated
that some basal level of expression is occurring when B. subtillis
was transformed with these environmental genes. From these, all
the clones but pSR7-orfl showed a slight higher growth rate in
the presence of salt in the medium when IPTG was supplemented
than those without it, indicating that these genes were induced by
IPTG, and properly expressed by B. subtilis, conferring resistance
to NaCL

Determination of Cellular Na* Content
To assess the extent by which clones pSRI to pSR8 can
accumulate NaT ions, the cellular concentration of this element

was measured by ICP-MS after 1 h of growing bacterial cells
with 6% NaCl (Figure 7). From the quantification of Nat,
resistant clones were grouped into two categories according to
whether these clones can accumulate more or less sodium. The
first group consisted of clones which accumulated more sodium
than the control (pSR3, pSR4, and pSR7). This included clones
involved in DNA repair such as the endonuclease III encoded
by pSR4-orfl. The second group showed the same sodium
concentration in the cell compared to the control cells (pSR1,
pSR2, pSR5, pSR6, and pSR8). This included clones carrying
genes related to the modification of DNA such as the DNA
helicase II (pSR1-o0rf2) or of unknown function (pSR2-orfl). It
also included clones with genes that may be involved in osmotic
equilibrium such as pSR6 with two genes, pSR1-orf2 and pSR6-
orf3, encoding a glycerol permease and a putative sulfatase,
respectively and pSR8, with one gene, pSR8-orfl, encoding for
a proton pump.

Further quantification of the cellular content of Na%t ions
determined by ICP-MS on the pSR6 clone revealed that the
recombinant plasmid encoding only the putative permease,
pSR6-0rf2, accumulated significantly more sodium than the
original and pSR6-o0rf3 clones and also more than MKH13 cells
(Figure 8).

DISCUSSION

Functional metagenomics allows access to the potential genetic
diversity of both cultured and uncultured bacteria present
in a particular environment (Handelsman, 2004). Therefore,
this approach was used in this study to decipher the
molecular mechanisms that may contribute to the overall
cellular resistance and by which microbial communities adapt
to high salt content. This has been employed in diverse
studies aimed to elucidate the mechanisms of adaptation of
microbial consortia to a number of extreme conditions such
as high nickel and arsenic content, and acidic pH from
the acid mine drainage environment of Rio Tinto (Mirete
et al., 2007; Gonzalez-Pastor and Mirete, 2010; Guazzaroni
et al, 2013; Morgante et al, 2014). Although functional
metagenomics has been applied to screen for genes related
to salt resistance in environmental samples from the human
gut microbiome (Culligan et al., 2012, 2013), and also from
a freshwater pond (Kapardar et al, 2010), to the best of
our knowledge this is the first study to report novel salt
resistance determinants from microorganisms of a hypersaline
environment by using functional screening of metagenomic
libraries.

The two samples from which the metagenomes originated
exhibited a microbial composition in accordance with the
kind of sample (soil or brine) and high salinities. The
rhizosphere was very diverse in its bacterial composition with
187 distinct OPUs in accordance with the known complexity
of the system (Philippot et al., 2013). The relative abundances
of the representatives of each lineage were well-balanced
and none exceeded the 5.1% of the total diversity. The
composition of the main taxonomic groups were Alpha- and

Frontiers in Microbiology | www.frontiersin.org

October 2015 | Volume 6 | Article 1121 | 48


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Mirete et al.

Salt-resistance genes revealed by metagenomics

0.6
05
0.4 —m—pSR1.2-IPTG
03 —a—DPSR1.2 4IPTG
—e—pdri 11

OD 600 nm

0.2
0.1

02 46 8101214161820 2224

Time (hours)

0.8
0.7
0.6
0.5 —m—pSR4.1 -IPTG
0.4 —a—pSR4.1 +IPTG
0.3 —e—pdri11

0.2
0.1

OD 600 nm

02 4 6 81012141618202224

Time (hours)

chromosome was used as negative control.

FIGURE 6 | Growth of Bacillus subtilis clones in NaCl. B. subtilis clones pSR1-orf2 (A), pSR4-orf1 (B), pSR6-0rf2 (C) and pSR7-orf1 (D) were grown in LB
broth supplemented with 6% NaCl in the presence and in the absence of 1mM IPTG. B. subtilis strain PY79 with the empty plasmid pdri11inserted in the

07
0.6
05
0.4 —m—pSR6.2 -IPTG
03 —a—pSR6.2 +IPTG

OD 600 nm

0.2 —e—pdriit

0.1

02 46 8101214161820 2224

Time (hours)

0.7
0.6
0.5
0.4
0.3
0.2
0.1

—m—pSR7 -IPTG
—4—pSR7 +IPTG
—e—pdri11

OD 600 nm

0 2 46 8 1012141618202224

Time (hours)

determined by one-way ANOVA followed by Tukey'’s test (o < 0.05).

16 - % *
o I, I
o
e 12 =
H x :I:
I
g & 101 I =
o
Lo 87
e
z3 ;5
k3
o 47
E
24
0 T T T T T T T T ]
¢ N 1% > > \a) o A >
S & g & Q < S & &
@g« ® g @ 2 g @ @ g

FIGURE 7 | Test for cellular content of Na™ ion in E. coli clones pSR1 to pSR8 and MKH13-pSKII* after 1 h of growth with 6% NaCl. Values are the
averages of two independent ICP-MS measurements. Error bars indicate standard deviation. An asterisk indicates significantly different from control cells as

Gammaproteobacteria and especially deltaproteobacterial which
are close relatives to Myxobacteria, together with Actinobacteria,
Firmicutes, Bacteroidetes, and Gemmatimonadetes are known to
be common inhabitants of rhizosphere soils (Philippot et al.,
2013). It is worth noting the relative high abundances of
organisms related to A. maritima, a Chloroflexi representative
known as an iron and nitrate reducer (Kawaichi et al., 2013),
and B. halosaccharovorans, a moderately halophilic Firmicutes,
both in accordance with the saline conditions of the environment
(Mehrshad et al, 2013). The archaeal composition was less
complex with only representatives of the Halobacteriaceae family
in accordance with the high salinity concentrations (Oren,

2008), and representatives of the Rice Cluster I methanogens
(Methanosarcinales and Methanomicrobiales; Conrad et al,
2006) also common in soils and widely distributed. The most
remarkable observations were the high abundance (over 50%
of the total archaeal diversity) of a close relative of the
halobacterial genus Haladaptatus, originally isolated from low-
salt and sulfide rich environments (Savage et al., 2007); and the
methanogenic species M. mesophila initially described in rice
field soil (Sakai et al., 2012), and member of the Rice Cluster I
(Conrad et al., 2006). Altogether the results on the community
structure of this soil agree with the fact that the anaerobic
hypersaline sediments below the brine crystallizers may be a
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source of methane and sulfide (Lopez-Lopez et al., 2010), and
these may influence (by diffusion of ions and migration of
microorganisms) the surrounding soils from which the plants
were sampled.

The microbial composition of the salt brines was remarkable.
The archaeal community was only constituted by members
of Halobacteriaceae and with the genera Haloquadratum,
Halorubrum, and Haloarcula as the most abundant. This
structure was in accordance with the known microbiota in
brines (Oren, 2008). However, the bacterial composition was
remarkably different from what was expected. In general
Salinibacter representatives have been found to be the major
bacterial fraction in brines, in proportions that range from 5
to 30% (Antén et al., 2008). However, despite sequences of this
lineage being found in the brines studied here, these constituted
a minority (about 5% of the total bacterial diversity). The
most conspicuous observation was the detection of three major
groups of bacteria not previously observed as major components
with ecological relevance in hypersaline habitats. The most
represented bacterial lineage affiliated with representatives of
the uncultured myxobacterial clade GR-WP33-58. Sequences
of this deltaproteobacterial lineage were first detected in deep-
sea Antarctic samples (Moreira et al., 2006). However, since
its initial detection, similar sequences were retrieved mostly
in marine samples (according to the identifiers in the entries
from the NCBI). Some sequences of this clade had also
been retrieved from hypersaline microbial mats (Harris et al.,
2013) and saline soils (Castro-Silva et al, 2013), pointing
to that its presence in brines may not be anomalous. The
second most relevant proteobacterial group detected, and
also in higher sequence abundances than Salinibacter were
relatives of Limimonas (Amoozegar et al., 2013), an extremely
halophilic member of Rhodospirillaceae. Finally, a third relevant
group affiliated with relatives of the Chitinophagaceae lineage
within Bacteroidetes. Similar sequences were detected in the
hypersaline Lake Tyrrel in Australia (Podell et al, 2013).
Despite the sequences retrieved for the bacterial domain being
in accordance with the hypersaline nature of the sample,
the lower occurrence of Salinibacter, and the prevalence of
representatives from the uncultured GR-WP33-58 clade need
further investigation as such community structure has not been
observed before.

The construction of metagenomic libraries and their
subsequent functional screening to search for novel salt
resistance genes was considered in this study taking into account
the microbial diversity observed in the brine and rhizosphere
samples. It is worth to note that the genes identified here
and those found in the natural host may not be involved in a
similar degree of salt tolerance. In general, a correlation was
observed between the putative phylogenetic affiliation of the
environmental DNA fragments present in the positive clones
and the sample origin (brine or rhizosphere). For example ORFs
identified in clones derived from the brine sample (pSR1-pSR3)
were similar to those from organisms detected in brine samples
such as members of Salinibacter and Halobacteriaceae whereas
ORFs from clones derived from the rhizospheric soil (pSR4-
PSR8) were assigned to microorganisms found in this sample
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(mg of Na* g1 dry weight)

O N M O ® O N B
S T S T S

> &
& E

FIGURE 8 | Test for cellular content of Na* ion in E. coli clones pSR6,
pSR6-o0rf2, pSR6-orf3, and MKH13-pSKII+ after 1 h of growth with 6%
NaCl. Values are the averages of two independent ICP-MS measurements.
Error bars indicate standard deviation. An asterisk indicates significantly
different from pSR6, pSR6-0rf3 and control cells as determined by one-way
ANOVA followed by Tukey'’s test (p < 0.05).

including representatives of Gammaproteobacteria, Firmicutes,
Verrucomicrobia, Bacteroidetes, and Actinobacteria.

In microorganisms, a well-known response to salt stress is
the increase in concentration in the cytoplasm of compatible
solutes such as glycerol and glycine betaine, in response to an
elevated osmolarity in the surrounding medium. The synthesis of
these solutes is often energetically less favorable than the uptake
from the external environment and thus the accumulation of
compatible solutes can inhibit endogenous synthesis (Sleator and
Hill, 2001). The finding of pSR6-orf2, which encoded a putative
glycerol permease, and conferred NaCl resistance not only in
E. coli MKH13 but also in B. subtilis, illustrates the presence
of this strategy within the rhizosphere bacterial community.
Also, pSR6-orf3 encoded a putative choline sulfatase, which
was responsible for the resistance phenotype observed when it
was cloned independently. Choline sulfatases encoded by betC
genes are necessary to convert choline sulfate into choline and
are found in several microorganisms present in rhizospheric
environments including Sinorhizobium meliloti (Osterds et al.,
1998). Although the betC gene is absent within the E. coli
genome, we can assume that the presence of a gene encoding
a choline sulfatase may favor the synthesis of glycine betaine
from choline since in E. coli cells this last conversion can
be carried out through two oxidations steps catalyzed by a
choline dehydrogenase (BetA) and a glycine betaine aldehyde
dehydrogenase (BetB; Osteras et al., 1998; Sleator and Hill, 2001).
It is interesting to note that only the clone carrying pSR6-orf2
accumulated more Na™ than the control, the original clone pSR6
and pSRé6-orf3.

In addition, an ORF from pSR8 encoding a proton pumping
membrane-bound pyrophosphatase (H™-PPase) was identified
in this study. These proteins have been found in all three
domains of life and can confer resistance to cells against
diverse abiotic stress such as cold, drought, NaCl and metal
cations, probably because the enzyme generates a membrane
potential by using PPi (Yoon et al, 2013; Tsai et al., 2014).
Membrane-bound pyrophosphatases can require Na™ for their
activity and they can also catalyze the transport of Na™t outside
the cell, as it has been demonstrated in the archaeal PPase
from the mesophile Methanosarcina mazei and in two bacterial
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PPases from the hyperthermophile Thermotoga maritima and the
moderate thermophile Moorella thermoacetica (Malinen et al.,
2007). More recently, an integral membrane pyrophosphatase
subfamily has been described in diverse bacterial species which
has the ability to transport both Nat and H' outside bacterial
cells and which may have evolved from Na-PPases (Luoto et al.,
2013). Thus, the membrane-bound pyrophosphatase encoded
by pSR8-orfl, coupled with Nat/H™T antiporters present in
E. coli, may be playing an important role in the adaptation
of bacterial cells to increased salt content (Baykov et al.,
2013).

A relevant finding derived from this study is the identification
of salt resistance genes related to DNA repair and to structural
dynamics of nucleic acids. Examples of these genes are pSR1-orf2
and pSR7-orfl, which encoded a DNA and a DEAD-box RNA
helicase, respectively. These genes were also responsible for the
Na(l resistance phenotype observed in B. subtilis. Interestingly,
the environmental RNA helicase encoded by pSR7 showed better
adaptation to NaCl than that cloned from E. coli. DNA helicases
are involved in unwinding double strand DNA and thus play
key roles in cellular processes such as recombination, replication,
transcription and repair processes whereas RNA helicases are
capable of unwinding RNA duplexes and thus participate in
ribosome biogenesis, transcription, translation initiation and
RNA degradation (Tanner and Linder, 2001; Delagoutte and von
Hippel, 2002; Kaberdin and Blisi, 2013). In bacteria, DEAD-box
RNA helicases involved in cold and oxidative stress response
have been reported in the cyanobacterium Anabaena sp. (Yu
and Owttrim, 2000) and in Clostridium perfringens (Briolat
and Reysset, 2002), respectively. Also, upregulation of both
RNA and DNA helicases transcript levels has been observed
when Desulfovibrio vulgaris was exposed to elevated sodium
chloride concentration (Mukhopadhyay et al., 2006). The role
played by these helicases may be similar to that observed
in other enzymes involved in the molecular conformation
of nucleic acids. In plants, these proteins have been shown
to be also related to salt stress. For example, the DEAD-
box DNA/RNA helicase from pea overexpressed in tobacco
conferred increased salt resistance (Sanan-Mishra et al., 2005)
and DEAD-box RNA helicases are induced under elevated
salt conditions in Hordeum vulgare (Nakamura et al., 2004)
and in the halophyte Apocynum venetum (Liu et al, 2008).
In our study, the cells carrying the DEAD-box RNA helicase
encoded by pSR7-orfl showed more accumulation of Na™ ions
than the control, which was also reported in the leaves of
transgenic tobacco plants overexpressing the DEAD-box helicase
(Sanan-Mishra et al., 2005). Thus, this protein may be linked
to a more specific response to salt stress that may allow the
accumulation of Na™ ions inside the cell. This will be the basis
for future studies to clarify the precise molecular mechanism
of salt resistance conferred by the DEAD box DNA/RNA
helicases.

A resistance phenotype to NaCl was observed in clone pSR4,
which encoded a protein similar to an endonuclease III. In
E. coli this protein is encoded by the nth gene and displays
DNA glycosylase activity involved in base-excision repair as a
cellular defense against a variety of DNA damages caused by

desiccation and UV irradiation (Kish and DiRuggiero, 2012).
The enzymatic activity of Nth is specific for the repair of
oxidized bases in DNA, particularly pyrimidines substrates
such as thymine glycol, 5-hydroxycytosine and 5-hydroxyuracil
(Dizdaroglu, 2005). Repair of oxidized DNA bases after exposure
to elevated doses of gamma radiation has been reported in
the extremely halophilic archaeon Halobacterium salinarum
(Kish et al,, 2009) whose genome contains diverse homologs
of DNA glycosylases including nth homologs (Dassarma et al.,
2001). The endonuclease III identified in this study, which also
conferred salt resistance in B. subtilis (Figure 6), was similar
to the E. coli Nth, however, the latter did not confer salt
resistance (Figure 4). Although, to the best of our knowledge,
the effect of high salt concentrations on DNA modifications
in vivo has not been described before, our results suggest the
possibility of a specific role in repairing DNA lesions produced
by NaCl in both E. coli and B. subtilis cells. Also, in the human
gut environment, two genes encoding MazG were found to
be involved in salt tolerance, and it was suggested that this
protein may play a role in the removal of abnormal nucleotides
from nascent DNA strands (Culligan et al, 2012). Diverse
DNA repair pathways have been identified to withstand diverse
environmental stress associated to hypersaline environments
such as ionizing radiation (IR) or desiccation in halophiles
(Kish and DiRuggiero, 2012) and also in the rhizosphere-
associated bacterium, Sinorhizobium meliloti (Humann et al.,
2009), which is in agreement with the rhizosphere origin of
pSR4-orfl.

CONCLUSION

The two different samples from a hypersaline environment (i.e.,
brine and rhizosphere) studied in this work exhibited a microbial
composition that was in agreement with their saline nature.
The rhizospheric soil showed a balanced community structure
comparable with other such samples. The brine community
structure was in agreement with what was expected for the
archaeal counterpart, but not for the bacterial composition.
Conspicuously, the bacterial diversity was dominated by three
lineages never reported as major components of hypersaline
habitats, and the expected major key player Salinibacter was
in a noticeable minority. The use of functional metagenomics
allowed the identification of diverse genes conferring salt
resistance to E. coli and encoding for: (i) well-known proteins
involved in osmoadaptation such as a glycerol permease and
a proton pump, (ii) proteins related to repair, replication and
transcription of nucleic acids such as RNA and DNA helicases
and an endonuclease III, and (iii) hypothetical proteins of
unknown function. It is worth noting that the environmental
endonuclease III and the hypothetical proteins identified here
may represent novel mechanisms of osmoadaptation. The link
between DNA repair enzymes and stress processes involved
in cellular dehydration such as desiccation and UV radiation
have been previously described in Deinococcus radiodurans
(Mattimore and Battista, 1996; Kish and DiRuggiero, 2012).
To our knowledge this is the first report to identify a
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specific DNA repair gene from a moderate-salinity rhizosphere
associated with a hypersaline environment which can provide
salt resistance to E. coli. Further analysis of these genes will be
necessary to elucidate their precise mechanism of action.
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Functional metagenomics is a powerful experimental approach for studying gene
function, starting from the extracted DNA of mixed microbial populations. A functional
approach relies on the construction and screening of metagenomic libraries —physical
libraries that contain DNA cloned from environmental metagenomes. The information
obtained from functional metagenomics can help in future annotations of gene function
and serve as a complement to sequence-based metagenomics. In this Perspective, we
begin by summarizing the technical challenges of constructing metagenomic libraries
and emphasize their value as resources. We then discuss libraries constructed using the
popular cloning vector, pCC1FOS, and highlight the strengths and shortcomings of this
system, alongside possible strategies to maximize existing pCC1FOS-based libraries by
screening in diverse hosts. Finally, we discuss the known bias of libraries constructed
from human gut and marine water samples, present results that suggest bias may also
occur for sail libraries, and consider factors that bias metagenomic libraries in general.
We anticipate that discussion of current resources and limitations will advance tools and
technologies for functional metagenomics research.

Keywords: functional metagenomics, metagenomic library, cosmid library, fosmid library, pCC1FOS, cloning bias,
library bias, RK2

THE CHALLENGES OF CONSTRUCTING LARGE-INSERT
METAGENOMIC LIBRARIES

Functional metagenomics involves isolating DNA from microbial communities to study the
functions of encoded proteins. It involves cloning DNA fragments, expressing genes in a surrogate
host, and screening for enzymatic activities. Using this function-based approach allows for
discovery of novel enzymes whose functions would not be predicted based on DNA sequence
alone. Information from function-based analyses can then be used to annotate genomes and
metagenomes derived solely from sequence-based analyses. Thus, functional metagenomics
complements sequence-based metagenomics, analogous to how molecular genetics of model
organisms has provided knowledge of gene function that is widely applicable in genomics.

Functional metagenomics begins with the construction of a metagenomic library (Figure 1A).
Cosmid- or fosmid-based libraries are often preferred due to their large and consistent insert size
and high cloning efficiency. DNA is first extracted from the environmental sample of interest, then
size-selected, end-repaired, and ligated to a cos-based vector, allowing packaging by lambda phage
for subsequent transduction of Escherichia coli (Figure 1A). The resulting library contains relatively
large insert DNA, typically 25-40 kb for cos-based vectors. With the steps involved, the construction
of a metagenomic library can be laborious and time-consuming, requiring a high level of skill at the
laboratory bench.
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FIGURE 1 | Metagenomic libraries exhibit cloning bias when compared to the original environmental sample. (A) Steps involved in the construction of a
metagenomic library, from original environmental sample to the final library in the E. coli host (adapted from Lam and Charles, 2015). (B) Relative abundance of
bacterial phyla from two previously constructed metagenomic libraries, a human fecal library (Lam and Charles, 2015), and a corn field soil library (Cheng et al., 2014),
compared to their original sample DNA extracts. (C) Number of OTUs identified from corn field soil DNA extract and library, and whether the OTUs were present in the
library sample only, the extract sample only, or present in both. (D) Examination of cloning bias by comparing the relative abundance of OTUs that were present in
both the DNA extract and the cosmid library, shown on a log scale; horizontal line at 1 denotes equal relative abundance in both samples.

There are several technically challenging steps in library
construction. First, the extracted DNA must be of sufficient
length for efficient packaging into lambda phage heads (Parks
and Graham, 1997). Extraction usually employs gentle lysis to
avoid shearing DNA (Zhou et al., 1996) but even so it may be
difficult to achieve large fragment sizes (Kakirde et al., 2010). We
find that starting with crude DNA extracts containing at least
~75kb fragments leads to high-quality libraries and it is crucial
to check the fragment size range by pulsed-field electrophoresis

before proceeding. A particularly useful and affordable molecular
ladder for pulsed-field gels is self-ligated lambda DNA, which
can be easily prepared and results in bands at approximately 50,
100, and 150kb. A freeze-grinding step prior to extraction (Lee
and Hallam, 2009) can substantially improve cell lysis. Although
this step may fragment DNA (Brady, 2007), we find it does
not hinder library construction, consistent with previous work
showing that freeze-grinding results in minimal shearing (Zhou
etal., 1996).
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Extracts are often contaminated with compounds that co-
purify with DNA, requiring additional purification steps that may
lead to sample loss. Common contaminants in soil-derived DNA
extracts are humic acids, which may interfere with enzymatic
reactions (Tebbe and Vahjen, 1993). Non-linear electrophoresis
is effective for contaminant removal (Pel et al, 2009) and
generates purified and concentrated DNA suitable for PCR or
metagenomic analysis (Engel et al., 2012), yet requires specialized
equipment. We have found that for library construction, humic
acids can simply be allowed to run off the gel during pulsed-field
electrophoresis of crude extract for size-selection because they
migrate much faster than large DNA fragments. Alternatively, to
avoid contaminating the circulating buffer, electrophoresis can
be paused after humic acids have formed a front, the part of
the gel containing the humic acids excised, and then this region
replaced with fresh gel (Cheng et al., 2014). Others have reported
that contaminating nucleases are effectively inhibited by treating
extracted DNA in an agarose plug with sodium chloride and
formamide (Liles et al., 2008).

After the DNA has been size-selected and purified, it must
be end-repaired and ligated to a desphosphorylated, blunt-ended
vector. To ensure proper size range before ligation, the DNA can
be checked for co-migration with the largest band of a lambda-
HindIII ladder on an agarose gel (Brady, 2007) or the sample can
be run on a pulsed-field gel for a more accurate size assessment.
The end-repair is a challenging step because there is no simple
way to confirm that ends are indeed blunt following the reaction.
We use a small amount of the ligation to transform E. coli prior
to the costly packaging step; resulting transformants indicate
the presence of circular DNA molecules arising from ligation
of successfully blunt-ended fragments. Though the ligation
conditions may not favor formation of circular molecules, this
is our best proxy for successful end-repair.

Other challenges include the sensitivity of packaging extracts
and preparation of purified digested and dephosphorylated
vector DNA for ligation. Although excellent commercial
products are available for both, in-house vector preparation
may still be required when specific expression hosts are to be
used in functional screening outside the host range of available
commercial vectors (Wexler et al, 2005; Craig et al., 2010;
Troeschel et al., 2010; Cheng et al., 2014). The culminating step
of library construction is the transduction of E. coli, and although
it is possible to generate many thousands of clones with the first
attempt, troubleshooting may be required to increase library size.
When transduction results in a disappointingly small number of
transductants (zero in the worst case!), it is not easy to determine
the cause.

Indeed, metagenomic library construction is in many ways an
art that takes time and practice to master. Given the substantial
challenges and costs associated with library construction, as well
as possible difficulties in obtaining rare environmental samples, a
clear corollary is that we ought to find ways to maximize these
valuable resources for shared benefit. In particular, collections
of metagenomic libraries that can be used in a variety of hosts
would be extremely valuable if able to be accessed by the scientific
community. We have previously made our libraries publicly
available (Neufeld et al., 2011) and we continue to advocate for

increased sharing (Charles and Neufeld, 2015). Though there
are obvious administrative obstacles, services such as Addgene
(Herscovitch et al., 2012) may facilitate these efforts.

MAKING THE MOST OF WHAT WE HAVE:
LEVERAGING EXISTING LIBRARIES

Due to the difficulties of library construction, commercial
products that aid in generation of libraries are popular. Indeed,
one widely used cloning-ready commercial vector is pCC1FOS
(Genbank accession EU140751; Epicentre Biotechnologies). In
recent years, as functional metagenomics has gained traction,
metagenomic libraries from remarkably diverse environments
have been constructed using pCC1FOS (Table 1). The pCC1FOS
vector has several advantages. It carries a chloramphenicol
resistance (cat) marker that is superior to the common ampicillin
resistance (bla) marker, obviating the occurrence of satellite
colonies associated with beta-lactamase secretion that can be
problematic for the dense platings often required for library
construction. In addition to an F plasmid oriV for single-
copy maintenance, pCCIFOS also carries an oriV from the
RK2 plasmid. The RK2 oriV is broad-host-range, conferring
replication ability in diverse members of the Proteobacteria
(Ayres et al, 1993), but requires the frfA gene product for
replication and results in an estimated 15 copies per cell (Durland
and Helinski, 1990). Though trfA is not carried by the fosmid,
it can be provided in trans; notably, the commercial E. coli
strain EPI300 (Epicentre Biotechnologies) carries trfA under the
control of an inducible promoter that is advertised to increase
copy number from 1 copy per cell to 10-200 copies. The strain
likely possesses a trfA copy-up mutant allele under control of
araC-Ppap, which is induced by L-arabinose (Wild et al., 2002).
In the past, we preferred HB101 as a library host due to its
receptiveness to transduction, but EPI300 appears to transduce
at least as well as, if not better than, HB101. It also has the
advantages of being an endAI mutant and supporting copy-
number inducibility, allowing for less-degraded and higher-yield
plasmid preparations.

Despite its popularity, pCC1FOS has some disadvantages that
make resulting libraries less versatile than they could be. First,
pCCI1FOS does not possess an oriT that would allow the fosmid
to be efficiently transferred by conjugation, mediated by a helper
plasmid, to other species or strains that may be more suitable
for heterologous expression. To achieve conjugation capabilities,
we have added the RK2 oriT to pCCI1FOS (Lam and Charles,
unpublished), as have others (Aakvik et al., 2009; Buck, 2012;
Terrén-Gonzalez et al., 2013). To enable conjugation after library
construction has already taken place, others have retrofitted
individual pCC1FOS-based clones with an oriT (Li et al., 2011;
Buck, 2012). These modifications illustrate the need for fosmid
and cosmid vector design to include the oriT so that duplication
of work can be avoided. It is possible that transformation can be
used to transfer libraries to other hosts, but only for recipients
that are amenable to those techniques and that will not reject
DNA that has been synthesized in E. coli due to the presence
of host restriction-modification systems. In some cases, it will be
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TABLE 1 | Examples of metagenomic libraries constructed from diverse environmental samples using cloning vector pCC1FOS/pCC2FOS or derivatives.

Environment

Library vector; screening host, if relevant

References

HOST-ASSOCIATED ENVIRONMENTS
Bovine rumen pCC1FQS; E. coli
pCC1FQOS; E. coli
pCC1FQOS; E. coli
pCC1FOS; E. coli
pCC1FOS; E. coli

pCC1FOS

Elephant feces

Human distal ileum
Human feces

Human feces (pescatarian)
Marine sponge

Termite gut pCC1FOS, pCC2FOS; E. coli
EXTREME ENVIRONMENTS
Alaskan soil pCC1FQS; E. coli

Alaskan floodplain soil pCC1FQOS; E. coli
pCC1FQS; E. coli

pCC1FQOS; E. coli

Antarctic Pennisula meltwater

Glacial ice

Hot spring sediment and biofilm

Hydrothermal fluids

MARINE OR FRESHWATER ENVIRONMENTS
Bog pCC1FOS; E. coli

pCC1FOS; E. coli

Marine sediment
Ocean tidal flat sediment pCC1FQS; E. coli
pCC1FOS

pCC1FQS; E. coli

Ocean water column

River sediment

POLLUTED ENVIRONMENTS
Crude oil-contaminated shore pMPO579; E. coli*

Polluted river pCC1FQOS; E. coli
AGRICULTURAL, ENGINEERED, OR OTHER ENVIRONMENTS
pCC1FOS, pCC2FOS; E. coli

pCC1FOS; E. coli

Activated sludge
Compost, leaf branch
Compost, lumber waste
pCC1FOS; E. coli
pCC1FOS; E. coli
pCC1FQS; E. coli
pCC1FOS

Compost, wood/plant debris/manure
Decomposing leaf litter

Orchard sail

Sugarcane bagasse

pCT3FK; E. coli, Thermus thermophilus

pRS44; Pseudomonas fluorescens, Xanthomonas campestris

pCT3FK; E. coli, Thermus thermophilus

Wang et al., 2013
Rabausch et al., 2013
Cecchini et al., 2013
Jones et al., 2008
Tasse et al., 2010
Yung et al., 2009

Warnecke et al., 2007; Liu et al., 2011

Allen et al., 2009
Williamson et al., 2005
Ferrés et al., 2015

Simon et al., 2009

Leis et al., 2015

Bohnke and Perner, 2015

Sommer et al., 2010
Aakvik et al., 2009
Lee et al., 2006, 2015
Delong et al., 2006
Rabausch et al., 2013

Terrén-Gonzalez et al., 2013

Vercammen et al., 2013

Suenaga et al., 2007; Zhang and Han, 2009
Sulaiman et al., 2012

Leis et al., 2015

Ohlhoff et al., 2015

Nyyssénen et al., 2013

Donato et al., 2010

Mhuantong et al., 2015

Libraries that are based on the commercial pCC1FOS or pCC2FOS vector can be screened in any RK2-compatible host that expresses the trfA gene product required for the broad-

host-range RK2 oriV origin of replication.
*modified strains derived from E. coli EPI300 to increase transcription.

desirable to modify these host strains by deleting the restriction-
modification genes.

Given that the broad-host-range oriV is used to achieve a
higher copy number in EPI300 expressing the trfA gene, another
disadvantage of pCC1FOS is that trfA is not included on the
vector. The consequence is that species that would otherwise
be able to use the oriV cannot replicate pCC1FOS. It is not
surprising then that for the vast majority of studies highlighted
here (Table 1), E. coli was used as the screening host. This is a
disadvantage for functional metagenomics as different clones can
be isolated from the same metagenomic library when different
screening hosts are used (Martinez et al., 2004; Craig et al.,
2010). We found that using the legume-symbiont Sinorhizobium
meliloti as a host results in a much greater diversity of clones than
E. coli when screening our corn field soil metagenomic library for
beta-galactosidase activity, though this greater diversity does not

appear to be related to phylogenetic distance of the origin of the
cloned DNA to the surrogate host (Cheng et al., in preparation).
The importance of devising systems that allow for functional
screening in diverse expression hosts has been reviewed by
others (Uchiyama and Miyazaki, 2009; Taupp et al., 2011; Ekkers
et al., 2012; Liebl et al., 2014), but what of the large number
of libraries that have already been constructed? Can we make
use of them for screening in non-E. coli hosts? The libraries
listed in Table 1, as well as potentially many other metagenomic
libraries constructed using pCCIFOS or derivatives, would be
accessible to any RK2-compatible host if a copy of the trfA
gene were also made available. This solution has already been
applied: one group inserted the trfA gene into the chromosome of
the Gammaproteobacteria species Pseudomonas fluorescens and
Xanthomonas campestris for screening of libraries constructed
using a pCC1FOS derivative (Aakvik et al., 2009). Another group
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inserted araC-Ppap-trfA into the E. coli EL350 chromosome to
give copy number inducibility to the lambda Red recombineering
strain (Westenberg et al., 2010). The introduction of trfA into
RK2-compatible species is a straightforward way to expand the
range of expression hosts for existing pCC1FOS-based libraries.
An alternative to inserting the frfA gene into desired
expression hosts is to modify the vector for integration into the
host genome, bypassing the requirement for trfA. This strategy
has been employed to integrate clones into a target locus in the
genome of the thermophile Thermus thermophilus for functional
screening, by modifying pCC1FOS to include a selectable marker
as well as regions for homologous recombination (Angelov et al.,
2009). In our lab, pCC1FOS was modified to carry ®C31 att
sites (Heil and Charles, unpublished) for integrase-mediated site-
specific recombination of cloned insert DNA into the genomes
of landing pad strains, including S. meliloti and Agrobacterium
tumefaciens (Heil et al., 2012). As a general strategy, however,
chromosomal integration is potentially less useful than clone
maintenance due to the difficulty in retrieving the integrated
DNA for manipulation, including DNA sequence analysis, when
non-arrayed (i.e., pooled) libraries have been screened.

KNOWING THE EXTENT OF WHAT WE
HAVE: EXAMINING CLONING BIAS

Beyond the practical questions of how to optimize vectors for
library construction and how to maximize valuable existing
libraries, there is a technical question that we find particularly
interesting: how much of the sequence diversity present in
original DNA extracts is captured in constructed libraries, and
what affects this? Though not so much a concern for functional
screens, it is interesting to consider the factors that influence
library representativeness; elucidating these factors may lead to
development of better strategies for accessing the full potential
of environmental metagenomes. We previously used shotgun
sequencing to examine bias in a human fecal library (Lam and
Charles, 2015) and here we also present the results of 16S rRNA
gene sequencing to examine bias in a corn field soil library
(Cheng et al., 2014); see Supplementary Material for details. Both
libraries were constructed using the RK2-based cosmid pJC8
(Genbank accession KC149513).

The bias discussed here is from comparing DNA extracted
from the sample to the final cloned library DNA isolated from
E. coli (Figure 1A). Analysis at the phylum-level showed that
although the fecal library differed substantially in the relative
abundance of phyla compared to its corresponding extract, the
relative abundance of phyla in the corn field soil library seemed
similar to its extract (Figure 1B). We present these results for
the soil library but exercise caution in their interpretation as the
majority of 16S rRNA gene sequences from the metagenomic
library sample was E. coli contamination, despite treating the
library cosmid DNA preparation with Plasmid-Safe DNase to
remove host genomic DNA prior to PCR. After subtracting E.
coli host sequences, approximately 30,000 sequences remained to
represent the metagenomic library (see Supplementary Material
for details). The high level of host contamination could be due

to preferential amplification of template during PCR based on
differences in DNA conformation: though present in very small
quantities, linear DNA may be more efficiently amplified over
supercoiled or closed circular plasmid DNA (Chen et al., 2007).
This issue of E. coli host contamination in 16S rRNA gene
analysis needs to be addressed for future examination of bias in
metagenomic libraries.

When we examined the soil samples more closely, we
found that the similarity of the library and extract at the
phylum level does not extend to the “species” level: examination
of the individual OTUs in each sample revealed that only
a small fraction of OTUs were shared between the library
and original sample (Figure 1C). Interestingly, our analysis
indicated that there were a number of OTUs in the library
that were not identified in the extract sample (Figure 1C) and
although this number is halved when the library data are
compared to extract data that have not been rarefied (data
not shown), they nevertheless remain, indicating that these
OTUs are either extremely rare in the original sample and
their DNA is preferentially cloned or that the identification
of these OTUs is due to sequencing errors. A further analysis
of the OTU fraction that is shared between extract and
library samples shows a large range in the bias in relative
abundance of each OTU, with some OTUs exhibiting ~1000-fold
overrepresentation and others ~1000-fold underrepresentation
in the library (Figure 1D). While there may be concern that
16S rRNA gene profiles of libraries compared to extracts may
not provide an accurate comparison of cloned DNA content
in general, we have previously shown from analysis of shotgun
sequence data that for large-insert RK2 oriV-based cosmid
libraries, 16 S rRNA gene content tracks well with genomic
content (Lam and Charles, 2015). The analysis of the corn
field DNA extract and corresponding metagenomic library
suggests that though the overall relative abundance of phyla
may remain similar, bias is occurring on the level of individual
OTUs.

The fact that certain taxa are under- or overrepresented might
not pose a barrier to screening, but it may be useful to know
what sequences are not likely to be captured in libraries. Several
studies that have compared shotgun sequencing of original
samples to corresponding metagenomic libraries from marine
water (Temperton et al., 2009; Ghai et al., 2010; Danhorn
et al, 2012), as well as our own comparative work on feces
(Lam and Charles, 2015), have shown that AT-rich sequences
are underrepresented in libraries. Our analysis—in which we
compared promoter consensus sequences between extract and
library samples—lends support to the hypothesis that the bias
is related to spurious transcription of metagenomic DNA from
AT-rich sequences recognized as ’° promoters in the E. coli
library host (Lam and Charles, 2015) although other factors may
be contributing, such as gene product toxicity (Sorek et al., 2007).
Notably, we have shown that DNA fragmentation is not a cause
of bias (Lam and Charles, 2015). The specific factors affecting
the “clonability” of DNA, and the mechanisms that lead to DNA
exclusion, still need to be experimentally determined.

The stability of foreign DNA in E. coli is influenced by the
vector copy number and, as a result, single-copy fosmids may
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be ideal as the library backbone (Kim et al., 1992), although
the success of some functional screens may be dependent on
a higher gene dose. Plasmid vectors that are not cos-based
provide an alternative where cloning is substantially less difficult
as large-fragment DNA need not be isolated and packaging
and transduction are not required; the disadvantages, however,
are that a smaller insert size means that larger operons will
not be intact, and if the plasmid has a high copy number—
true of conventional cloning vectors—this may lead to greater
insert instability and exclusion (Lam and Charles, 2015). Other
alternatives to fosmid vectors include BACs (Kakirde et al,
2011), which have the ability to capture even larger insert
sizes at approximately 100kb on average (Kakirde et al., 2010),
and linear vectors, which may provide exceptional stability
(Godiska et al., 2010). However, cos-based vectors are likely
to remain popular for their advantages: the availability of
high-quality commercial packaging extracts, greater efficiency
of transduction over transformation, and decreased probability
of insert concatemers due to the phage head upper size
limit. Though there exists variety in library cloning vectors,
further work is required to understand how and to what
extent cloning vector choice and strategy impacts library
sequence bias.

CONCLUDING REMARKS

Depending on the target activity, functional screens can exhibit
a low hit rate (Uchiyama and Miyazaki, 2009) the reasons for
which might include barriers at the level of both transcription
and translation. Improving E. coli as a screening host to address
these problems will likely improve future hit rates. Examples
include introducing heterologous sigma factors to guide RNA
polymerase to otherwise untranscribed regions (Gaida et al.,
2015), employing T7 RNA polymerase to help drive transcription
(Terrén-Gonzalez et al, 2013), as well as forming hybrid
ribosomes (Kitahara et al., 2012) that may influence expression.
Nevertheless, it will be important to move beyond E. coli into
different screening hosts, particularly for the complementation
of mutant phenotypes not possible in E. coli. The identification of
obstacles to cloning and screening will aid in the development of
new tools and technologies for functional metagenomics (Engel
et al., 2013), providing us with greater reach in terms of what
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The rapid expansion of new sequencing technologies has enabled large-scale functional
exploration of numerous microbial ecosystems, by establishing catalogs of functional
genes and by comparing their prevalence in various microbiota. However, sequence
similarity does not necessarily reflect functional conservation, since just a few
modifications in a gene sequence can have a strong impact on the activity and the
specificity of the corresponding enzyme or the recognition for a sensor. Similarly, some
microorganisms harbor certain identified functions yet do not have the expected related
genes in their genome. Finally, there are simply too many protein families whose function
is not yet known, even though they are highly abundant in certain ecosystems. In this
context, the discovery of new protein functions, using either sequence-based or activity-
based approaches, is of crucial importance for the discovery of new enzymes and for
improving the quality of annotation in public databases. This paper lists and explores the
latest advances in this field, along with the challenges to be addressed, particularly where
microfluidic technologies are concerned.

Keywords: metagenomics, discovery of new functions, proteins, high throughput screening, microbial ecosystems,
microbial ecology, biotechnologies

Introduction

The implications of the discovery of new protein functions are numerous, from both cognitive and
applicative points of view. Firstly, it improves understanding of how microbial ecosystems function,
in order to identify biomarkers and levers that will help optimize the services rendered, regardless of
the field of application. Next, the discovery of new enzymes and transporters enables expansion of
the catalog of functions available for metabolic pathway engineering and synthetic biology. Finally,
the identification and characterization of new protein families, whose functions, three-dimensional
structure and catalytic mechanism have never been described, furthers understanding of the protein
structure/function relationship. This is an essential prerequisite if we are to draw full benefit from
these proteins, both for medical applications (for example, designing specific inhibitors) and for
relevant integration into biotechnological processes.

Many reviews have been published on functional metagenomics these last 10 years. Many of them
focus on the strategies of library creation and on bio-informatic developments (Di Bella et al., 2013;

Frontiers in Microbiology | www.frontiersin.org

June 2015 | Volume 6 | Article 563 | 63


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://dx.doi.org/10.3389/fmicb.2015.00563
https://creativecommons.org/licenses/by/4.0/
mailto:laville@insa-toulouse.fr
http://dx.doi.org/10.3389/fmicb.2015.00563
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00563/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00563/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00563/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00563/abstract
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00563/abstract
http://community.frontiersin.org/people/u/227581
http://community.frontiersin.org/people/u/240876
http://community.frontiersin.org/people/u/230538
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Ufarté et al.

Functional metagenomics for protein discovery

Ladoukakis et al., 2014), while others describe the various
approaches set up to discover novel targets [like therapeutic
molecules (Culligan et al., 2014)] for a specific application.
In particular several review papers have been written on the
numerous activity-based metagenomics studies carried out to
find new enzymes for biotechnological applications, without
necessarily finding new functions or new protein families (Ferrer
et al.,, 2009; Steele et al., 2009). The present review focuses on all
the functional metagenomics approaches, sequence- or activity-
based, allowing the discovery of new functions and families from
the uncultured fraction of microbial ecosystems, and makes a
recent overview on the advances of microfluidics for ultra-fast
microbial screening of metagenomes.

Sampling Strategies

The literature describes a wide variety of microbial environments
sampled in the search for new enzymes. A large number of
studies look at ecosystems with high taxonomic and functional
diversity, such as soils or natural aquatic environments that are
either undisturbed or exposed to various pollutants (Gilbert et al.,
2008; Brennerova et al., 2009; Zanaroli et al., 2010). Extreme
environments enable the discovery of enzymes that are naturally
adapted to the constraints of certain industrial processes, such as
glycoside hydrolases and halotolerant esterases (Ferrer et al., 2005;
LeCleir et al., 2007), thermostable lipases (Tirawongsaroj et al.,
2008), or even psychrophilic DNA-polymerases (Simon et al.,
2009). Other microbial ecosystems, such as anaerobic digesters
including both human and/or animal intestinal microbiota
and industrial remediation reactors, are naturally specialized
in metabolizing certain substrates. These are ideal targets for
research into particular functions, such as the degrading activity
oflignocellulosic plant biomass (Warnecke et al., 2007; Tasse et al.,
2010; Hess et al., 2011; Bastien et al., 2013) or dioxygenases for the
degradation of aromatic compounds (Suenaga et al., 2007).

Some studies refer to enrichment steps that occur before
sampling, with the aim of increasing the relative abundance of
micro-organisms that have the target function. This enrichment
can be done by modifying the physical and chemical conditions
of the natural environment (van Elsas et al, 2008) or by
incorporating the substrate to be metabolized in vivo (Hess
et al,, 2011) or in vitro, in reactors (DeAngelis et al., 2010)
or mesocosms (Jacquiod et al., 2013). Through stable isotopic
probing and cloning of the DNA of micro-organisms able to
metabolize a specifically labeled substrate for the creation of
metagenome libraries, it is possible to increase the frequency
of positive clones by several orders of magnitude (Chen
and Murrell, 2010). These approaches require functional and
taxonomic controls at the different stages of enrichment, which
are often sequential, to prevent the proliferation of populations
dependent on the activity of the populations preferred at the
outset. These kinds of checks are difficult to do in vivo,
where there would actually be an increased risk of selecting
populations able to metabolize only the degradation products
of the initial substrate, to the detriment of those able to attack
the more resistant original substrate with its more complex
structure.

Functional Screening: New Challenges for
the Discovery of Functions

Two complementary approaches can be used to discover new
functions and protein families within microbial communities. The
first involves the analysis of nucleotide, ribonucleotide or protein
sequences, and the other the direct screening of functions before
sequencing (Figure 1).

The Sequence, Marker of Originality

There have been a number of large-scale random metagenome
sequencing projects (Yooseph et al, 2007; Vogel et al.,, 2009;
Gilbert et al., 2010; Qin et al., 2010; Hess et al.,, 2011) over
the past few years, resulting in catalogs listing millions of
genes from different ecosystems, the majority of which are
recorded in the GOLD' (RRID:nif-0000-02918), MG-RAST?
(RRID:OMICS_01456) and EMBL-EBI* (RRID:nlx_72386)
metagenomics databases. At the same time, the obstacles inherent
to metatranscriptomic sampling (fragility of mRNA, difficulty
with extraction from natural environments, separation of other
types of RNA) have been removed, opening a window into
the functional dynamics of ecosystems according to biotic or
abiotic constraints (Saleh-Lakha et al., 2005; Warnecke and Hess,
2009; Schmieder et al., 2012). Metatranscriptomes sequencing
has thus enabled the identification of new gene families, such
as those found in microbial communities (prokaryotes and/or
eukaryotes) expressed specifically in response to variations in the
environment (Bailly et al., 2007; Frias-Lopez et al., 2008; Gilbert
et al., 2008) and new enzyme sequences belonging to known
carbohydrate active enzymes families (Poretsky et al., 2005; Tartar
et al., 2009; Damon et al., 2012).

Regardless of the origin of the sequences (DNA or cDNA, with
or without prior cloning in an expression host), the advances made
with automatic annotation, most notably thanks to the IMG-M
(RRID:nif-0000-03010) and MG-RAST (RRID:OMICS_01456)
servers (Markowitz et al., 2007; Meyer et al.,, 2008), now make
it possible to quantify and compare the abundance of the main
functional families in the target ecosystems (Thomas et al,
2012), identified through comparison of sequences with the
general functional databases: KEGG (RRID:nif-0000-21234)
(Kanehisa and Goto, 2000), eggNOG (RRID:nif-0000-02789)
(Muller et al, 2010), and COG/KOG (RRID:nif-0000-
21313) (Tatusov et al., 2003). They also enable research into
specific protein families, thanks to motif detection using Pfam
(RRID:nlx_72111) (Finn et al, 2010), TIGRFAM (RRID:nif-
0000-03560) (Selengut et al., 2007), CDD (RRID:nif-0000-02647)
(Marchler-Bauer et al., 2009), Prosite (RRID:nif-0000-03351)
(Sigrist et al., 2010), and HMM model construction (Hidden
Markov Models; Soding, 2005). Other servers can be used to
interrogate databases specialized in specific enzymatic families
(Table 1).

Finally, the performance of methods used to assemble
next generation sequencing reads is set to open up access
to a plethora of complete genes to feed expert databases,

Ihttp://www.genomesonline.org/cgi-bin/GOLD/index
Zhttp://metagenomics.anl.gov/
3http://www.ebi.ac.uk/metagenomics
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FIGURE 1 | Strategies for the functional exploration of metagenomes, metatranscriptomes and metaproteomics to discover new functions and

which currently only contain a tiny percentage of genes from
uncultivated organisms—Iless than 1% for the CAZy database

number of plant polysaccharide degradation activities by
carbohydrate active enzymes (André et al.,, 2014).

(RRID:OMICS_01677), for example—while the majority of Even based on a large majority of truncated genes,

metagenomic studies published target ecosystems with a high

metagenomes and metatranscriptomes functional annotation
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TABLE 1 | Examples of databases specialized in enzymatic functions of
biotechnological interest.

Databases Enzymes References
MetaBioME Enzymes of industrial interest ~ Sharma et al. (2010)
CAZy carbohydrate active enzymes ~ Cantarel et al. (2012)

(RRID:OMICS_01677)  Auxiliary redox enzymes for

lignocellulose degradation

Levasseur et al. (2013)

CAT carbohydrate active enzymes ~ Park et al. (2010)
(RRID:OMICS_01676)

LccED Laccases Sirim et al. (2011)
LED Lipases Pleiss et al. (2000)
(RRID:nif-0000-03084)

MEROPS Proteases Rawlings et al. (2012)
(RRID:nif-0000-03112)

ThYme Thioesterases Cantu et al. (2011)

enables in silico estimations of the functional diversity of the
ecosystem and identification of the most original sequences
within a known protein family. It is then possible to use PCR
(Polymerase Chain Reaction) to capture those sequences
specifically, and test their function experimentally to assess
their applicative value. In this way, the sequencing of the rumen
metagenome (268 Gb) enabled identification of 27,755 coding
genes for carbohydrate active enzymes, and isolation of 51 active
enzymes belonging to known families specifically involved in
lignocellulose degradation (Hess et al., 2011).

PCR, and more generally DNA/DNA or DNA/cDNA
hybridization, also make it possible to directly capture coding
genes for protein families that are abundant and/or expressed in
the target ecosystem, but with no need for a priori large-scale
sequencing. This strategy requires the conception of nucleic
acid probes or PCR primers using consensus sequences specific
to known protein families. There are plenty of examples of the
discovery of enzymes in metagenomes using these approaches,
for instance bacterial laccases (Ausec et al., 2011), dioxygenases
(Zaprasis et al., 2009), nitrites reductases (Bartossek et al., 2010),
hydrogenases (Schmidt et al., 2010), hydrazine oxidoreductases
(Li et al., 2010), or chitinases (Hjort et al., 2010) from various
ecosystems. The Gene-Targeted-metagenomics approach
(Iwai et al, 2009) combines PCR screening and amplicon
pyrosequencing to generate primers in an iterative manner and
increase the structural diversity of the target protein families, for
example the dioxygenases from the microbiota of contaminated
soil. Elsewhere, the use of high-density functional microarrays
considerably multiplies the number of probes and is therefore
a low-cost way of obtaining a snapshot of the abundance and
diversity of sequences within specific protein families and even,
where the DNA or ¢cDNA has been cloned (He et al., 2010;
Weckx et al,, 2010), directly capturing targets of interest while
rationalizing sequencing. Using a similar strategy, the solution
hybrid selection method enables the selection of fragments
of coding DNA for specific enzymatic families using 31-mers
capture probes. Applied to the capture of cDNA, this method
provides access to entire genes which can be then cloned and
their activity tested (Bragalini et al., 2014). Solution hybrid
selection can therefore be used to explore the taxonomic and
functional diversity of all protein families. More especially, this

approach opens the way for the selection and characterization
of families that are highly represented in a microbiome but
whose function remains unknown, in order to further the
understanding of ecosystemic functions and discover novel
biocatalysts.

Metaproteomics has recently proved its worth in identifying
new protein families and/or functions. Paired with genomic,
metagenomic and metatranscriptomic data (Erickson etal., 2012),
it provides access to excellent biomarkers of the functional state
of the ecosystem. Recent developments, such as high-throughput
electrospray ionization paired with mass spectrometry, enable
full metaproteome analysis after separation of proteins by
liquid chromatography. It is thus possible to highlight hundreds
of proteins with no associated function and new enzyme
families playing a key functional role in the ecosystem
(Ram et al., 2005).

This latter example illustrates the need for research and/or
experimental proof of function for proteins where the function
remains unknown (products of orphan genes or, on the contrary,
genes highly prevalent in the microbial realm but that have
never been characterized) or poorly annotated. In fact, annotation
errors, which are especially common for multi-modular proteins
such as carbohydrate active enzymes, are spread at an increasing
rate as a result of the explosion in the number of functional
genomics and meta-genomic, -transcriptomic and -proteomic
projects. New annotation strategies, most notably based on the
prediction of the three-dimensional structure of proteins, are
also worth exploring (Uchiyama and Miyazaki, 2009). However,
at the present time, it is very difficult to predict the specificity
of substrate and the mechanism of action (and therefore the
function of the protein) on the basis of sequence or even structure,
especially where there is no homologue characterized from a
structural and functional point of view. Functional screening can
address this challenge.

Activity Screening: Speeding up the Discovery of

Biotechnology Tools

There are three prerequisites for this approach: (i) the cloning
of DNA or ¢cDNA in an expression vector for the creation of,
respectively, metagenomic or metatranscriptomic libraries, (ii)
heterologous expression of cloned genes in a microbial host, iii)
the conception of efficient phenotypic screens to isolate the clones
of interest that produce the target activity, also referred to as

“hits”

Using this approach, the functions of a protein can be accessed
without any prior information on its sequence. It is therefore
the only way of identifying novel protein families that have
known functions or previously unseen functions (as long as
an adequate screen can be developed). Finally, it helps to
rationalize sequencing efforts and focus them only on the hits:
for example, those that are of biotechnological interest. The
expression potential of the selected heterologous host, the size of
the DNA inserts and the type of vectors all determine the success
of functional screening. Short fragments of metagenomic DNA
(smaller than 15 kb, and most often between 2 and 5 kb), or
cDNA for the metatranscriptomic libraries, cloned in plasmids
under the influence of a strong expression promoter, enable the
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overexpression of a single protein, and the easy recovery and
sequencing of the hits’ DNA (Uchiyama and Miyazaki, 2009). On
the other hand, fragments of bacterial DNA measuring between 15
and 40 kb, 25 and 45 kb or even 100 and 200 kb, cloned respectively
in cosmids, fosmids or bacterial artificial chromosomes, can be
used to explore a functional diversity of several Gb per library
and, above all, provide access to operon-type multigene clusters,
coding for complete catabolic or anabolic pathways This is of
major interest for the discovery of cocktails of synergistic activities
that degrade complex substrates such as plant cell walls for
biorefineries. This strategy also ensures high reliability for the
taxonomic annotation of inserts, and can even be used to identify
the mobile elements responsible for the plasticity of the bacterial
metagenome, mediated by horizontal gene transfers (Tasse et al.,
2010). However, it requires sensitive activity screens, since the
target genes are only weakly expressed, controlled by their own
native promoters.

Escherichia  coli, whose transformation efficiency is
exceptionally high, even for fosmids or bacterial artificial
chromosomes, remains the host of choice in the immense
majority of studies published. The first exhaustive functional
screening study of a fosmid library revealed that E. coli can
be used to express genes from bacteria that are very different
from a taxonomical point of view, including a large number of
Bacteroidetes and Gram-positive bacteria (Tasse et al., 2010),
contrary to what had been predicted by in silico detection
of expression signals compatible with E. coli (Gabor et al,
2004). However, the value of developing shuttle vectors to
screen metagenomic libraries in hosts with different expression
and secretion potentials, for example Bacillus, Sphingomonas,
Streptomyces, Thermus, or the a-, B- and y—proteobacteria (Taupp
et al., 2011; Ekkers et al.,, 2012) must not be underestimated,
if we are to unlock the functional potential of varied taxons
and increase the sensitivity of screens. Finally, it is still very
difficult to get access to the uncultivated fraction of eukaryotic
microorganisms, due to the lack of screening hosts with sufficient
transformation efficiency for the creation of large clone libraries
(and thus the exploration of a vast array of sequences) and
compatible with the post-translational modifications required to
obtain functional recombinant proteins from eukaryotes. Thus,
at the present time, only a few studies have been published on the
enzyme activity-based screening of metatranscriptomic libraries
(making it possible to do away with introns) of eukaryotes from
soil, rumen and the gut of the termite (Bailly et al., 2007; Findley
et al., 2011, Sethi et al., 2013).

Regardless of the type of library screened, the functional
exploration of hundreds of thousands of clones is required,
whereas the hit rate rarely exceeds 6%o (Duan et al., 2009; Bastien
et al., 2013). This requires very high throughput primary screens,
in a solid medium before or after the automated organization
of libraries in 96- or 384-well micro-plate format, in a liquid
medium after enzymatic cell lysis and/or thawing and freezing
(Bao et al,, 2011), or using UV-inducible auto-lytic vectors (Li
et al., 2007). This stage is very often followed by medium or
low throughput characterization of the properties of the hits
obtained, particularly to assess their biotechnological interest
(Tasse et al., 2010).

Two generic strategies, used at throughputs exceeding 400,000
tests per week, have been and continue to be applied widely.
Positive selection on a medium containing, for example, substrates
to be metabolized as the sole source of carbon, can be used to
isolate enzymes (Henne et al., 1999), complete catabolic pathways
(Cecchini et al,, 2013), or membrane transporters (Majernik
et al., 2001). This approach also helps easily identify antibiotic
resistant genes (Diaz-Torres et al., 2006). The use of chromogenic
(Beloqui et al., 2010; Bastien et al., 2013; Nyyssonen et al., 2013),
fluorescent (LeCleir et al, 2007), or opalescent substrates or
reagents, such as insoluble polymers or proteins (Mayumi et al.,
2008; Waschkowitz et al., 2009), or simply the observation of an
original clone phenotype, has already enabled the isolation of
several 100 catabolic enzymes, like the numerous hydrolases of
very varied taxonomic origin (Simon and Daniel, 2009), some
of which were coded by genes that are very abundant in the
target ecosystem (Jones et al., 2008; Gloux et al., 2011), but also,
although much less frequently, new oxidoreductases (Knietsch
et al., 2003). Novel enzymes (laccases, esterases and oxygenases
in particular) from microbial communities of very diverse
origins (soil, water, activated sludge, digestive tracts) have been
highlighted for their capacity to degrade pollutants such as nitriles
(Robertson and Steer, 2004), lindane (Boubakri et al., 2006),
styrene (Van Hellemond et al., 2007), naphthalene (Ono et al,,
2007), aliphatic and aromatic carbohydrates (Uchiyama et al,
2004; Brennerova et al., 2009; Lu et al., 2012), organophosphorus
(Kambiranda et al., 2009; Math et al., 2010), or plastic materials
(Mayumi et al., 2008).

The discovery of proteins involved in prokaryote-eukaryote
interactions (Lakhdari et al., 2010) or anabolic pathways is
rarer, since it often requires the development of complex screens
and lower throughputs. Nonetheless, a few examples of simple
screens, based on the aptitude of metagenomic clones to inhibit
the growth of a strain by producing antibacterial activity or to
complement an auxotrophic strain for a specific compound, have
enabled the identification of new pathways for the synthesis of
antimicrobials (Brady and Clardy, 2004) or biotin (Entcheva
et al,, 2001). Nano-technologies, and in particular the latest
developments focused on the medium-throughput screening of
libraries obtained by combinatorial protein engineering, enable
the design of custom microarrays and covered with one to several
100 specific enzymatic substrates, the processing of which may be
followed by fluorescence, chemiluminescence, immunodetection,
surface plasmon resonance or mass spectrometry (André et al.,
2014). Nanostructure-initiator mass spectrometry technology,
combining fluorescence and mass spectrometry, is the first
example of a functional metagenomic application for the
discovery of anabolic enzymes, namely sialyltransferases
(Northen et al., 2008).

The Immense Challenges of Ultra-fast Screening
(Figure 2)

Microfluidic technologies are of undeniable interest when it
comes to reaching screening rates of a million clones per
day. The substrate induced gene-expression screening method
has been developed to use fluorescence-activated cell sorting
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FIGURE 2 | Microfluidic strategies for new enzyme screening.
(A) Droplet based microfluidics: single cells are encapsulated with
probes or fluorogenic substrates to create microdroplets, where
reactions happen (substrate degradation, PCR). The hits are sorted
using fluorescence detection. Non-lysed cells are cultured and DNA
fragments from lysed cells are amplified. Both methods allow the
recovery and sequencing of DNA. (B) Micro-magnet array: target cells
are labeled with biotinylated RNA transcripts probes and injected inside
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the microchannel. Target cells are captured in the channel thanks to
magnetic forces while non-targets cells pass through the device.

(C) Chips: the chip wells are filled with a single cell. The iChip is covered
by membranes, and reintroduced into original environment, where
natural nutrients flow through membranes. Colonies are further isolated
on Petri dishes to be screened for the activity of interest. The SlipChip is
composed of two culture microcompartments which are further
separated for destructive and non-destructive assays.

to isolate plasmidic clones containing genes (or fragments of
genes) that induce the expression of a fluorescent marker
in response to a specific substrate. However, this technique
is only suited to small substrates that are non-lethal and
internalizable for the host strain (Uchiyama and Watanabe,
2008). Finally, the advances made over the past few years in
cellular compartmentalization (Nawy, 2013), selective sorting,
based on sequence detection (Pivetal et al, 2014; Lim et al.,
2015) or specific metabolites (Kiirsten et al, 2014) and the
control of reaction kinetics (Mazutis et al., 2009) in microfluidic

circuits should allow for a huge acceleration in the discovery of
new proteins and metabolic pathways expressed in prokaryotes
and eukaryotes in an intercellular, membrane or extracellular
manner.

The very first examples of metagenome functional exploration
applications have already been used to establish the proof
of concept regarding the effectiveness of microfluidics in the
discovery of new bioactive molecules and new enzymes. For
example, droplet-based microfluidics technology was recently
used by the teams of A. Griffiths and A. Drevelle to isolate new
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strains producing cellobiohydrolase and cellulase activities at a
rate of 300,000 cells sorted per hour, using just a few microliters
of reagent, i.e., 250,000 times less than with the conventional
technologies mentioned above (Najah et al., 2014). Here, soil
bacteria and a fluorescent substrate were co-encapsulated in
micro-droplets in order to sort cells on the basis of the
extracellular activity only. In fact, the strategy used, which
requires the seeding of cells on a defined medium after sorting,
is not compatible with the detection of intracellular enzymes,
which require a lethal lysis step to convert the substrate. Applying
a similar principle, the ultra-rapid sorting of eukaryote cells
encapsulated with their substrate now also makes it possible to
select yeast clones presenting extracellular enzymatic activities
(Sjostrom et al., 2014). This technology should, in the short term,
make it possible to explore the functional diversity of uncultivated
eukaryotes at a very high throughput, by directly sorting fungal
populations or libraries of metatranscriptomic clones. In the latter
case, access to the sequence involved in the target activity will
be easy, since the libraries are built using hosts whose culture is
well managed, with insertion of the metatranscriptomic cDNA
fragment into a specific region of the genome. Where sorting is
done without cloning of the metagenome or metatranscriptome,
only microorganisms capable of growth on a defined medium
can be recovered, which hugely limits access to functional
diversity.

To increase the proportion of cultivable organisms, Kim
Lewis' team recently used the iChip to simultaneously
isolate and cultivate soil bacteria thanks to the delivery of
nutrients from the original medium, into which the iChip
is introduced, via semi-permeable membranes. This method
enables an increase in cultivable organisms ranging from 1
to 50%. Using colonies cultivated in the chip, the clones
isolated in a Petri dish were screened for the production of
antimicrobial compounds (Ling et al., 2015). A novel antibiotic
was thus identified, together with its biosynthesis pathway,
after sequencing and functional annotation of the complete
genome.

It is quite another matter when it comes to selecting, on the
basis of intracellular activity, completely uncultivable organisms
or metagenomic clones containing DNA inserts of several dozen
kbp, which are difficult to amplify using PCR. In this case, to
liberate the enzymes in question, we are required to include a
cellular lysis step, preventing seeding after sorting. On the other
hand, this approach is compatible with the sorting of plasmid
clone libraries, where the metagenomic or metatranscriptomic
inserts can easily be amplified using PCR, on the basis of just
a few dozen lysed cells. For libraries with large DNA inserts,
the barriers are now being broken down, most notably thanks
to the development of the SlipChips microfluidic approach
(Ma et al., 2014), which uses two culture microcompartments,
where the content of one can be lysed for the detection of
enzymatic activities, for example, and the other is used as a
backup replicate for the culture and recovery of subsequent
DNA for sequencing. In spite of these recent, highly encouraging
developments, the proof of concept has not yet been established
for the identification of new functions and intracellular metabolic
pathways.

Conclusion

The rapid expansion of meta-omic technologies over the past
decade has shed light on the functions of the uncultivated fraction
of microbial ecosystems. A huge number of enzymes have been
discovered, in particular through experimental approaches to
functional metagenomes exploration. Where their performance
can be rapidly assessed within the framework of a known
process, or where they catalyze new, previously undescribed
reactions, many of them have provided new tools for industrial
biotechnologies. However, several challenges still need to be
addressed to speed up the rate at which new functions are
discovered and to make optimal use of the functional diversity
that so far remains unexplored. Firstly, while the uncultivated
prokaryote fraction of microbial communities is still extensively
studied, the functions of the eukaryote fraction are relatively
unexplored from an experimental angle, even though they
play a fundamental role for numerous ecosystems. Secondly,
in the majority of cases, the functions discovered using meta-
omic approaches play a catabolic role, mainly involved in the
deconstruction of plant biomass or in bioremediation. It is
thus necessary to develop functional screens to access anabolic
functions and enrich the catalog of reactions available for
synthetic biology. Finally, there are very few studies aimed at
identifying the role of protein families that are highly prevalent in
the target ecosystem but that have not yet been characterized, even
though some of them could be considered as biomarkers of the
functional state of the microbial community. Indeed, sequence-
based functional metagenomic projects continuously highlight
many sequences annotated as domains of unknown function in
the Pfam database (RRID: nlx_72111) (Bateman et al., 2010; Finn
et al., 2014), some with 3D structures solved thanks to structural
genomics initiatives, and available in the Protein Data Bank
(RRID: nif-0000-00135). With the goal of characterizing these
new protein families and identifying previously unseen functions
from the selection the most prevalent protein families (those
containing the highest number of homologous sequences without
any associated function) in the target ecosystem, the integration of
structural, biochemical, genomic and meta-omic data is now also
possible (Ladeveze et al.,, 2013). It allows to benefit from the huge
amount of long scaffolds now available in sequence databases,
and to access the genomic context of the targeted genes in order
to facilitate functional assignation. In the next few years, these
strategies should enhance our understanding of how microbial
ecosystems function and, at the same time, enable greater control
over them.
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Targeted metagenomics unveils the
molecular basis for adaptive
evolution of enzymes to their
environment

Hikaru Suenaga*

Bioproduction Research Institute — National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan

Microorganisms have a wonderful ability to adapt rapidly to new or altered environmental
conditions. Enzymes are the basis of metabolism in all living organisms and,
therefore, enzyme adaptation plays a crucial role in the adaptation of microorganisms.
Comparisons of homology and parallel beneficial mutations in an enzyme family provide
valuable hints of how an enzyme adapted to an ecological system; consequently,
a series of enzyme collections is required to investigate enzyme evolution. Targeted
metagenomics is a promising tool for the construction of enzyme pools and for studying
the adaptive evolution of enzymes. This perspective article presents a summary of
targeted metagenomic approaches useful for this purpose.

Keywords: targeted metagenomics, enzyme adaptation, environmental microbiology, directed evolution,
high-throughput screening

Introduction

Enzymes are the driving force behind life since they catalyze the biochemical reactions, and
hence the metabolism, of all living organisms. Enzymes have evolved and been optimized for the
metabolic networks of individual species (Copley, 2012). The pressure of survival at the metabolic
level allows organisms to adapt to a changing chemical environment, such as the ability of bacteria
to degrade xenobiotic compounds (Portnoy et al., 2011). There are many reports that microbes
adapt to changes in their environment by improving their ability to degrade natural or xenobiotic
compounds, and degradation enzymes play a crucial role in these adaptation mechanisms (Janssen
et al,, 2005). Therefore, in order to understand the ability of microorganisms to adapt rapidly to
a new environment, it is necessary to understand how enzymes evolve to make this adaptation
possible.

Comparison of the sequence and activity of enzymes from the same family but from different
organisms indicates that enzymes are derived from a common ancestor and have accumulated
mutations that allow them to adapt to environmental pressures. A collection or pool of related
enzymes must be studied to understand enzyme evolution. There are two approaches for obtaining
these specific enzyme pools: (i) construct the pool by directed evolution in the laboratory or
(ii) retrieve the enzymes from the natural environment. Directed evolution, first used 20 years
ago, mimics natural evolutionary processes (Stemmer, 1994; Dalby, 2011), allows the artificial
evolution of enzymes in the laboratory under controlled selection pressures, and has resulted
in the identification of different adaptive mechanisms (Arnold, 2001). Another approach is to
isolate enzymes from microorganisms that show a specific enzymatic activity. For example, various
homologous genes involved in the degradation of aromatic compounds have repeatedly been
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identified in microorganisms isolated from aromatics-
contaminated environments (Furukawa et al., 2004;
Vilchez-Vargas et al., 2010). These gene collections can also
be useful for investigating molecular mechanisms in the adaptive
evolution of xenobiotic-degrading enzymes and bacteria in the
natural environment. However the majority of microorganisms
in natural environments cannot be cultured using readily
available technologies (Amann et al., 1995; Quince et al., 2008).
This has spurred the development of metagenomics, which
allows us to obtain various genes of interest from the entire
microbial community (Handelsman, 2004; Shade et al., 2012).
Metagenomics is, therefore, a powerful tool for constructing
comprehensive gene collections of specific groups of enzymes
from microbes in various habitats. This collection is useful
for studying the adaptive evolution of enzymes and their host
microorganisms.

Two Strategies for Metagenomics

Metagenomics approaches are roughly classified into two groups:
(i) whole metagenomics and (ii) targeted metagenomics, and
are based on random and selective sequencing strategies,
respectively. Many projects based on the random sequencing
of microbial domains, such as the bacteria and archaea, and
of viruses, have been reported (Thomas et al., 2012; Sharpton,
2014). Although whole metagenomic analyses revealed that
microbial communities are well adapted to their geochemical
conditions, those analyses provided no definitive evidence for
the positive selection of enzymes for key ecological processes
under environmental pressures. This lack of evidence is likely
due to insufficient sequence data for the target enzyme group
(Hemme et al, 2010). Mutations in the genes encoding
such key enzymes would provide an adaptive phenotype
optimized for a specific niche (Chattopadhyay et al, 2013).
Therefore, high-resolution metagenomic sequencing to collect
data of sufficient breadth and depth for any particular gene
is necessary to verify the adaptive processes of enzymes
in their ecosystem. This “targeted metagenomics” approach
would be a suitable tool for constructing gene collections
of specific groups of enzymes which are useful for studying
their adaptive evolution. Previously, we presented a summary
of the targeted metagenomics approaches to understanding
the composition of gene clusters for key ecological processes
in microbial communities (Suenaga, 2012). In this review,
we focus on targeted metagenomics studies for surveying
the adaptive evolution of enzymes toward environmental
changes.

Strategies for Targeted Metagenomics

In a targeted metagenomics approach, a deliberately selected
DNA pool is sequenced. The selection process is usually
based on (i) sequence-driven screening or (ii) function-driven
screening. By focusing efforts on selective sequence analysis,
targeted metagenomics can provide broad coverage and extensive

redundancy of sequences for targeted genes and reveal specific
genome areas directly linked to an ecological function, even at
low abundances within a metagenome (Suenaga, 2012). Better
sequence coverage of the obtained target metagenomics can be
beneficial for genome assembly and subsequent data analysis.
Examples of studies on targeted metagenomics are summarized
below.

Targeted Metagenomics Based on
Sequence-driven Screening

The PCR-based approach has been used extensively to retrieve
specific genes from a pool of DNA. Instead of cloning all the
extracted DNA, primers are designed specifically against an
identified target gene, such as phenol hydroxylase (Futamata
et al., 2001), catechol 2,3-dioxygenase (Mesarch et al., 2000), and
methane monooxygenase (Henckel et al., 2000). The advantage
of using sequence-driven screening is that it uses well-established
and high-throughput techniques, such as PCR and hybridization,
and can be used for different targets. On the other hand, this
approach requires designing DNA probes and primers derived
from conserved regions of known gene or protein families.
Thus, already-known sequence types will be identified and only
a fragment of the main target gene will be amplified. Despite
this limitation, combining PCR detection of small conserved
regions with genome sequencing/walking at flanking regions
makes it possible to obtain the entire gene and thus reconstruct
the evolution of the target enzymes in response to alterations in
the ecosystem.

Dissimilatory sulfate reduction is a crucial process in the
mineralization of organic matter in marine sediments. PCR
screening of a metagenomic fosmid library (11,000 clones)
using degenerate primers resulted in the identification of three
fosmid DNA fragments harboring a core set of essential genes
for dissimilatory sulfate reduction; these fragments contained
genes associated with the reduction of sulfur intermediates
(dsrAB gene) and the synthesis of the prosthetic group of
dissimilatory sulfate reductase (aprA gene; Mussmann et al.,
2005). Complete sequence analysis of all fosmid inserts revealed
the genomic context of the key enzymes of dissimilatory sulfate
reduction as well as novel genes functionally involved in sulfate
respiration in their flanking regions. The results support the
hypothesis that the set of genes responsible for dissimilatory
sulfate reduction was concomitantly transferred in a single event
among prokaryotes.

Denitrification is a microbial respiratory process within the
nitrogen cycle responsible for the return of fixed nitrogen
to the atmosphere. A sequence-driven screening (colony
hybridization) of 77,000 clones from a soil metagenomic library
led to the identification of positive clones, and subsequent
sequencing analysis revealed nine denitrification gene clusters
(Ginolhac et al., 2004; Demaneche et al., 2009). This targeted
metagenomics study indicated that the gene clusters involved in
denitrification were probably subject to shuftling by endogenous
gene displacement or by horizontal gene transfer between
bacteria.
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Targeted Metagenomics Based on
Function-driven Screening

Function-driven screening strategies potentially provide a means
of revealing undiscovered genes or gene families that cannot be
detected by sequence-driven approaches, although this screening
is more laborious than sequence-based screening procedures
(Ferrer et al., 2005; Fernandez-Arrojo et al., 2010).

Nitrilases are important in synthesis and degradation for
nitriles which are attractive starting compounds in the synthesis
of fine chemicals. However, nitrilase genes are quite rare in
bacterial genomes, and fewer than 20 were reported in the
scientific and patent literature prior to the application of
metagenomics (Podar et al, 2005). A leading metagenome
company, Diversa Co. (USA), reported that 651 environmental
samples collected worldwide from terrestrial and aquatic
microenvironments were used to construct a metagenomics
library, allowing identification of 137 new nitrilases by visual
observation of Escherichia coli cells grown in liquid medium
supplemented with nitrile substrate (Robertson et al., 2004).
Phylogenetic analysis and enzymatic characterization of these
enzymes revealed important correlations between sequence
clades and selective properties of three structurally distinct
nitrile substrates. Together with other metagenomic surveys
for nitrilases (DeSantis et al, 2002; Bayer et al, 2011),
the metagenomics approach has helped reveal the ecological
distribution and diversity of nitrilases.

Deep-sea areas require that microbial communities adapt
to harsh physical conditions, particularly high salinity and
high pressure (Daffonchio et al, 2006; Smedile et al., 2013).
A set of eight different enzymes was screened for activity
from metagenomic fosmid and phage libraries constructed using
DNA from five distinct deep-sea environments (Alcaide et al.,
2015). The activities of the purified metagenomic proteins were
characterized at various temperatures and salt conditions. The
results suggested that adaptation to high pressure is linked to
high thermal resistance in salt-saturated deep-sea conditions.
Therefore, salinity might increase the temperature window for
enzyme activity, and possibly microbial growth, in deep-sea

habitats.
Extradiol dioxygenases (EDOs) are enzymes that play an

important role in the catabolism of aromatic compounds (Sipild
et al., 2008; Brennerova et al., 2009), cleaving the aromatic
ring of catechol compounds, which are common intermediates
in the aerobic microbial degradation of natural and xenobiotic
aromatic compounds (Furukawa et al., 2004). Based on the
activity of EDO enzymes, 96,000 fosmid clones were screened,
and subsequent sequencing of positive fosmids led to the
identification of 43 novel EDO genes (Suenaga et al., 2007,
2009). Using combinations of single nucleotide polymorphisms
(SNPs), a possible evolutionary lineage of the EDO genes was
constructed (Figure 1) and suggested that these genes evolved
from a common ancestor (group 1 and 3), then diverged through
the accumulation of various nucleotide mutations. Furthermore,
investigation of the kinetic properties and thermal stability of
the purified EDO enzymes showed an apparent trade-off between
activity and stability (Figure 1). Bloom et al. (2006) reported that

Activity

group 2

group 5
4 group 6
group
I group 1
group 3
Stability

FIGURE 1 | The relationship between activity and thermostability of
purified metagenomic extradiol dioxygenase (EDO) enzymes. The size
of each circle is proportional to the number of EDO enzymes in the group. The
arrow indicates the proposed genetic evolutionary pathway. The thermostable
ancestral groups, group 1 and 3, may have adaptively evolved toward the
more active group 2 via group 5 and 6 by sacrificing unessential
thermostability. EDO enzymes that acquired higher activities (group 2) were
more frequently discovered in the retrieved enzyme collection.

cytochrome P450 BM3 mutants with higher stabilities were more
likely to acquire new or improved functions through random
mutagenesis. They concluded that protein stability promotes
adaptive protein evolution. Similarly, in EDO enzymes, the most
thermostable ancestral groups (group 1 and 3) may have evolved
toward more active groups (group 2 through group 5 and 6)
by sacrificing thermostability. Note that EDO enzymes that had
acquired higher activities (group 2 and 5) were more frequently
discovered in the retrieved EDO clones, likely reflecting the allele
frequencies in the environment.

The above studies of marine enzymes and EDO enzymes
incorporated three-dimensional structural analyses to unveil the
molecular mechanisms of enzyme adaptation, but the structural
basis for enzyme evolution remains unclear. The amount of data
on enzyme diversity made available by metagenomic approaches
exceeds our ability to analyze the data based on our current
knowledge of protein structure/function.

Future Perspective

In the Section “Introduction”, I stated that directed evolution
and metagenomics are different approaches for creating enzyme
pools that can provide valuable hints on how enzymes adapt to
ecological conditions. However, both approaches use the same
key technology: high-throughput screening to collect the target
enzymes. A variety of high-throughput screening methods have
been established in recent years, and continue to develop in
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step with new developments in robotics, analytical devices, and
visualizing assays. For example, microarray-based technologies
coupled with microfluidic devices, cell compartmentalization,
flow cytometry, and cell sorting have been proposed as promising
new tools (Tracy et al., 2010; Simon and Daniel, 2011; Ekkers
et al.,, 2012; Zhou et al., 2015). These screening systems offer
higher levels of quantification and the possibility to detect
multiple traits in one assay. Researchers in the two fields can share
their wide knowledge of enzymes and up-to-date technologies to
analyze enzyme characteristics.

Environmental pressures led to today’s diverse enzymes
distributed throughout the earth’s ecosystems. Therefore,
the collection of metagenomic enzyme pools from extreme
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Microbial natural products exhibit immense structural diversity and complexity and have
captured the attention of researchers for several decades. They have been explored
for a wide spectrum of applications, most noteworthy being their prominent role in
medicine, and their versatility expands to application as drugs for many diseases.
Accessing unexplored environments harboring unique microorganisms is expected
to yield novel bioactive metabolites with distinguishing functionalities, which can be
supplied to the starved pharmaceutical market. For this purpose the oceans have
turned out to be an attractive and productive field. Owing to the enormous biodiversity
of marine microorganisms, as well as the growing evidence that many metabolites
previously isolated from marine invertebrates and algae are actually produced by their
associated bacteria, the interest in marine microorganisms has intensified. Since the
majority of the microorganisms are uncultured, metagenomic tools are required to exploit
the untapped biochemistry. However, after years of employing metagenomics for marine
drug discovery, new drugs are vastly under-represented. While a plethora of natural
product biosynthetic genes and clusters are reported, only a minor number of potential
therapeutic compounds have resulted through functional metagenomic screening. This
review explores specific obstacles that have led to the low success rate. In addition
to the typical problems encountered with traditional functional metagenomic-based
screens for novel biocatalysts, there are enormous limitations which are particular to
drug-like metabolites. We also present how targeted and function-guided strategies,
employing modern, and multi-disciplinary approaches have yielded some of the most
exciting discoveries attributed to uncultured marine bacteria. These discoveries set the
stage for progressing the production of drug candidates from uncultured bacteria for
pre-clinical and clinical development.

Keywords: uncultured microbes, metagenomics, symbionts, marine natural products, drug discovery, functional
screening
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Marine Microorganisms as a Novel
Source of Natural Products

Natural products remain a major resource for drug production
today and during the past 30 years, 70% of antimicrobials and
60% of chemotherapeutics have been developed or analogously
synthesized from them (Pomponi, 2001; Griischow et al., 2011).
Traditionally, terrestrial sources have provided the bulk of natural
products for drug molecules. However, participation by the major
pharmaceutical companies declined in the mid-nineties, largely
owing to the high rediscovery rate and decreased number of
novel compound identifications (Molinski et al., 2009). In the
meantime infectious diseases and multiple drug resistant strains
have bloomed, urging scientists to mine for novel drugs in non-
terrestrial and unexplored environments. A chemoinformatics
study showed that 71% of the marine natural products were
not represented in terrestrial natural products, and that 53%
have been found only once (Montaser and Luesch, 2011).
Complementary studies investigating the distribution of natural
products in chemical space has shown clearly that marine natural
products have the broadest distribution, covering many drug-
relevant areas (Tao et al., 2015). As such, the focus has recently
shifted to marine natural product bioprospecting, which has
delivered remarkably high hit rates (Gerwick and Moore, 2012;
Blunt et al., 2015).

The ocean harbors a number of ecological niches and has
proven to be home to more microorganisms than any other
environment. Considering that 70% of our planets surface is
covered by the oceans, it is not surprising that certain marine
ecosystems harbor much higher biological and chemical diversity
than what is found terrestrially. Furthermore, the sedentary
lifestyle of many of the organisms necessitates a chemical means
of defense, and as such natural products are produced as chemical
weapons which have evolved into highly effective inhibitors
(Spainhour, 2005). Since the released compounds become rapidly
diluted, marine natural products tend to be highly potent in order
to be effective (Haefner, 2003). The rich biodiversity contained
within the oceans (15 animal phyla exclusive to the oceans) makes
them a unique and rich drug discovery reservoir (Leal et al.,
2012).

Marine natural product discovery was initially focused on
the easily accessible macro-organisms (such as algae, soft corals,
and sponges) from which a range of bioactive compounds
have been described (Bergmann and Feeney, 1951; McGivern,
2007; Hu et al, 2011; Leal et al, 2012). However, efforts
have gradually turned to the smaller forms of life such as
bacteria and fungi (Gerwick and Moore, 2012) which constitute
a large portion of the marine biomass (Sogin et al, 2006).
Considering the enormous number of microbes, their vast
metabolic diversity and the rate of mutations during the past
3.5 billion years, it is expected that there are high levels of
genetic and phenotypic variation in marine environments (Sogin
et al,, 2006). Furthermore, marine microorganisms live in a
biologically competitive environment with unique, harsh, and
fluctuating conditions. They encounter enormous physical and
chemical variability including low temperature, high pressure,
oligotrophy, high salinity and other competitive environments,

and are especially rich in chlorine and bromine elements.
Global scale analyses of bacterial diversity identify environment
salinity and temperature as the major determinants of microbial
community composition, resulting in distinct marine microbiota
being selected (Lozupone and Knight, 2007). Biofilm formation
is a crucial aspect where cell densities are typically 100-1000
fold higher in a biofilm assemblage than in the surrounding
water column (Wahl et al., 2012). Furthermore, the increased
competition amongst organisms is thought to be the source
of higher production levels of secondary metabolites (Teasdale
et al,, 2009). In contrast to typical terrestrial environments,
marine environments have a very high bacterial diversity at
the higher taxonomic levels and a global biogeographical
study has shown that there is no more than 12% taxon
overlap between bacterial assemblages within and between
habitat types (Nemergut et al, 2011). As a result marine
microorganisms represent a unique source of genetic information
and biosynthetic capacity which translates to huge chemical
diversity.

Marine Microbial Natural Products

Marine microorganisms produce a vast variety of secondary
metabolites which could be used to supply the starved
pharmaceutical market. Microbial natural products have notable
potent therapeutic activities, and also often possess the desirable
pharmacokinetic properties required for clinical development
(Farnet and Zazopoulos, 2005). More than half of the known
natural products with anti-microbial, anti-tumor (Bewley and
Faulkner, 1998; Feling et al, 2003; Taori et al, 2008; Rath
et al., 2011) or anti-viral activity are of bacterial origin (Berdy,
2005). Additional categories include anti-parasitic (Kirst et al.,
2002; Abdel-Mageed et al., 2010), anti-nematodal (Donia and
Hamann, 2003), anti-inflammation (Strangman, 2007), and
neurological (Sudek et al, 2007). Pharmaceutically relevant
natural products belong to different chemical classes that differ
not only in structure, but also in the mechanisms by which
they are synthesized. The molecular classes which become
pharmaceuticals tend to be alkaloids, terpenoids, polyketides and
small peptides, and a wide range of bioactive properties are
observed within each class (Graga et al.,, 2013). Furthermore,
the elucidation of novel hybrid compounds is providing deeper
insights into fascinating enzyme assemblies and mechanisms
behind the diversity in structure and biological functions
observed in these compounds. Some marine derived microbial
examples can be found in the following references: alkaloids
(Charan et al., 2004; Abdelmohsen et al., 2012); terpenoids
(Kuzuyama and Seto, 2003; Cho et al., 2006; Strangman, 2007;
Solanki et al., 2008); polyketides (Olano et al., 2009; Harunari
et al., 2014), peptides (Pettit et al., 2009; Chopra et al., 2014);
and hybrids (Hardt et al., 2000; Feling et al., 2003; Oh et al., 2007;
Blunt et al., 2015).

An additional attraction of microbially derived natural
products is that they offer an answer to the supply problem,
a major bottleneck in the drug discovery pipeline. The
progression of many marine natural products with promising
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pharmaceutical relevance into clinical phases are halted since
the clinical trial stage requires a considerable amount of
drug mass; usually kilogram amounts (Tsukimoto et al,
2011). Most pharmaceutically interesting compounds are found
in minute amounts, therefore bioprospecting cannot rely
on wild-harvesting as it could lead to the extinction of
marine species. More economically feasible, environmentally
friendly, and sustainable sources of lead compounds are
required. Microbial-based production of lead compounds
therefore offers a sustainable solution through the use of
culturable marine microorganisms (microbial fermentation).
Marine bacteria can respond positively during scaling up
processes, and can incorporate sustainable chemical processes
for faster establishment of a pilot plant for production (Abd
Elrazak et al., 2013). The current industrial process for the
production of Yondelis, for example, involves the fermentation
of Pseudomonas fluorescens for the production of the starting
material cyanosafracin B, followed by semi-synthesis to generate
the final drug (Cuevas et al, 2000). Furthermore, strain
intensification and elicitation to improve expression are possible
through metabolic engineering, as well as the unlocking of
untapped cryptic biosynthetic pathways through heterologous
host expression (Li and Neubauer, 2014).

Marine Metagenomics

There is remarkable potential harbored within microorganisms
to produce diverse drug-like small molecules for a wide range
of applications. The impact and possible success of a single new
discovery distinguishes natural products from all other sources
of chemical diversity (Farnet and Zazopoulos, 2005). However,
traditional culture-based approaches used to identify microbial
metabolites likely miss the vast majority of bacterial natural
products. Only about 1% of bacteria are cultured in vitro and of
the approximately 61 bacterial phyla known, 31 lack cultivable
representatives (Vartoukian et al., 2010). Seawater bacteria have
a 10-fold lower representation of cultured isolates compared
to other environments (Amann et al., 1995). Therefore, if the
natural products discovered from cultured marine bacteria are
an indication of the diversity available, culture-independent
approaches are expected to more successfully access the untapped
reservoir of chemical diversity and contribute many more novel
marine-derived discoveries.

The study of DNA obtained directly from an environmental
sample (metagenomics) accesses the collective genomes and
bioactive potential of bacterial consortia (Handelsman, 2004).
Metagenomics therefore provides a means of exploring novel
metabolites from bacteria that are known to be present in
marine environments but which remain recalcitrant to culturing
(Banik and Brady, 2010). Moreover, metagenomics is particularly
attractive for natural product discovery because the genetic
information encoding the activities of interest are generally
clustered on bacterial genomes, making it possible to clone an
entire pathway on an individual or at least a small number
of overlapping library clones (Handelsman et al., 1998; Banik
and Brady, 2010). Therefore, high throughput metagenomic

screening approaches, using both sequence-based and function-
based screening, can be employed, in theory, to de-replicate
known pathways and compounds and reduce the high degree
of redundancy obtained through traditional culture based
approaches. Metagenomic screening approaches cover a large
range of techniques and are subject to the specifications of the
target compound. The particular focus of this review is to evaluate
the impact of function-guided strategies as a tool in marine
natural product discovery. Specifically, we compare two different
functional approaches and their contributions to unlocking the
natural product potential harbored in marine microbial genomes.

Classic Functional Metagenomic
Screening

In natural product discovery, classical functional screening
involves the generation and subsequent screening of
metagenomic libraries for the direct detection of the metabolite’s
properties (e.g., antibacterial, antifungal, antitumor, antiviral
activity; Rocha-Martin et al., 2014; Figure 1). Using whole cells,
the culture supernatant or cell pellet extract, this screening
approach has been employed with some success. One of the
simplest strategies is to test for growth inhibition against a
test microbe in top agar overlay assays. This has led to the
characterization of a variety of new antibiotics from soil-derived
environments (Brady and Clardy, 2000, 2005; Curtois et al.,
2003), but no marine-derived studies have been reported, to our
knowledge. A more typical approach to functional screening is to
screen for a readily detectable phenotype which is representative
of the desired bioactive compound, either through the visual
detection of pigment production or the use of chromogenic
and fluorogenic enzyme substrates which allow the detection
of specific catalytic functions encoded on individual clones
when incorporated into the growth medium (Ferrer et al,
2009; Guazzaroni et al., 2015). The antibacterial pigments
violacein (Brady et al, 2001), indigo (Lim et al., 2005), and
turbomycins (Gillespie et al., 2002) have been isolated from soil
metagenomic libraries. Success with marine libraries; however,
has not been reported. A number of other function based
screens have yielded a range of different bioactive compounds
or activities. Although these screens have not been employed in
marine library screening, they are worthy of mention because
we expect it is only a matter of time before they are reported.
An acylhomoserine lactone synthase promoter fused to a lacZ
reporter has been employed to identify AHL lactonases capable
of inhibiting Pseudomonas aeruginosa biofilms (Schipper et al.,
2009). A phosphopantetheinyl transferase (PPTase)-targeting
functional screen has resulted in the efficient recovery of natural
product gene clusters from metagenomic libraries (Owen
et al., 2012). Non-ribosomal peptide synthetase and polyketide
synthase (PKS) enzymes are activated by PPTases, therefore these
enzymes are frequently associated with secondary metabolite
gene clusters (Osbourn, 2010; Owen et al., 2012). There is a much
greater chance of detecting the expression of a single intact gene
than an entire biosynthetic operon, therefore focusing on only a
single gene target for the recovery of NRPS and PKS gene clusters
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FIGURE 1 | A comparison of two function-driven approaches to employ
metagenomics for the discovery and production of pharmaceutically
relevant marine natural products. Classic functional metagenomic
screening: metagenomic libraries are generated in a suitable host and activity
screened in a variety of ways, to detect clones expressing metabolites with
potential therapeutic properties. The active clones are sequenced to determine
the biosynthetic pathway. For certain classes of secondary metabolites,
sequence from overlapping clones may be required to compose the entire
pathway. The structure of the expressed metabolite is elucidated, following
chemical dereplication and characterization methods. If the metabolite is novel,
further functional characterization is conducted to evaluate its therapeutic
potential. Targeted metagenomic screening: these strategies are guided by
traditional chemistry and structure/function-based discoveries in which novel
natural products are first isolated and characterized directly from the marine
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organism or environment. Guided by the chemical classification, a targeted
sequence-based analysis can be employed to identify whether the metabolite is
microbially encoded, and to subsequently describe the biosynthetic gene
cluster. This approach has been employed successfully (detailed in text) when
integrated with a number of technologies such as in situ hybridization, single-cell
sorting, and whole genome amplification (WGA). The sequence-based analysis
of the metagenomic DNA can include gene-targeting using degenerate PCR
amplification; or next generation sequencing of the clone library or of the
metagenomic DNA directly (shotgun). Where sufficient sequence information is
assembled, full genome information can be used to describe novel and
uncultured bacteria. The elucidation of the genetic clusters provides the
foundation for direct production of the pharmaceutical drug and new analogs
through metabolic engineering, and opens the possibility to produce the drugs
through heterologous expression.
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by association increases the chances of identifying “hits” (Owen
etal, 2012).

Function-driven  screening strategies offer significant
advantages to sequence/homology based screening (Tuffin et al.,
2009; Kennedy et al., 2010; Suenaga, 2012). This is primarily
due to the fact that prior knowledge of the gene sequence for
the target activity of interest is not needed, and as a result it is
expected that functional screening increases the ‘novelty” hit rate.
This increases the potential of identifying entirely new classes of
genes for both known and novel functions (Sharma and Vakhlu,
2014). Furthermore, the hits obtained represent an “insurance
policy”; guaranteed success of expression in the heterologous
host, enabling one to screen for particular properties and under
specified conditions, as well as facilitating downstream analyses.
The dearth of marine natural product discoveries through
functional metagenomics is puzzling considering the increased
research focus on marine microorganisms over the last decade
(Kennedy et al., 2010). We propose two major reasons for this,
(i) heterologous expression challenges and (ii) the sequence
technology boom.

Challenges Associated with Classic
Functional Metagenomics

Natural product discovery, using metagenomics, faces a number
of significant challenges and limitations when employing classic
functional screening approaches (Kennedy et al., 2010; Li and
Neubauer, 2014; Reen et al., 2015). The most well-known
are those associated with heterologous gene expression. Gabor
et al. (2004) estimated using in silico analysis that only 40%
of enzymatic activities can be identified by random cloning
of environmental DNA in Escherichia coli. Many studies have
highlighted heterologous expression as an enormous challenge
limiting the robustness of metagenomics to fully access metabolic
potential (Ferrer et al., 2009; Uchiyama and Miyazaki, 2009; Reen
et al., 2015). In natural product discovery, these challenges are
augmented for a number of reasons.

(i) Unlike for other biotechnologically important enzymes
and activities typically screened in metagenomic studies, such
as the glycosyl hydrolases for example, the activities encoded
by particularly the PKS and NRPS pathways, require optimal
induction conditions of many genes for expression. The
enzymatic megacomplexes for dedicated synthesis of their
cognate products are encoded by massive gene clusters, some
composed of over 20 genes which are distributed between
multiple polycistronic transcriptional units (Gao et al., 2010;
Osbourn, 2010). Obviously there is a much lower chance
of expressing an entire biosynthetic pathway in any given
heterologous host than a single active enzyme. Secondary
metabolite pathways are regulated by pathway specific proteins
as well as global regulatory elements in response to changes
in nutrient conditions or environmental signals (Van Wezel
and McDowall, 2011). The extremely diverse marine specific
factors responsible for unique biochemistries are difficult
to replicate in functional screening. For example, it is
well-understood that many secondary metabolite pathways

expressed in their natural environmental conditions remain
silent under laboratory conditions (Montaser and Luesch,
2011), and this is magnified in heterologous systems. The
synergies associated with complex symbiotic and competitive
interactions cannot easily be incorporated in simple expression
systems.

(ii) Even if heterologous expression of a particular pathway is
successful, it may not necessarily produce the same compound.
Only one isomer may be active and not the other due
to the requirement of intermediate compound(s) from the
original host or environment (Taylor et al., 2007; Sagar et al.,
2010). Furthermore, the absence of a required post-translational
modification process, the requirement of in trans genetic
elements or the fragmentation of previously clustered genes
would not allow functional detection (Kwan et al, 2012;
Nakabachi et al., 2013). The use and development of alternative
bacterial hosts, expression systems, and multi-host shuttle vectors
is crucial to overcoming the limitations discussed. The ability to
screen using alternative transcriptional machinery and promoter
recognition capabilities should broaden the spectrum of gene
expression. Recently, in order to achieve good heterologous
expression of novel bioactive compounds, the development
of marine-derived hosts such as actinomycete, cyanobacteria,
and symbiotic fungi was undertaken to optimize heterologous
production (Rocha-Martin et al., 2014). The ability to replicate
in multiple hosts enables the screening to be conducted in
the background of different regulatory and metabolic networks.
Furthermore, biosynthetic pathways have also been shown to
result in different phenotypes when expressed in different hosts
(Craig et al., 2010).

(iii) Owing to the large sizes of the biosynthetic pathways,
which routinely approach 100 kb, functional screening of
metagenomic libraries for the encoded activity is restricted by the
need for the entire cluster to be recovered on a single clone (Kim
et al., 2010). Libraries therefore need to be prepared in bacterial
artificial chromosomes (BACs), which can be maintained at
low copy number and can carry DNA inserts as large as
350 kb (Shizuya and Simon, 1992). However, it is a major
technical challenge to preserve the large size of the metagenomic
DNA while sufficiently removing impurities that inhibit cloning.
In practice, metagenomic BAC libraries only manage 40 kb
insert sizes and rarely greater than 70-100 kb (Handelsman
et al.,, 1998; Kakirde et al., 2010). Furthermore, metagenomes
representing symbiotic communities associated with marine
invertebrates represent hundreds of individual genomes. To
adequately represent each one requires massive DNA libraries, in
the order of 10° clones, to be constructed and screened (Freeman
et al.,, 2012). Therefore, metagenome libraries generally vastly
underrepresent the true diversity, which has so far prohibited the
realization of a functional metagenomic approach (Fisch et al,
2009).

(iv) Activities which are initially identified and associated with
a library clone extract are sometimes lost before the chemical
structure can be determined due to strong negative selection in
the heterologous system (Curtois et al., 2003).

(v) Microbial-derived compounds often have multiple
activities; for example anti-tumor (Abbas et al., 2013; Du et al,,
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2013), anti-inflammatory (Chandak et al, 2014), and anti-
protozoan (Abdel-Mageed et al., 2010) compounds also display
antibacterial activity which may be toxic to the heterologous host.
A large proportion of sought-after activities will therefore never
be represented in metagenomic libraries. This cannot necessarily
be overcome by the use of shuttle vectors because it is in the
initial library construction phase that the clones harboring toxic
activities will be lost. Ideally metagenomic libraries constructed
in shuttle vectors need to be transformed/transfected into the
multiple hosts; however, the levels of efficiency required are
difficult to generate in non-E. coli hosts. Maintaining low copy
numbers may enable the host to survive the toxicity; however,
it is highly likely that the screening method will not be sensitive
enough to detect the active clone.

The Sequence Boom

To overcome some of the challenges associated with functional
screening, sequence/homology-based screening has been
employed in a number of different ways. It is not the intention of
this review to compare function vs. sequence based metagenomic
methods; however, a brief review is presented to put into context
the need for continued attention to functional metagenomic
tools.

Metagenomic DNA or clone libraries can be screened using
degenerate PCR primers designed to conserved sequences
within biosynthetic gene clusters (Banik and Brady, 2010). The
clustering of biosynthetic genes on a contiguous region of
DNA makes homology-based screening attractive. The domain
architecture of PKSs and NRPSs in most cases mirrors the
structure of the assembled metabolite (Piel et al., 2004c).
Therefore, the use of degenerate primers is routinely and
successfully employed to first detect conserved NRPS and
PKS motifs, followed by the recovery of the remainder of
the biosynthetic enzymes by association (Moffitt and Neilan,
2001; Dunlap et al., 2007; Bayer et al., 2013). Furthermore, the
identification of relatives of known biosynthetic variants could
be a strategy to identify or synthesize new structural variants to
provide compounds with improved pharmacological properties
(Banik and Brady, 2010). However, in some cases up to 99%
of the genes detected through PCR screening can represent
dominant sequences which are already known and alternative
strategies are required to overcome the presence of similar
sequences (Piel et al., 2004¢; Schirmer et al., 2005; Fieseler et al.,
2007; Kennedy et al.,, 2008; Hochmuth et al., 2010; Siegl and
Hentschel, 2010; Pimentel-Elardo et al., 2012; Della Sala et al,,
2013, 2014).

Exciting advancements in next generation DNA sequencing
and bioinformatics technologies now negates the need to prepare
and sequence clone-libraries. Shotgun metagenomic sequencing
has made it possible to rapidly identify large biosynthetic gene
clusters and subsequent predictions of their chemical structure
can be made (Caboche et al, 2008, 2010; Rottig et al.,, 2011;
Medema et al., 2012, 2014; Blin et al., 2013). While purely
in silico approaches are generally limited to the detection of one
or more well-characterized gene cluster classes (Cimermancic

etal., 2014), continued developments in bioinformatics pipelines
and other technologies are already improving access to diverse
and novel secondary metabolite genes and clusters, including
providing access to the “rare biosphere” (we refer readers to a
number of examples: Li et al., 2010; Sagar et al., 2010; Trindade-
Silva et al.,, 2012; Woodhouse et al., 2013; Cimermancic et al,,
2014). Furthermore, the deposition of more functionally curated
sequence data in publically available databases should improve
the ability to use purely bioinformatics based screening for the
identification of novel gene clusters (Tuffin et al., 2009; Suenaga,
2012).

In silico approaches facilitate rapid dereplication of common
biosynthesis clusters and thus the prioritization of new chemical
scaffolds for experimental characterization. Although, targeted
induction in heterologous expression systems has delivered
some success from the marine environment (Long et al., 2005;
Schmidt et al., 2005; Hochmuth et al., 2010; Rath et al,, 2011;
Bonet et al, 2015; Li et al, 2015), it is not easily going to
deliver compounds with the sought after properties required
by the pharmaceutical markets in a high throughput manner,
when taking a purely in silico discovery route. For example,
the swf cluster, a new mono-modular type I PKS/FAS (fatty
acid synthase) was identified through screening of the Plakortis
simplex sponge metagenome (Della Sala et al., 2013). The entire
pathway was expressed in E. coli; however, the production of an
associated metabolite was not detected.

Notwithstanding all the difficulties associated with
heterologous expression and the inability to conduct this in
a high throughput manner, novel sequence will not necessarily
result in the pharmaceutically required biological properties.
It is currently easier and cheaper to generate vast volumes of
gene and genome sequence information than it is to produce
the experimental characterizations, and the gap between these is
growing rapidly (Prakash and Taylor, 2012; Scholz et al., 2012;
Teeling and Glockner, 2012; Reen et al., 2015).

Targeted Metagenomic Strategies in
Marine Discovery

From a pharmaceutical point of view, marine drug discovery
necessitates a focus on functionality. Irrespective of the approach
employed, obtaining biologically active and pure compounds
with the desired activity or properties is the end goal. The ability
to achieve this through function-driven screening strategies
is, in principle, the golden standard. Given the limitations
discussed above this will remain a major challenge. Relative
to other environmental biodiscovery efforts, classical functional
metagenomic screening of marine sources has yet to contribute
significantly to the pharmaceutical industry. However, significant
improvements in the chemical and genetic sciences and the
integration of these technologies, has resulted in a number of
successes which are beginning to drive the development of
parallel technologies.

Instead of functionally screening a metagenome clone library,
a targeted approach which harnesses prior knowledge of marine
natural product diversity, chemistry, and biological activity is
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bridging the gap between the accumulation of microbial genetic
datasets and functional and ecological relevance (Figure 1). In
this section we highlight some of the recent discoveries that have
employed metagenomic strategies which were guided primarily
by initial structural and functional characteristics and associated
pharmaceutical interest.

Bryostatins

Bryostatin 1, a polyketide initially detected in 1968 in extracts
from the marine bryozoan Bugula neritina (Pettit, 1991), raised
interest due to its cytotoxic activity against multiple carcinomas,
with proteinase kinase C as its molecular target (Mayer et al.,
2010). Bryostatin 1 has been tested in over 80 clinical trials
for cancer and is also being assessed in Phase I trials as an
anti-Alzheimer’s drug. Although the in vivo activity was initially
detected directly from the bryozoan, it was for many years
suspected that the compound was produced by a bacterial
symbiont since a difference in the types of bryostatins found
in B. meritina correlated with genetically different bacterial
symbionts (Davidson and Haygood, 1999). A particular symbiont
in the larvae of the bryozoan was identified and suspected
to be the producer, and was proposed as a novel gamma-
proteobacterium, ‘Candidatus Endobugula sertula.” Attempts to
separate the bacterial cells from the host as a way to confirm Ca
E. sertula as the producer of the bryostatin were inconclusive,
therefore a metagenomic approach was employed (Davidson
et al, 2001). Since, bryostatin is a type I polyketide, PKS-
based screening was conducted and led to the confirmation that
the genes coding for type I PKS complex were derived from
the symbiotic population. Further query involving the growth
of B. neritina colonies after antibiotic treatments and in situ
hybridization experiments confirmed that “E. sertula” was the
source of the bryostatins. A cosmid library was prepared from
B. neritina Mission Bay metagenomic DNA, and was screened
by hybridization (Hildebrand et al., 2004) using a B-ketoacyl
synthase probe identified previously (Davidson et al, 2001).
Several overlapping clones were sequenced revealing the 65 kb
bry gene cluster (Hildebrand et al., 2004). Probes spanning the bry
gene cluster were hybridized to ‘Candidatus E. sertula’-enriched
DNA to confirm the symbiont as the origin of the gene cluster.
Further interrogation in two closely related “E. sertula” strains
from different host species identified two different gene cluster
arrangements (Sudek et al., 2007). In one strain the gene cluster
is contiguous, while in the other strain the PKS genes are split
from the accessory genes. Due to the difficulties in obtaining
sufficient supply of the bryostatins, their clinical application
occurred decades after their discovery. Since “E. sertula” remains
unculturable, heterologous expression of the bry gene cluster
could be considered for the production of bryostatins in large
enough quantities for pharmaceutical development.

ET-743 (Yondelis”)

Anti-cancer activity in extract from the sea squirt Ecteinascidia
turbinata was identified in 1969; however, it was only in 1984
that the structure of one of the compounds, Ecteinascidin 743
(ET-743), was determined (Rinehart, 2000). ET-743 (Yondelis® )
is now an approved anti-cancer agent (Bewley and Faulkner,

1998). Attempts to farm the sea squirt to provide sufficient
supply of the compound had limited success, and it is currently
generated in suitable quantities for clinical use by a lengthy
semi-synthetic process (Cuevas et al., 2000; Rath et al., 2011).
The similarity of ET-743 to three other bacterial derived natural
products (saframycin A, Streptomyces lavendulae; saframycin
Mx1, Myxococcus xanthus; safracin B, Pseudomonas fluorescens;
Rath et al, 2011) suggested that ET-743 was produced by a
marine bacterial symbiont. Using metagenomic sequencing of
total DNA from the microbial consortium associated with the
tunicate resulted in the assembly of a 35 kb contig containing
25 genes encoding a NRPS biosynthetic pathway. Rigorous
sequence analysis of two large unlinked contigs suggested that
‘Candidatus Endoecteinascidia frumentensis’ was the producer
of the metabolite. Subsequent metaproteomic analysis confirmed
expression of three key biosynthetic proteins. The complete
genome of ‘Candidatus Endoecteinascidia frumentensis’ was very
recently determined, showing an extremely reduced genome
(~631 kb) and evidence of an endosymbiotic lifestyle (Schofield
et al, 2015). Having the pathway elucidated provides the
foundation for direct production of the drug and new analogs
through metabolic engineering (Rath et al., 2011).

Patellazoles

The Lissoclinum patella tunicate has garnered interest due to
it representing a rich source of potential bioactive drug leads
(Kwan et al, 2012; Schmidt et al, 2012). The patellazoles
were isolated directly from the tunicate in the late 1980s and
characterized as a new family of novel thiazole-containing
polyketide metabolites (Corley et al., 1988; Zabriskie et al., 1988).
In addition to their chemical novelty, they gained interest due
to their potent cytotoxic activity against human cell lines as well
as antifungal (Candida albicans) activity (Zabriskie et al., 1988).
The patellamides, also isolated from this tunicate had already
been shown to be produced by the cyanobacterial symbiont,
Prochloron didemni (Schmidt et al., 2005). Although, P. didemni
is the major symbiont, L. patella harbors a complex microbiome
(Donia et al.,, 2011), and therefore there stood the possibility
that the patellazoles were also produced by a symbiont. Due to
the multiple acetate units, patellazoles were hypothesized to be
produced by a type I PKS pathway, as well as a NRPS module for
the incorporation and cyclization of a cysteine unit to generate
the thiazole ring (Kwan et al., 2012). Based on this information
an exhaustive sequence based screening of a metagenome
clone library prepared from the tunic-cloaca habitats was
undertaken, but did not locate the biosynthetic pathway. PCR
amplification revealed PKS genes from the trans-acyltransferase
family, consistent with patellazole biosynthesis, in the tiny zooids
but not in the bulk tunic. DNA extracted from the zooids
fraction was subjected to shotgun sequencing and the assembly
thereof resulted in a complete genome which contained a 86 kb
trans-AT PKS pathway. The predicted biosynthetic model of the
encoded pathway was consistent with patellazoles structure, thus
strongly supporting the assignment. The assembled genome was
considered to belong to an uncultured symbiont, designated as
Candidatus “Endolissoclinum faulkneri,” most closely related to
free-living marine o-proteobacteria.
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Pederin-led Discovery of the Onnamides

Pederin and mycalamides A and B, encoded by a mixed modular
PKS-non-ribosomal peptide synthetase (NRPS) system, are
highly active antitumor compounds (Narquizian and Kocienski,
2000). These compounds block mitosis at levels as low as
1 ng/ml by inhibiting protein and DNA synthesis without
affecting RNA synthesis (Singh and Yousuf Ali, 2007). They
prevent cell division, and have been shown to extend the life
of cancerous mice. Consequently they have garnered interest
as potential anti-cancer treatments (Kanamitsu and Frank,
1987). These compounds were initially known exclusively from
terrestrial Paederus and Paederidus beetles and after many
years of speculation were finally shown to be produced by an
uncultured symbiotic Pseudomonas associated with the Paederus
fuscipes beetles using metagenomic approaches (Piel et al,
2004a). Interestingly, these insects use pederin as a chemical
weapon against predators and when in contact with human
skin cause severe dermatitis (Borroni et al., 1991; Piel et al.,
2004a). Metabolites with high structural similarity to pederin
were identified in the marine sponges of the order Lithistida
(Bewley and Faulkner, 1998), many of which exhibit extremely
potent antitumor activity and also selectivity against solid
tumor cell lines (Cichewicz et al.,, 2004). A pederin-informed
survey of PKS amplicons from the Japanese sponge Theonella

swinhoei metagenome, a species with exceptionally rich chemistry
(Fusetani and Matsunaga, 1993; Bewley and Faulkner, 1998),
revealed a wide range of distinct KS sequences (Piel et al,
2004b). Three of these belonged to an evolutionarily distinct
enzyme family, the trans-acyl-transferase (trans-AT) PKSs, and
corresponded to onnamide biosynthesis pathways. These trans-
AT PKSs therefore were expected to encode the pederin-like
compounds with antitumor activity produced by the sponges.
Further, screening of the metagenomes from other T. swinhoei
specimens revealed that these trans-AT PKSs could only be
detected in the sponges which had previously shown to contain
pederin-type compounds, while no amplification was obtained
for sponges devoid of these compounds. It has now been
confirmed that the onnamides (Figure 2) are produced by an
unculturable symbiont, ‘Candidatus Entotheonella spp.” (Wilson
etal., 2014).

Psymberin

Psymberin, a highly cytotoxic and selective antitumor polyketide,
has been isolated from a number of different marine sponges
(Bielitza and Pietruszka, 2013). It took 11 years and 600 samples
for the structure of this compound to be assigned. There is
immense interest in this natural product due to its complex
architecture, biological properties and scarcity in nature. As with

Theonella swinhoei
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FIGURE 2 | A representation of the ubiquity of “Entotheonella”
species in taxonomically diverse marine sponges and the notable
secondary metabolites they produce. Metabolite structure and function
information obtained directly from the Theonella swinhoei and Discodermia
calyz sponges informed a targeted metagenomic approach to identify the
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biosynthetic pathways encoding these metabolites. This ultimately led to
the discovery of “Entotheonella,” described as “talented producers” due to
their chemically diverse metabolism. The full potential of Entotheonella
species has yet to be explored. Photos were provided by T. Mori, P.
Poppe, and T. Wakimoto.
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the onnamides, psymberin is a member of the pederin family,
also synthesized by a trans-AT PKS (Piel et al., 2004b), but
is distinguished from the other pederins due to its excellent
cytotoxicity values which exceeds those of the other family
members. A trans-AT PKS PCR screening approach, as described
above for the onnamides, was used to elucidate the complete
biosynthetic pathway for psymberin from the Psammocinia
aff. bulbosa sponge metagenome (Fisch et al., 2009). The
genomic region showed typical bacterial architecture, suggesting
a bacterial symbiont origin. However, unlike for the pederin and
onnamide examples, there were not enough similarities to other
bacterial genes to identify the bacterium.

Polytheonamides

The polytheonamides (Figure 2) represent another group of
exceptionally potent natural product toxins isolated from the
Theonella swinhoei sponges, and are particularly noteworthy
for their size and structural complexity (Hamada et al., 2010).
These 48-residue peptides were expected to be products of
a non-ribosomal peptide synthetase, since of the 19 different
amino acids that constitute these peptides, 13 are non-
proteinogenic. Furthermore, the peptides include multiple
D-configured and C-methylated residues. However, the size
of the NRP biosynthetic machinery required to produce
a 48 residue peptide prompted a search for an unusual
ribosomal pathway. With the knowledge of the peptide sequence,
degenerate PCR primers were designed to the proposed
precursor peptide, and used to conduct a semi-nested PCR
from a T. swinhoei metagenome (Freeman et al, 2012).
Sequenced amplicons revealed codon sequences that precisely
corresponded to an unprocessed polytheonamide precursor,
not only confirming a ribosomal origin, but also suggesting
that it is produced by a bacterial endosymbiont. Further
screening of the metagenome library revealed the entire 12
gene biosynthetic pathway. Microscopic analysis of T. swinhoei
(Y chemotype) samples identified a highly enriched population
of fluorescent filamentous bacteria showing morphological
similarity to the symbiont ‘Candidatus Entotheonella palauensis,
the suspected producer of antifungal peptides isolated from a
Palauan T. swinhoei chemotype (Schmidt et al., 2000). Using
single cell genomics (fluorescence assisted cell sorting and whole
genome amplification) combined with pathway specific PCR, the
identification of the polytheonamide producer was attributed
to an uncultured “Entotheonella” spp. (Wilson et al., 2014).
Further, screening using onnamide pathway specific markers
indicated that the “Entotheonella” spp. were the source of both
the onnamide and polytheonamide compounds.

Calyculin A

Calyculin A was originally described in 1986 as a major cytotoxic
compound isolated from Discodermia calyx, a marine sponge
of the Theonellidae family (Kato et al., 1986), and is to date
associated exclusively with marine sponges (Wakimoto et al,
2014). Calyculin A represents a fairly sophisticated and unique
structure whose biosynthesis was reminiscent of a polyketide
and non-ribosomal peptide hybrid pathway incorporating
some remarkable modification processes. Calyculin-related

compounds have been isolated from a number of different
sponges which hinted toward a symbiont being responsible
for its production (Dumdei et al,, 1997; Edrada et al, 2002;
Kehraus et al., 2002). However, it was only very recently that the
biosynthetic gene cluster was identified through a metagenomic
approach. Based on the initial hypothesis that calyculin A was
a type I polyketide, a metagenome library of D. calyx was
sequentially screened by PCR amplification using trans-AT-
type KS, adenylation domain (NRPS) and HMGS-like motif
primers (Wakimoto et al., 2014). Spanning over 150 kb, a gene
cluster containing 29 KS and 5 A domains was identified. The
collinearity between the order of the modules and the order
of the biosynthetic reactions provided strong evidence that the
cluster encoded calyculin A synthesis. Using the entire gene
cluster as a probe and employing CARD-FISH, as well as laser
microdissection, a filamentous bacterium was identified to harbor
the calyculin pathway. The 16S rRNA sequence of this bacterium
displayed 97% identity to the ‘Candidatus Entotheonella factor’
isolated from the T. swinhoei sponges.

From Function to Genes to Species

The power of metagenomics to identify novel and
pharmaceutically relevant organisms, resulting from first
obtaining functional and structural data, has been elegantly
represented in the examples discussed above. To demonstrate this
further, the “Entotheonella” and the ‘Candidatus Endolissoclinum
faulkneri’ stories are elaborated (Figure 2).

Genome sequencing of several of the single cell sorted
events in the Wilson et al. (2014) study indicated the presence
of two closely related “Entotheonella” variants, with 97.6%
identical 16S rRNA sequences, and 97% identity to E. palauensis.
These are only 82% identical to representatives from known
bacterial phyla and form a well-separated clade, and therefore
have been proposed to represent a new candidate phylum
“Tectomicrobia.” Both genomes exceed 9 Mb, representing some
of the largest known prokaryote genomes. Analysis of the
metabolic genes identified over 28 biosynthetic clusters, encoding
ribosomal, polyketide and non-ribosomal peptide biosynthesis.
Using bioinformatics based predictions, several of the clusters
could be assigned to known bioactive peptides isolated from
the Japanese T. swinhoei, and together with tandem mass
spectrometry-based molecular networking a high diversity of
previously unknown metabolite families were identified. The
combination of these properties is so rare that the new phylum
to which these isolates have been assigned is considered the
successor to the Actinobacteria, the well-known source of
the majority of the world’s antibiotics and anticancer agents
(Jaspars and Challis, 2014). Screening for the distribution of
these talented producers indicated that they are geographically
widespread and are symbiotically associated with other sponge
types (Wilson et al., 2014; Figure 2). The discovery of a calyculin
producing “Entotheonella” symbiotically associated with D. calyx
further expands the number of biosynthetic enzymes and
chemical scaffolds encompassed by this genus (Wakimoto et al,,
2014), but also serves to highlight the differences between the
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“Entotheonella” populations in different sponges. Attempts to
culture the producing symbionts have been unsuccessful. Access
to the genome sequences should give important insights to the
organism’s metabolism, and such clues to their physiology could
inform on the development of appropriate culturing strategies.
Several uncultured symbionts have been successfully isolated
using such genome sequence-guided strategies (Renesto et al.,
2003; Bomar et al., 2011).

In the Kwan et al. (2012) study the patellazole encoding
Ca. E. faulkneri genome assembled to a mere 1.48 Mbp
and showed extensive genome reduction characteristics. Unlike
other bacteria with streamlined genomes, Ca. E. faulkneri has
distinguishing features which strongly suggest that it could not
exist independently of its host, L. patella. Phylogenetic analysis
of patellazole-containing and patellazole-negative tunicates
provides evidence that the symbiont has coevolved with the
tunicate host and would therefore be transmitted vertically. The
patellazole pathway is the only secondary metabolite pathway
encoded in the Ca. E. faulkneri genome, and represents >10%
of the coding sequence. The maintenance of such a large pathway
in a genome that is so streamlined as to eliminate most functions
indicates its importance to the symbiotic relationship. However,
the patellazoles are highly toxic to eukaryotic cells and are found
in high amounts in L. patella, and it is intriguing that the host
has apparently adapted to tolerate such high concentrations.
Clearly the patellazoles provide important chemical defense to
the host which in turn ensures that the symbiont is maintained.
Interestingly, Ca. E. faulkneri is found sporadically in L. patella
tunicates. Patellazole-positive and negative L. patella collected
within 250 m of each other show that Ca. E. faulkneri is
only associated with the patellazole-positive colonies, and only
in the zooids fraction. This is despite patellazole-positive and
negative colonies having nearly identical tunicate phylogeny, and
containing virtually identical microbial communities, with the
exception of the Ca. E. faulkneri. The exclusive localization of Ca.
E. faulkneri in the zooids and only in certain L. patella colonies
is intriguing. Considering the L. patella zooids filter feed and
excrete waste into the cloacal cavities, this could perhaps provide
some leads of investigation to further understanding the Ca. E.
faulkneri localization and the symbiotic relationship.

These discoveries raise several fundamental biological
questions relating to: symbiont and secondary metabolite
evolution, mechanisms of natural product symbiosis, the role of
the natural products in imparting a direct competitive advantage
to individual members of a bacterial consortium, and how
these symbiotic interactions contribute to the ecology of the
marine environment. However, what is now clearly appreciated
is that the genomes of previously uncultured bacteria harbor an
unprecedented richness of novel compound diversity, and await
discovery.

Conclusion and Future Prospects

The remarkable exploration of marine organisms and their
structurally diverse natural products spans a highly active
period of over 40 years (Gerwick and Moore, 2012). With

attention turning to marine microorganisms as a source
of new natural product chemistry, and the realization that
many compounds previously isolated are metabolic products
of unculturable microbes, marine metagenomics promises to
illuminate new bioactivities and chemistries that were previously
unattainable. Despite metagenomics being a relatively young
technology, it is globally appreciated that major advances
are needed given the challenges that now bottleneck future
developments, irrespective of whether functional or sequence
guided approaches are to be employed. In order to maximize
our ability to harvest marine resources the synergic combination
of a number of complementary methodologies and integration
of functional and informatics approaches will be required (Reen
et al,, 2015). The examples presented, employing a targeted
and function-guided strategy, demonstrate how metagenomic
technologies have advanced several research disciplines and our
understanding of microbial genetic and biological diversity and
ecology. Armed with information of the chemical structure and
biological activity of pharmaceutically relevant compounds, an
informed metagenomic strategy, in combination with in situ
hybridization, single cell-sorting, whole genome amplification,
and next generation sequencing, has successfully identified
novel biosynthetic gene clusters and novel microbes that
produce the metabolites. The path that led from similar
compounds being found in organisms as divergent as marine
sponges and beetles, to the discovery that microorganisms were
the producers, and the role metagenomics played, makes a
fascinating story demonstrating a perfect blend of fundamental
and applied science, exemplifying the power of employing
integrated technologies.

For marine metagenomics to significantly contribute to
delivering pharmaceutically relevant compounds, improvements
in, and integration of, various approaches and strategies is
key. One of the most important hindrances encountered
thus far in natural product research is re-isolation of known
compounds. Thus chemical and biological de-replication is a
crucial step in the process, and applies to metagenomic guided
discovery as well, irrespective of the metagenomic approach
employed. While sequence-based metagenomic approaches offer
the power of discrimination, the expression of the pathways
and the functional and biochemical characterization of the
encoded products is crucial. Genome data is being produced
at a dizzying pace; however, without focusing on heterologous
expression challenges and the development of functional screens
our capacity to uncover and develop the next generation of
pharmaceutically relevant molecules will be limited (Reen et al.,
2015). There are two long standing schools of thought on
natural products discovery: ‘isolate and then test’ vs. ‘test and
then isolate’ (Gerwick and Moore, 2012). A parallel can be
drawn to employing metagenomic tools to natural product
discovery: “sequence and then test” vs. “test and then sequence.”
This review summarizes some of the most recent marine
discoveries through the latter approach, born out of traditional
chemistry-guided discovery conducted over several decades.
However, to maximize our capacity to mine metagenomes for
activities which have yet to be identified, parallel developments
in a number of technologies need continuous attention;
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including biological assay screening; isolation and separation
methods and analytical chemistry techniques. Peptidogenomics
represents a recent advancement in high throughput mass
spectrometry (MS; Kersten et al., 2011; Bouslimani et al., 2014;
Medema et al, 2014). This automated approach iteratively
matches the chemotypes of peptide natural products to their
biosynthetic gene clusters through de novo tandem MS (MSn)
and genome-mining (Reen et al, 2015). This constitutes a
paradigm shift from the one molecule-per-study approach to
drug discovery (Medema et al., 2014), and may be the key to
revealing novel marine natural products from metagenomes,
for advancement into the drug discovery development pipeline.
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Methanogenic Archaea produce approximately one billion tons of methane annually,
but their biology remains largely unknown. This is partially due to the large phylogenetic
and phenotypic diversity of this group of organisms, which inhabit various anoxic
environments including peatlands, freshwater sediments, landfills, anaerobic digesters
and the intestinal tracts of ruminants. Research is also hampered by the inability
to cultivate methanogenic Archaea. Therefore, biodiversity studies have relied on
the use of 16S rBNA and mcrA [encoding the a subunit of the methyl coenzyme M
(methyl-CoM) reductase] genes as molecular markers for the detection and phylogenetic
analysis of methanogens. Here, we describe four novel molecular markers that should
prove useful in the detailed analysis of methanogenic consortia, with a special
focus on methylotrophic methanogens. We have developed and validated sets
of degenerate PCR primers for the amplification of genes encoding key enzymes
involved in methanogenesis: mcrB and mcrG (encoding B and y subunits of the
methyl-CoM reductase, involved in the conversion of methyl-CoM to methane),
mtaB (encoding methanol-5-hydroxybenzimidazolylcobamide Co-methyltransferase,
catalyzing the conversion of methanol to methyl-CoM) and mtbA (encoding methylated
[methylamine-specific corrinoid protein]:coenzyme M methyltransferase, involved in the
conversion of mono-, di- and trimethylamine into methyl-CoM). The sensitivity of these
primers was verified by high-throughput sequencing of PCR products amplified from
DNA isolated from microorganisms present in anaerobic digesters. The selectivity of
the markers was analyzed using phylogenetic methods. Our results indicate that the
selected markers and the PCR primer sets can be used as specific tools for in-depth
diversity analyses of methanogenic consortia.

Keywords: methanogenesis, metagenomics, methanogenic consortia, mcrB, mcrG, mtaB, mtbA
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Introduction

Methanogenesis is a metabolic process driven by obligate
anaerobic Archaea. It is responsible for the production of over
90% of methane on Earth (Costa and Leigh, 2014). There
are three main methanogenic pathways: (i) hydrogenotrophic
methanogenesis using H,/CO, for methane synthesis, (ii)
acetoclastic methanogenesis, in which the methyl group from
acetate is transferred to tetrahydrosarcinapterin and then to
coenzyme M (CoM), and (iii) methylotrophic methanogenesis,
using methyl groups from methanol and methylamines
(mono-, di-, and trimethylamine) for the production of methyl-
coenzyme M (Figure 1). The final step in all these pathways
is common and involves the conversion of methyl-CoM into
methane by methyl-coenzymeM reductase, an enzymatic
complex that is present in all methanogens (Borrel et al., 2013)
(Figure 1).

Methanogenesis is of great importance for biotechnology
(e.g., fuel production) and environmental protection (methane
emissions contribute to global warming) (Escamilla-Alvaradoa
et al, 2012). Therefore, the process has been extensively
studied (Gao and Gupta, 2007; Ferry, 2010; Yoon et al., 2013).
Consequently, novel species representing particular groups of
methanogens are regularly reported (e.g., Dridi et al., 2012;
Garcia-Maldonado et al., 2015), and various tools for the genetic
and bioinformatic analysis of methanogenic Archaea are being
developed (e.g., Farkas et al., 2013; Zakrzewski et al., 2013).

Methanogenic Archaea form complex consortia which remain
largely uncharacterized. Methanogens form close relationships
with their syntrophic partners and require very specific
environmental conditions for growth, so they have proven
very difficult to cultivate in the laboratory (Sekiguchi, 2006;
Sakai et al., 2009). Therefore, a number of culture-independent
methods have been applied to examine methanogenic consortia:
(i) community fingerprinting by denaturing gradient gel
electrophoresis—DGGE (Watanabe et al., 2004), (ii) single strand
conformation polymorphism—SSCP (Delbes et al., 2001), (iii)
terminal restriction fragment length polymorphism—T-RFLP
(Akuzawa et al., 2011), (iv) fluorescence in situ hybridization—
FISH (Diaz et al., 2006), and (v) real-time quantitative PCR—
qPCR (Sawayama et al,, 2006). However, the most reliable
approach for the characterization of methanogenic communities
is high-throughput sequencing using either 454 pyrosequencing
(e.g., Schliiter et al., 2008; Rademacher et al., 2012; Stolze et al.,
2015) or Illumina sequencing technologies (e.g., Caporaso et al.,
2011; Zhou et al., 2011; Kuroda et al., 2014; Li et al., 2014).

The most frequently used molecular marker for phylogenetic
analyses in metagenomic studies, of methanogenic communities
is the 16S rRNA gene. However, low specificity of the
oligonucleotide primers employed means that they generate 16S
rDNA amplicons for all Archaea (not only methanogens) whose
DNA is present in the analyzed sample. In the search for a more
specific molecular marker for methanogens, the gene encoding
the o subunit of the methyl-CoM reductase (mcrA) was identified
and primers were developed for its amplification (Springer et al.,
1995; Lueders et al., 2001; Luton et al., 2002; Friedrich et al., 2005;
Yu et al., 2005; Denman et al., 2007; Steinberg and Regan, 2009).

Of these, primers designed by Luton et al. (2002), are probably the
most extensively used in ecological studies, since they produce
the lowest bias in amplifying mcrA gene fragments from a wide
range of phylogenetically diverse methanogens (e.g., Juottonen
et al., 2006).

Several studies have demonstrated that the phylogeny of
methanogens based on 16S rDNA and mcrA markers is
consistent, although greater richness is usually observed using
the latter (Luton et al, 2002; Hallam et al., 2003; Bapteste
et al, 2005; Nettmann et al, 2008; Borrel et al, 2013).
Interestingly, Wilkins and coworkers showed that these two
genes produce different taxonomic profiles for samples taken
from anaerobic digesters, i.e., environments extremely rich in
methanogens (Wilkins et al., 2015). Clearly, the characterization
of methanogenic communities requires a systematic approach
using reliable molecular markers.

In this study, we have developed a set of degenerate
PCR primers for the amplification of genes encoding key
enzymes involved in methanogenesis. Some of these represent
an alternative to mcrA primers commonly used for metagenomic
analyses of methanogens. These novel primers amplify fragments
of other genes of the mcr cluster, i.e., mcrB and mcrG encoding
subunits B and y of methyl-CoM reductase, respectively.
Moreover, we have identified appropriate molecular markers
for methylotrophic methanogens, which are probably the
least explored group of methanogenic Archaea. These primers
amplify fragments of the genes mtaB (encoding methanol-
5-hydroxybenzimidazolylcobamide Co-methyltransferase, which
is responsible for the conversion of methanol to methyl-
CoM) and mtbA (encoding methylated [methylamine-specific
corrinoid protein]:coenzyme M methyltransferase involved in
the conversion of methylated amines into methyl-CoM). The
extended panel of molecular markers provided by these novel
primer sets should permit a deeper insight into the complex
phylogeny, biology, and evolution of methanogens.

Materials and Methods

Standard Genetic Manipulations

PCR was performed in a Mastercycler (Eppendorf) using
Taq DNA polymerase (Qiagen; with supplied buffer), dNTP
mixture and appropriate primer pairs [Table 1 and additionally
primer pairs S-D-Arch-0349-a-S-17/S-D-Arch-0786-a-A-20 for
amplification of the variable region (V3V4) of the archaeal 16S
rRNA gene (Klindworth et al., 2013), and ML{/MLr for mcrA
gene amplification (Luton et al.,, 2002)]. PCR products of the
methanogenesis-linked genes were purified by gel extraction,
cloned using the pGEM®-T Easy Vector System (Promega) and
transformed into E. coli TG1 (Stratagene) according to a standard
procedure (Kushner, 1978). Standard methods were used for the
isolation of recombinant plasmid DNA and for common DNA
manipulation techniques (Sambrook and Russell, 2001).

Sample Collection

Samples of microbial consortia involved in biogas production
were collected from (i) the fermenter tank of an agricultural
two-stage biogas plant anaerobic digester (AD) in Miedzyrzec

Frontiers in Microbiology | www.frontiersin.org

July 2015 | Volume 6 | Article 694 |93


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Dziewit et al.

Molecular markers for methanogens

acetate
acetate kinase
ack (2.7.2.1)
acetyl phosphate

phosphotransacetylase
pta (2.3.1.8)

acetyl-CoA

acetyl-CoA:corrinoid protein
Co-methyltransferase (CO-forming)
cdhC1(2.1.1.-)

carbon monoxide

Cco,

formylmethanofuran dehydrogenase
fwdABCDEF (1.2.99.5)

5-methyl-tetrahydrosarcinapterin

methyl-H,SPT:CoM
methyltransferase
(2.1.1-)
formyl-methanofuran
formylmethanofuran:H,MPT
formyltransferase
ftr (2.3.1.101)

5-formyl-tetrahydromethanopterin

methenyl-H,MPT cyclohydrolase
mch (3.5.4.27)

5,10-methenyltetrahydromethanopterin

H,-forming methylene-H,MPT
dehydrogenase
hmd (1.12.98.2)
5,10-methylene-tetrahydromethanopterin

F...-dependent methylene-H,MPT
reductase
mer (1.5.98.2)

5-methyl-tetrahydromethanopterin

a [methyl-Co(lll)
methylamine-specific
corrinoid protein]

methyl-H,MPT:CoM
methyltransferase

mtrABCDEFGH

(2.1.1.86) monomethylamine
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FIGURE 1 | Schematic diagram of the superpathway of
methanogenesis. E.C. numbers for particular enzymes are shown in
parentheses. The red star indicates the mcrA gene encoding subunit o of a

a [methyl-Co(lll) corrinoid] Fe-S protein

carbon-monoxide corrinoid protein:5-methyltetrahydrosacinapterin
dehydrogenase methyltransferase
cdhA1, cdhB1 (2.1.1.-) cdhD1, cdhET (2.1.1.-)

methyl-CoM

dimethylamine

methanol

A

a [methyl-Co(lll) methanol-specific
corrinoid protein]

methanol:MtaC protein
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MtaC protein:CoM
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methyl-coenzyme M reductase |, which is commonly used as a molecular
marker for the detection of methanogens. The yellow stars denote molecular
markers developed in this study, for which sets of PCR primers were designed.

Podlaski (Poland) and (ii) an effluent sludge tank from a one-
stage wastewater treatment plant anaerobic digester (WD) at
MPWIK Pulawy (Poland). In both cases, the samples were
centrifuged (8000g, 4°C, 15min) and the pellets immediately
stored in dry ice prior to DNA extraction.

DNA Extraction and Purification

DNA was isolated from anaerobic digester samples using a
modified bead beating protocol. 1 g of pellet material (containing
solids and microorganisms) was resuspended in 2ml of lysis
buffer [100 mM Tris-HCI (pH 8.0), 100 mM sodium EDTA (pH
8.0), 100 mM sodium phosphate (pH 8.0), 1.5M NaCl, 1% (w/v)
CTAB] (Zhou et al., 1996). The cells were then disrupted by a
5-step bead beating protocol performed at 1800 rpm (4 x 155)
and 3200rpm (1 x 15s) (MiniBeadBeater 8) using 0.8 g of
zirconia/silica beads (¢ 0.5 mm, BioSpec). After each round of

bead beating the sample was centrifuged (8000g, 5min, 4°C),
the supernatant retained, and the pellet resuspended in fresh
lysis buffer. In addition, after the third round of bead beating,
the samples were freeze/thawed five times. The supernatant
from each round was extracted with phenol-chloroform-isoamyl
alcohol [25:24:1 (vol)]. DNA was then precipitated with one
volume of isopropanol, 0.1 volume of 3 M sodium acetate (pH
5.2), recovered by centrifugation at 13,000 g for 20 min, and the
pellets washed twice with 70% (v/v) ethanol before resuspending
in TE buffer.

The prepared DNA was purified to remove proteins, humic
substances, and other impurities by cesium chloride density
gradient centrifugation. The concentration and quality of
the purified DNA were estimated using a NanoDrop 2000c
spectrophotometer (NanoDrop Technologies) and by agarose gel
electrophoresis. The applied method yielded highly pure DNA
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TABLE 1 | Oligonucleotide primers (specific to mcrB, mcrG, mtaB, and
mtbA genes) and PCR conditions.

Gene Name and sequence of the oligonucleotide PCR PCR
primer* product conditions**
size

mcrB LMCRB: 5’- TWYCARGGHYTVAAYGC -3 ~392bp 96°C-30s;

RMCRB: 5’- CCDCCDCCDCCRTARAT -3 56°C-30s;

72°C-40s

39 cycles

merG  LMCRG1: 5’-CAYCCDCCDYTNGADGARATGGA-3'  ~356bp  96°C-30s;

RMCRG1: 5’-TCRAACATYANWCCRTYYTCRTC-3 56°C-30's;

72°C-35s

39 cycles

mtaB  LMTAB: 5'- CARGCHAAYACYGCMATGTT -3 ~436bp  96°C-30s;

RMTAB: 5'- CYTGDGGRTCYCKGTA -3 56°C-30s;

72°C-40s

39 cycles

mtbA  LMTBA: 5'- TTCTCCCTTGCMCAGCA -3 ~413bp  96°C-30s;

RMTBA: 5’- ACWGGRTCVAGRTTWCC -3’ 55°C-30s;

72°C-40's

39 cycles

*IUPAC code: A (adenine), C (cytosine), G (guanine), T (thymine), R (Aor G), Y (CorT), W
AorT), K(GorT),),MAorC),DAorGorT),HAorCorT),V(AorCorG), N(AorC
orGorT).

**PCR conditions were specified for Tag DNA polymerase (Qiagen). The applicability of
other (high fidelity) polymerases [i.e., Phusion High-Fidelity DNA Polymerase (Thermo
Scientific) and KAPA polymerase (Kapa Biosystems)] was also confirmed.

(Aze0/A280 = 1.8; Aze0/A230 = 1.9) suitable for metagenomic
analysis.

Library Preparation and Amplicon Sequencing
PCR products were analyzed by electrophoresis on 2% agarose
gels (1x TAE buffer) with ethidium bromide staining. The
amplified DNA fragments from replicate PCRs were pooled and
then purified using Agencourt AMPure XP beads (Beckman
Coulter). Approximately 250 ng of each amplicon was used
for library preparation with an Illumina TruSeq DNA Sample
Preparation Kit according to the manufacturer’s protocol, except
that the final library amplification was omitted. The libraries were
verified using a 2100 Bioanalyzer (Agilent) High-Sensitivity DNA
Assay and KAPA Library Quantification Kit for the Illumina.
Sequencing of amplicon DNA was performed using an Illumina
MiSeq (MiSeq Reagent Kit v2, 500 cycles) with a read length of
250 bp.

Designing Oligonucleotide Primers Specific for
mcrB, mcrG, mtaB, and mtbA Genes

Data from the NCBI database were used to design degenerate
primers to amplify mcrB, mcrG, mtaB, and mtbA gene fragments.
A two-stage design strategy was employed. First, nucleotide
sequences of genes annotated as mcrB, mcrG, mtaB, and mtbA
were retrieved from the NCBI database. These sequences were
then used as a query to recover additional gene sequences that
were not annotated or were incorrectly annotated. Nucleotide
sequences of particular genes were retrieved from genome
sequences (completed and drafts) of methanogenic Archaea
available on Jan 10th 2014. For each gene, multiple sequence
alignments were prepared using ClustalW (Chenna et al., 2003)

and MEGA6 (Tamura et al., 2013). Conserved regions within
the obtained alignments were identified and used in the design
of appropriate degenerate primers. Primer pairs with the lowest
degree of degeneracy and producing amplicons not exceeding
500 bp were chosen. This size limit was imposed so that both
454 pyrosequencing and Illumina platforms could be used for
amplicon sequencing.

In silico PCR with iPCRess (Slater and Birney, 2005) was
done on dataset consisting of complete microbial genomes (5274
in total) obtained from NCBI database. We allowed for two
mismatches per primer and required that both primers match
and the product length is similar (£50 nucleotides) to expected
length. The only exception was the set of mcrG-specific primers,
that required allowance of 4 mismatches, due to bigger length of
their sequences.

Bioinformatic Analysis of High-throughput
Amplicon Sequencing Data

For each selected protein family a reference set of sequences
was assembled from the results of searches of the NCBI NR
database with BLAST software (Altschul et al, 1997), using
known archaeal members of each family as query sequences and
an E-value of 0.001 as the threshold. These reference sets were
not specifically curated to allow the presence of false positives
such as proteins from Bacteria or Eukarya. We consider them
false positives, as the process of methanogenesis is limited only
to Archaea. A presence of the sequences more similar to bacterial
homologs of marker proteins than to archaeal ones would
indicate low specificity of the designed primers. We specifically
screened for such a cases after phylogenetic placement of
reads.

Paired-end reads were merged with FLASH (Magoc and
Salzberg, 2011) and then mapped to reference sets using
BLASTX, again with an E-value of 0.001 as the threshold.
Translated sequences were extracted from the BLAST high
scoring pairs (HSPs), and reads with no hits, containing stop
codons (presumably generated by frameshifts) or sequences
shorter than 30 amino acids were discarded. Therefore, for
each primer pair, a reference set of known protein sequences
was obtained, as well as a set of protein sequences derived
from sequenced amplicons. The latter are referred as “inferred
peptides” as they correspond to fragments of target proteins. The
ratio of number of inferred peptides to number of all merged
reads is the measure of primer sensitivity.

Sequences from the reference sets were aligned with MAFFT
(Katoh and Standley, 2013) using default options. Based on
these alignments, a maximum likelihood phylogenetic tree was
constructed for each protein family using FastTree software
(Price et al., 2009) with the Gamma20 model. Sequences inferred
from reads were then merged with sequences from reference sets
for each protein family and aligned with MAFFT as described
above. The resulting alignment and the phylogenetic tree of
reference sequences were used as the input to the Evolutionary
Placement Algorithm, part of the RAXML package (Stamatakis,
2014). The reads were placed on the reference phylogenetic tree
using the PROTGAMMAWAG substitution model. Placements
were subsequently trimmed with guppy software (Matsen et al.,
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2010) using 0.01 as the minimal threshold mass from the leaf
to the root. Results underwent guppy “fat” conversion to the
PhyloXML file format (Han and Zmasek, 2009) and were then
visualized using Archeopteryx software (Han and Zmasek, 2009).
The visualization resulted in coloring branches that point to a
node or a leaf to which reads were assigned in red. All other
branches were colored in black.

Amplicons from 16S rDNA were processed differently. All
sequence reads were processed via the NGS analysis pipeline
of the SILVA rRNA gene database project (SILVAngs 1.2)
(Quast et al., 2013). Using the SILVA Incremental Aligner
[SINA SINA v1.2.10 for ARB SVN (revision 21008)] (Pruesse
et al,, 2012), each read was aligned against the SILVA SSU
rRNA SEED and quality controlled (Quast et al, 2013).
Reads shorter than 50 aligned nucleotides and reads with
more than 2% ambiguities or 2% homopolymers, were
excluded from further processing. In addition, putative
contaminants and artifacts, and reads with low alignment
quality (50 alignment identity, 40 alignment score reported
by the SINA), were identified and excluded from downstream
analysis.

The classification of each operational taxonomic unit (OTU)
reference read was mapped onto all reads that were assigned
to the respective OTU. This yielded quantitative information
(number of individual reads per taxonomic path), within the
limitations of PCR and sequencing technique biases, as well
as multiple rRNA operons. Reads without any BLAST hits or
those with weak BLAST hits, where the function “(% sequence
identity + % alignment coverage)/2” did not exceed the value of
93, remained unclassified.

Raw sequences obtained in this study have been deposited
in the SRA (NCBI) database with the accession number
PRJNA284604.

Results and Discussion

General Diversity of Archaea in Anaerobic
Digesters—16S rRNA and mcrA Molecular
Marker Analyses

In the analyses performed in this study metagenomic DNA was
extracted from two samples of microbial consortia involved
in biogas production (and therefore reach in methanogens).
For the description of the overall diversity of Archaea in
the analyzed samples, 16S rDNA-specific primers were
used (Klindworth et al, 2013). This analysis revealed that
methanogens are dominant microorganisms in the studied
anaerobic digesters (74% for AD and 95% for WD) and include
representatives of four of the seven methanogenic orders (i.e.,
Methanosarcinales, Methanomicrobiales, Methanobacteriales,
Methanomassiliicoccales). The most abundant methanogens
in both digesters were Methanosarcinales, represented by the
families Methanosaetaceae (~38%) and Methanosarcinaceae
(~18%), followed by Methanomicrobiaceae (~20%) of the
Methanomicrobiales order (Figure 2).

Abundant non-methanogenic Archaea such as Miscellaneous
Crenarchaeotic Group (MCG) (11%) and Halobacteria (7%)
represented by Deep Sea Euryarchaeotic Group (DSEG) and
Deep Sea Hydrothermal Vent Gp 6 (DHVEG-6) were also
detected in the AD sample (Figure2). These groups are
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FIGURE 2 | Relative abundance of archaeal OTUs defined using
the 16S rRNA gene hyper-variable region V3V4. The bar chart
shows the diversity of Archaea at the lowest reliable taxonomic level
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(where possible the default family is denoted in the key). AD,
agricultural biogas plant anaerobic digester; WD, wastewater treatment
plant anaerobic digester.
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FIGURE 3 | Phylogenetic placement of mcrA amplicons from AD some branches (mapped to uncultured archaeons) to increase the
(A) and WD (B) samples. The width of the red branches corresponds clarity of the trees is indicated by a black triangle. Numbers next to the
to the number of unique mcrA amplicon sequence reads in that entries “uncultured archeon” indicate the same microorganism on both
particular branch (this can be either a leaf or node). The collapse of trees.

phylogenetically diverse and there is a little knowledge of their
ecology and metabolism, however it seems that MCG archaeons
are able to ferment wide variety of recalcitrant substrates
(Kubo et al,, 2012) and DSEG are positively correlated with
putative ammonia-oxidizing Thaumarchaeota (Restrepo-Ortiz
and Casamayor, 2013).

In addition to the 16S rRNA marker, the mcrA gene was used
for taxonomic profiling of methanogenic communities in both
digesters. The mcrA gene fragments amplified using primers
MLf/MLr (Luton et al., 2002) were sequenced and analyzed.
More than half of the sequences (57%) amplified from the
AD sample were assigned to uncultured Archaea, belonging
to the Methanomassiliicoccales (23%), Methanomicrobiales
(13%), Methanobacteriales (11%) and Methanosarcinales (10%)
orders (Figure 3), suggesting dominance of hydrogenotrophic
methanogens over acetoclastic Archaea. The most abundant
genera in AD were Methanobacterium sp. Maddingley
MBC34 (11%) followed by Methanosaeta concilli (9%) and

Methanoculleus spp. (4%) (Figure 3). Similarly in WD, the
majority of the mcrA amplicons were classified as uncultured
Archaea belonging to orders Methanomicrobiales (27%)
and Methanomassiliicoccales  (7%) (Figure 3), while at
the genus level most of the methanogens were identified
as  Methanometylovorans hollandica (21%), Methanosaeta
concilli (16%), Methonoculleus spp. (12%), or Methanoplanus
petrolearius (3%) (Figure 3).

The results obtained for both marker genes (16S rRNA
and mcrA) only partially overlapped, probably due to
differences in primer affinities and variation in the gene
copy numbers. This observation is in agreement with a
previous report showing that these two marker genes generate
different taxonomic profiles (Wilkins et al., 2015). Therefore,
for a greater insight into the structure of methanogenic
communities and to verify the obtained results, novel molecular
markers specific for other methanogenesis-linked genes were
developed.
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TABLE 2 | Summary of bioinformatic analysis of sequenced mcrA, mcrB, mcrG, mtaB, and mtbA amplicons.

Sample* Number of paired reads Number of merged reads Number of inferred peptides** Primer sensitivity (% of correct product)
mcrA_AD 17,365 12,816 11,931 93
mcrA_WD 9277 4318 2572 59
mcrB_AD 32,094 23,188 21.939 94
mcrB_WD 50,485 40,242 25,035 57
mcrG_AD 42,185 29,330 21,988 74
mcrG_WD 34,945 28,660 18,272 63
mtaB_AD 26,500 20,753 19,163 92
mtaB_WD 36,148 15,293 13,231 86
mtbA_AD 33,770 22,852 10,027 43
mtbA_WD 31,601 19,150 10,961 57

"AD, agricultural biogas plant anaerobic digester; WD, wastewater treatment plant anaerobic digester.

“Inferred peptides number denote how many peptides that are sufficiently long and similar to a target protein can be extracted from the reads. Percent of correct product is the ratio

between number of peptides and number of reads.
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Development of mcrB-, mcrG-, mtaB-, and
mtbA-specific Primers

For the design of degenerate primers specific for the mcrB,
mcrG, mtaB, and mtbA genes, sequences were retrieved
from the NCBI database [36 nucleotide sequences for mcrB
(Figure S1), 61 for mcrG (Figure S2), 26 for mtaB (Figure S3)
and 13 for mtbA (Figure S4)]. The mcrG gene turned out to
be highly variable, which hampered primer design. Therefore,
phylogenetic analysis was performed to distinguish conserved
clusters among the analyzed mcrG genes. Two groups of mcrG
sequences were distinguished: (i) MCR_G1 (grouping 35
mcrG genes of Methanobacterium spp., Methanobrevibacter
spp..  Methanocaldococcus ~ spp.,  Methanococcus  spp.,
Methanothermobacter ~ spp.,  Methanothermococcus  spp.,
Methanothermus spp., Methanotorris spp., Methanosphaera spp.),
and (ii) MCR_G2 (grouping 26 mcrG genes of Methanocella
spp., Methanococcoides spp., Methanocorpusculum  spp.,
Methanoculleus spp., Methanohalobium spp., Methanohalophilus
spp., Methanolobus spp., Methanoplanus spp., Methanopyrus
spp., Methanoregula spp., Methanosalsum spp., Methanosarcina
spp.,  Methanospirillum  spp.,  Methanosphaerula  spp.)
(Figure S5). The nucleotide sequences of mcrG genes from
particular groups were then used to design specific primer pairs.

For the subsequent functional analyses, 28 primers were
selected for synthesis, including 6 for mcrB, 9 for mcrG and mtaB,
and 4 for mtbA. The initial PCRs were performed with all primer
pairs and DNA samples from the AD and WD fermenters as
templates. The primer pairs giving the strongest amplification
products of the expected size were selected for further analysis.
The PCR products were cloned in vector pGEM-T Easy and
then inserts of five random clones from each experimental set
were sequenced using the sequencing primer M13 Reverse. The
BLAST analysis of the resulting sequences revealed the specificity
of each primer pair. At this stage, all primers designed for
amplification of the mcrG genes of MCR_G2 group methanogens
were rejected due to low specificity. Based on those analyses and
taking into account the amplification yield, four primer pairs
were selected and the optimal PCR conditions were determined
(Table 1). Primer pairs specificity was also initially confirmed by
in silico PCR analysis using 5274 complete microbial genomes
(Table S1).

Since the panel of primers developed in this study was
designed to be wused in the high-throughput amplicon
sequencing analysis of methanogenic communities, their
selectivity was tested in the high-throughput sequencing
experiments.
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FIGURE 5 | Phylogenetic placement of mcrG amplicons from AD (A) and WD (B) samples. The width of the red branches corresponds to the number of
unique mcrG amplicon sequence reads in that particular branch (this can be either a leaf or node).

B Methanobacterium formicicum

- Methanobacterium formicicum

L

ingley MBC34

Methar ium sp M

3

Methanobrevibacter smithii

Methanobrevibacter oralis

Methanobrevibacter wolinii
Methanobrevibacter sp AbM4
Methanobrevibacter boviskoreani

. Methanosphaera stadtmanae DSM 3091

Methanobacterium sp Maddingley MBC34

Methanobacterium formicicum

Methanobacterium formicicum

Methanobacterium sp MB1

Frontiers in Microbiology | www.frontiersin.org

July 2015 | Volume 6 | Article 694 [ 99


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Dziewit et al.

Molecular markers for methanogens

Analysis of the Selectivity of the mcrB- and
mcrG-specific Primers

DNA fragments were amplified using the developed primer pairs
with template DNAs isolated from the anaerobic reactors AD and
WD. The raw sequence data obtained from Illumina sequencing
were processed and analyzed (Table 2).

This analysis revealed that LMCRB/RMCRB primers,
designed to the mcrB gene, amplified DNA fragments
comprising sequences representing four methanogenic
orders: Methanobacteriales, Methanomassiliicoccales,
Methanomicrobiales, and  Methanosarcinales  (Figure 4).
The dominant genus in both digesters was Methanoculleus
spp. (48% for AD and 67% for WD), with M. marisnigri
as the most abundant species (37 and 53%, respectively).
This finding remains in good agreement with previous
observations showing that the predominant order in biogas-
producing microbial communities in anaerobic digesters is
usually Methanomicrobiales, and the most abundant species
is hydrogenotrophic M. marisnigri (Wirth et al, 2012).
Moreover, in AD, 27% of sequences were classified as uncultured
Methanomassiliicoccales (with 4% described as Candidatus
Methanoplasma termitum) and 17% as Methanosaeta concilli.
The second and third most abundant methanogens in WD were
Methanomethylovorans hollandica (19%) and Methanosaeta
concilli (6%), respectively (Figure 4).

The mcrG gene fragments (amplified with primers
LMCRGI/RMCRG1) comprised sequences representing five
methanogenic orders: Methanobacteriales, Methanococcales,
Methanomicrobiales, Methanomassiliicoccales, and
Methanosarcinales. However, representatives of
hydrogenotrophic Methanobacteriales were absolutely dominant
in both digesters (Figure 5). The most abundant OTU,¢.g in AD

was assigned to Methanobacterium spp. (97%) (with 7% mapped
to M. formicicum), while WD was dominated by Methanosphaera
stadtmanae (54%) and Methanobacterium spp. (39%) (with 28%
mapped to M. formicicum) and Methanobrevibacter spp. (5%)
(Figure 5).

The above analysis revealed that primers LMCRB/RMCRB
are highly specific for mcrB genes of methanogens. Therefore,
similarly to the commonly employed mcrA-specific primers, they
may be used for an overall characterization of the taxonomic
structure of methanogenic communities. The application of
both mcrA and mcrB molecular markers permits cross-
checking and should give a deeper and more detailed
insight into the taxonomic structure of various methanogenic
communities. It is worth mentioning that the results obtained
using the newly developed primers for mcrB were partially
consistent with those obtained by mcrA analysis, and confirmed
that the hydrogenotrophic pathway of methane synthesis is
employed in the analyzed environments. Moreover, these results
demonstrated the importance of the newly described seventh
order of methanogenic Methanomassiliicoccales (Iino et al., 2013;
Borrel et al.,, 2014) in the analyzed biogas digesters (Figure 6,
Table S2).

The mcrG primers LMCRGI/RMCRG1 permitted the
analysis of the minority of methanogenic Archaea that were not
dominant in mcrA/mcrB analysis (except Methanobacterium
for the mcrA marker). Therefore, the obtained results
were not consistent with those obtained by mcrA and
mcrB analyses. This is the consequence of the fact that
the primers LMCRG1/RMCRGI are specific only for the
previously described MCR_G1 group of sequences (Figure S5)
and their use could generate programmed bias (Figure 6,
Table S2).
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FIGURE 6 | Relative abundance of archaeal OTUs defined using lowest reliable taxonomic level (mostly genus). AD, agricultural biogas
the mcrA and mcrB and mcrG (of MCR_G1 group) gene plant anaerobic digester; WD, wastewater treatment plant anaerobic
fragments. The bar chart shows the diversity of Archaea at the digester.
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Analysis of the Selectivity of the mtaB- and
mtbA-specific Primers

In the course of this study, two other marker genes (mtaB
and mtbA) specific for methylotrophic methanogens were
selected and primer pairs developed. High-throughput
sequencing of amplicons obtained using mtaB primers
LMTAB/RMTAB detected sequences representing only two
orders, Methanosarcinales and Methanobacteriales. In AD, 76%
of sequences were assigned to Methanosarcina spp. [including M.
barkeri (69%) and M. mazei (7%)] and 23% to Methanosphaera
stadtmanae. Reactor WD was dominated by M. hollandica
(94%), followed by M. stadtmanae (6%). In comparison, use
of mtbA-specific primers LMTBA/RMTBA detected sequences
mostly belonging to the Methanosarcinales, with two dominating
species: M. barkeri (99%) in AD and M. hollandica (99%) in WD.
Single sequences in WD and AD were assigned to Halobacteriales
and Methanomassiliicoccales, respectively.

Sequencing of the mtaB and mtbA amplicons clearly indicated
that in the analyzed digesters, Methanosarcinales are mainly
responsible for the utilization of methylamines, while the
conversion of methanol to methane is additionally performed by
M. stadtmanae (of Methanobacteriales), which is consistent with
previous studies (Fricke et al., 2006; Liu and Whitman, 2008).

Conclusions

Four novel molecular markers were designed and tested for the
detection and taxonomic analyses of methanogenic communities.
Primers specific to the mcrB and mcrG genes (present in
all methanogens), as well as the mtaB and mtbA genes,
characteristic for methylotrophic methanogens, were developed.
High-throughput sequencing of the amplicons obtained using
these primers revealed their high specificity and indicated that
these marker genes could be used for taxonomic profiling of
methanogenic consortia.

The mcrB and mcrG molecular markers increased the
resolution of high-throughput amplicon sequencing analyses
of methanogenic communities that until now have only
been investigated using the mcrA gene. The use of mcrA,
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Metagenomic investigations hold great promise for informing the genetics, physiology,
and ecology of environmental microorganisms. Current challenges for metagenomic
analysis are related to our ability to connect the dots between sequencing reads,
their population of origin, and their encoding functions. Assembly-based methods
reduce dataset size by extending overlapping reads into larger contiguous sequences
(contigs), providing contextual information for genetic sequences that does not
rely on existing references. These methods, however, tend to be computationally
intensive and are again challenged by sequencing errors as well as by genomic
repeats While numerous tools have been developed based on these methodological
concepts, they present confounding choices and training requirements to metagenomic
investigators. To help with accessibility to assembly tools, this review also includes
an IPython Notebook metagenomic assembly tutorial. This tutorial has instructions for
execution any operating system using Amazon Elastic Cloud Compute and guides
users through downloading, assembly, and mapping reads to contigs of a mock
microbiome metagenome. Despite its challenges, metagenomic analysis has already
revealed novel insights into many environments on Earth. As software, training, and
data continue to emerge, metagenomic data access and its discoveries will to
grow.

Keywords: metagenomes, assembly, review, challenges, tutorial

Overview

The application of high throughput sequencing technologies for environmental microbiology is
arguably as transformative as the invention of the microscope. When we began to see previously
invisible microorganisms, we discovered the vast number of microbes in our environments. These
observations significantly expanded the scope of microbiology as we began to have a better sense
of the diversity of organisms outside of what we could grow in the laboratory. Presently, with
sequencing technologies, we now read the genetic code of microorganisms, assembling microbial
genomes without the need to even culture them, and in some cases providing clues as to how to
culture them. This accessibility to genes has allowed us to investigate microorganisms and their
predicted functional profiles in increasingly complex natural environments through approaches
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like metagenomics. In this review, we discuss how sequencing
technologies can help us understand microbial communities and
the challenges and opportunities involved in analyzing these very
large datasets with metagenome assembly.

Metagenomic Assembly

In analyzing microbes using genomics, one of the earliest forms
of analysis involved genome assembly. Note that in this review,
we use the phrase assembly to refer to de novo assembly, or
the assembly of contigs without the use of previous references.
From even the early days in sequencing, genome assembly
has been a revered subspecialty in bioinformatics. Assembly
began as an extension of local sequence alignments, where
each sequencing read was compared with all other reads,
followed by the subsequent assembly of the highest scoring pairs,
essentially identifying overlapping sequences for extension into
longer contiguous sequences, or contigs. These assemblers were
developed for the then-standard Sanger sequencing technology.
They were effective at retroactive correction of assembly errors,
using the long, accurate Sanger read lengths for decision making
with regards to variant calls and conflicts in read mate pairs that
indicate possible chimeras or rearrangements (Dear and Staden,
1991; Lawrence et al., 1994; Myers, 1995; Bonfield and Whitwham,
2010).

The advent of next generation sequencing (NGS) technologies
changed the type of sequencing data available to microbiologists
and also expanded the types of questions that could be asked of
sequencing. NGS reads are much cheaper than Sanger reads but
are also much shorter in length (e.g., ~100-250 bp). Assembly
of NGS short read data is hampered both by the length of reads
and the large number of reads that typically exceed by one or
more orders of magnitude the number of reads that would be
needed for the same project using Sanger sequencing. While
fold coverage necessary for adequate assembly with Sanger data
approached 10-fold coverage, with short-read technologies such
as Illumina, the fold coverage needed for adequate assembly is
generally 100-fold or greater (Sims et al., 2014). The number
of read-to-read comparisons and the storing of this information
quickly exceed the memory available on even very large memory
machines. A series of more memory efficient methods based on
de Bruijn graphs have been developed to tackle this assembly
problem (Pevzner et al., 2001) and reviewed in (Pop, 2009; Miller
etal., 2010).

Due to the increased cost-effectiveness, and to a lesser
extent, the throughput of the newer, next-generation sequencing
platforms, the number of shotgun metagenome projects in the
microbiology field has surged. Today, thousands of projects are
underway, exploring systems of low complexity, such as acid
mine drainage (Tyson et al, 2004), ocean oil spills (Mason
et al, 2012), and deep sea hydrothermal vents (Xie et al,
2011), to those of extreme complexity. In complex environments,
metagenomes require deep sequencing for assembly; current
sequencing efforts (less than 1 Tbp per sample) in soils and
sediments resulting in less than half of the reads incorporated into
assembled contigs (Luo et al., 2012; Howe et al., 2014) suggest
that these environments contain very high diversity. While the

specific goals of all these projects vary, most initial questions
revolve around the characterization of functional and taxonomic
composition. While there have been many recent advances in
examining these questions using read-based approaches (Segata
et al, 2012; Wood and Salzberg, 2014; Freitas et al., 2015),
these are limited to supervised approaches, meaning that a
limiting factor is the presence of an available database with
appropriate reference genomes. For many of the ecosystems
explored using metagenomics, there is a gross lack of high quality
reference genomes. Without sufficiently similar references for
dominant organisms in a sample, metagenome assembly is an
approach that can provide greater insight into the community by
delivering longer, contiguous sequences that can subsequently be
investigated using more traditional approaches for classification of
taxonomy and function. These contigs can sometimes approach
the size of an entire genome, possibly linking functional genes
to phylogenetic markers and allowing a more comprehensive
reconstruction of the metabolic potential of a particular genome
(Albertsen et al., 2013; Sharon et al., 2013; Wrighton et al,
2014).

Current Challenges with Metagenome
Assemblies

While the throughput of sequencers seems astronomical
compared with a decade ago, it can still be difficult to have
sufficient sequence representation from the large number of
different organisms that can be found in many ecosystems. Due
to variable relative abundance of different community members
within a population, some genomes may be covered many
thousands of times while others are only covered by a handful of
sequencing reads or none at all. Some communities may even be
sufficiently diverse that no member is represented very highly.
Because any assembly of sequence data requires overlaps among
reads, assembly of the less dominant members of a community
may require additional sequencing.

These considerations, along with the cost, often dictate
the level of sequencing effort dedicated to a project. The
most prominent sequencing platforms currently used for
metagenomes include ones that produces millions to billions
of short (<300 bp) reads (e.g., Illumina sequencing platforms).
Estimations of community diversity often precede metagenomic
sequencing efforts. While these efforts (often using rRNA gene
amplicon analysis) can be revealing for community studies by
themselves, they can be inaccurate when it comes to strain-
level diversification or population heterogeneity. For example,
while some dominant rRNA members may be clonal in origin,
others rRNA sequences may represent a broader diversity of
genotypes.

Another challenge for metagenomic assembly is that despite
the improvements in assembly algorithms and the advancement
of computer hardware technology, assembly of such abundant,
complex data can often overwhelm any given computer’s memory
constraints. This issue is contributed to by the natural diversity of
the community and the variants found within the population and
is further exacerbated by sequencing errors that are present (even
at very low levels) within the sequencing data.
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Strategies for Metagenome Assembly

There are an increasing number of assembly programs focused
on the issue of metagenome assembly (Peng et al., 2011; Namiki
et al, 2012; Li et al, 2015), most of which are based on de
Bruijn graph assembly, that involves deconstructing the short
reads into ever shorter k-mers of length k, finding overlaps of
k-1, and traversing through the graph of k-mers/overlaps. There
are a number of areas where metagenome assembly efforts have
focused on improving. Some methods try to address the memory
constraints in generating large assembly graphs, generally using
a divide and conquer strategy. Other assemblers try to improve
the ability to handle minor variants (or sequence errors) within
otherwise identical k-mers by weighting k-mers by frequency or
by collapsing paths depending on connectivity (e.g., bifurcating
and rejoining paths). Other methods try to tackle some of the
many complications that occur with the presence of genomes with
high variations in abundance, for example by iterating over a
series of different k-mer sizes. The length of the k-mer defines
two things: 1) the overlap size needed among k-mers to allow
assembly of two k-mers, and 2) the size of the repeat that can
be resolved by the k-mer. Given sufficient coverage, longer k-
mers will provide a simpler graph and a more robust assembly
since repeats smaller than size k will be resolved within the graph.
However, for organisms of lower abundance (i.e., genomes of
lower coverage), the chance of sequencing overlapping regions (of
size k) of the genome is also decreased (with longer k length),
dictating the lower bound of organism abundance that can be
assembled.

Because de Bruijn graph assembly is based on the smaller k-
mer lengths and not on full read lengths, the smallest contigs are
generally of size k+1, and it is possible to generate contigs from
the graph that are not reflected by any read. If this was not already
complicated, because of the highly conserved nature of functional
features (homologous sequences) within disparate genomes, e.g.,
multiple copies of rRNA gene sequences, assemblers can generate
chimeric contigs at any k-mer that is shared among two genomes
(or within a genome). After assembly, contigs with minimal or
no read coverage can be removed, and some of the chimeras can
be resolved using paired-end reads if available. While these and
other metagenome assembly issues can be somewhat addressed
post-assembly, specialized tools are not yet available that address
all of them. An alternative strategy for assembly of metagenomes
includes using different algorithms that use reference genomes
or genes for more specialized, targeted assembly (Boisvert et al.,
2012).
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The green impact: bacterioplankton
response toward a phytoplankton
spring bloom in the southern North
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metagenomic and
metatranscriptomic approaches
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Frauke-Dorothee Meyer', Sonja Voget' and Rolf Daniel *
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Géttingen, Géttingen, Germany

Phytoplankton blooms exhibit a severe impact on bacterioplankton communities as they
change nutrient availabilities and other environmental factors. In the current study, the
response of a bacterioplankton community to a Phaeocystis globosa spring bloom was
investigated in the southern North Sea. For this purpose, water samples were taken
inside and reference samples outside of an algal spring bloom. Structural changes of the
bacterioplankton community were assessed by amplicon-based analysis of 16S rRNA
genes and transcripts generated from environmental DNA and RNA, respectively. Several
marine groups responded to bloom presence. The abundance of the Roseobacter RCA
cluster and the SAR92 clade significantly increased in bloom presence in the total and
active fraction of the bacterial community. Functional changes were investigated by direct
sequencing of environmental DNA and mRNA. The corresponding datasets comprised
more than 500 million sequences across all samples. Metatranscriptomic data sets
were mapped on representative genomes of abundant marine groups present in the
samples and on assembled metagenomic and metatranscriptomic datasets. Differences
in gene expression profiles between non-bloom and bloom samples were recorded. The
genome-wide gene expression level of Planktomarina temperata, an abundant member
of the Roseobacter RCA cluster, was higher inside the bloom. Genes that were differently
expressed included transposases, which showed increased expression levels inside the
bloom. This might contribute to the adaptation of this organism toward environmental
stresses through genome reorganization. In addition, several genes affiliated to the
SAR92 clade were significantly upregulated inside the bloom including genes encoding
for proteins involved in isoleucine and leucine incorporation. Obtained results provide
novel insights into compositional and functional variations of marine bacterioplankton
communities as response to a phytoplankton bloom.

Keywords: bacterioplankton, metagenomics, metatranscriptomics, algal bloom, functional changes,
Planktomarina temperata, SAR92
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Bacterioplankton response to phytoplankton bloom

Introduction

Bacteria are major drivers in cycling of nitrogen, carbon, and
other elements in marine ecosystems (Azam et al., 1983; Arrigo,
2005; DeLong and Karl, 2005). More than 50% of organic matter
produced by phytoplankton is remineralized by marine bacteria
(Cole et al., 1988; Karner and Herndl, 1992; Ducklow et al.,
1993). Therefore, bacteria play an important role during and after
bloom events as large amounts of organic matter are generated by
primary production (Azam, 1998).

Recent studies investigating bacterioplankton communities
during phytoplankton blooms revealed that community
structures and diversity were highly affected (Teeling et al,
2012; Liu et al., 2013; Wemheuer et al., 2014). Observed patterns
were correlated to changes of nutrient concentrations and other
environmental factors such as water depth or algal species
(Fandino et al., 2001; Pinhassi et al., 2004; Grossart et al.,
2005; Teeling et al., 2012; Liu et al,, 2013; Wembheuer et al.,
2014; Gomes et al, 2015). Consequently, understanding the
dynamics and interactions between bacterial communities and
phytoplankton blooms is crucial to validate the ecological impact
of bloom events.

One region with annually recurring spring phytoplankton
blooms is the North Sea, a typical coastal shelf sea of the
temperate zone. Shelf seas are highly productive due to the
continuous nutrient supply by rivers. During the last 40
years, the North Sea and in particular its southern region,
the German Bight, underwent high nutrient loading and
warming (McQuatters-Gollop et al, 2007; Wiltshire et al,
2008, 2010). Recent studies aimed at understanding bacterial
responses to phytoplankton blooms in the North Sea (Alderkamp
et al,, 2006; Teeling et al., 2012; Wembheuer et al, 2014). A
dynamic succession of distinct bacterial clades before, during,
and after bloom events in the North Sea was observed in
several investigations (Alderkamp et al., 2006; Alonso and
Pernthaler, 2006a,b; Teeling et al., 2012). The results indicate
that specialized populations occupy ecological niches provided
by phytoplankton-derived substrates (Teeling et al., 2012).
Klindworth et al. (2014) investigated the diversity and activity of
marine bacterioplankton during the same bloom event applying
metatranscriptomic techniques. They showed that members of
the Rhodobacteraceae and SAR92 clade exhibited high metabolic
activity levels. However, recent research focused mainly on
changes of community structure as response to phytoplankton
blooms, but functional changes and their resulting ecological
impacts have been rarely studied. In addition, larger comparative
metagenomic and metatranscriptomic studies investigating
structural and functional changes of the bacterioplankton during
the bloom event are lacking.

In a previous study, we investigated structural differences of
the active bacterioplankton community as response toward a
Phaeocystis globosa bloom in the southern North Sea in spring
2010 mainly by 16S rRNA pyrotag sequencing (Wemheuer
et al., 2014). This microalgae has a cosmopolitan distribution
(Schoemann et al., 2005) and is considered to be responsible for
harmful algal blooms (Veldhuis and Wassmann, 2005). These
blooms have been observed in many marine environments,

including the coast of the eastern English Channel, the southern
North Sea and the south coast of China (Schoemann et al.,
2005). We found that the phytoplankton spring bloom impacted
bacterioplankton community structures and the abundance
of certain bacterial groups significantly. For example, the
Roseobacter RCA cluster and the SAR92 clade were significantly
more abundant in the bloom at active community level. For the
current study, more than 500 million sequences derived from
direct sequencing of environmental DNA and rRNA depleted
RNA were added to obtain functional insights into the bloom
event. Metatranscriptomic data was mapped on the assembled
metagenomic and metatranscriptomic data sets and on the
genomes of abundant marine bacteria, e.g., P. temperata RCA23,
a member of the Roseobacter RCA cluster. In addition, 16S rRNA
genes and transcripts were studied by pyrotag sequencing to
obtain insights into structural dynamics of the total and active
bacterioplankton community, respectively. The comprehensive
experimental design and method combination of this study sheds
new light on ecological roles and functions of single members of
the bacterioplankton community and the entire community.

Materials and Methods

Sampling and Sample Preparation

Ten water samples for bacterioplankton analyses were collected
in the southern North Sea at nine stations in and outside of a
P. globosa bloom in May 2010 (Figure 1; Table 1). Six samples
were taken in the presence of a phytoplankton bloom (3a, 3b,
and 4) and three in bloom absence (5-15). One sample was taken
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FIGURE 1 | Map of the German Bight showing the locations of the nine
sampling stations visited in May 2010. Stations inside the examined
phytoplankton bloom are depicted in green; those outside the bloom in red.
Station 1 is depicted in blue as it was located in a bloom outside of the area of
the examined bloom. Shading of the water masses refers to bottom depth.
The map was generated using the Ocean Data View software package
[version 4.7.2; Schlitzer, 2015 (http://odv.awi.de/)].
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TABLE 1 | Sampling site characteristics.

Sample Ship station Origin Date (mm/dd/yyyy) Latitude (°N) Longitude (°E) Depth (m) Bottom depth (m)
1 655 River outfall 05/25/2010 53.8955 8.0496 2 15.5
3a 657a No bloom 05/26/2010 54,4223 7.6833 2 221
3b 657b No bloom 05/26/2010 54.4223 7.6833 12 221
658 No bloom 05/26/2010 54.7626 7.4463 2 20
659 Bloom 05/26/2010 54.4575 7.9893 9 12.5
660 Bloom 05/27/2010 54.4542 8.0018 2 12.5
664 Bloom 05/28/2010 54.4733 8.1972 2 12
10 665 Bloom 05/28/2010 545135 8.128 2 11
13 668 Bloom 05/29/2010 54.4365 8.2328 10 12
15 671 Bloom 05/30/2010 54.449 8.22 2 12

near to a river outfall (1). Stations inside the bloom were located
by satellite images and are characterized by their increased
chlorophyll content. Note that sample 9 was taken in the bloom
area and is considered as a bloom sample despite its relative low
chlorophyll content. Sampling and filtration were performed as
described previously (Wemheuer et al., 2014). In brief, obtained
water samples were initially filtered using a 10 um nylon net filter
and 2.7 pm glass fiber filter. Bacterioplankton was subsequently
harvested from a prefiltered 1 1 sample on a filter sandwich
consisting of a glass fiber and 0.2 wm polycarbonate filter (47 mm
diameter). Samples for community analysis were stored at —80°C
until further analysis. Several environmental parameters such
as chlorophyll a (Chl a), particulate organic nitrogen (PON),
salinity, temperature, and nitrate content were determined as
described previously (Wemheuer et al., 2014) (Table 2).

Extraction and Purification of Environmental DNA
and RNA

Environmental DNA and RNA were co-extracted from the filter
sandwich as described by Weinbauer et al. (2002). DNA and
RNA were subsequently purified employing the peqGOLD gel
extraction kit (Peqlab, Erlangen, Germany) and the RNeasy Mini
Kit (Qiagen, Hilden, Germany), respectively, as recommended
by the manufacturers. Residual DNA was removed from RNA
samples and its absence was confirmed according to Wemheuer
etal. (2012).

To assess bacterioplankton community structures, DNA-
free RNA was directly converted to ¢cDNA employing the
SuperScript® III reverse transcriptase (Invitrogen™, Carlsbad,
USA) using a primer specific for the conserved region
downstream to variable region 6 of the 16S rRNA (1063r
5-CTCACGRCACGAGCTGACG-3'). The reaction mixture
(20 1) contained 4l of five-fold reaction buffer, 500 uM of
each of the four desoxynucleoside triphosphates, 5mM DTT,
1 uM of the reverse primer, 1 U RiboLock™ RNase Inhibitor
(Thermo Fisher Scientific, Schwerte, Germany), 200 U of the
reverse transcriptase and approximately 100 ng DNA-free RNA.
The reaction was incubated at 55°C for 1h and subsequently
inactivated by incubation at 70°C for 15min. To remove the
RNA in the RNA/DNA hybrids, 2.5 U RNase H (Thermo Fischer
Scientific) were added and the reaction incubated at 37° for

15min followed by inactivation at 65°C for 10 min. Obtained
cDNA was subsequently subjected to 16S rRNA gene PCR (as
described below). To assess community functions, environmental
mRNA was enriched from total RNA using the RiboMinus™
transcriptome isolation kit for Bacteria (Invitrogen™, Carlsbad,
USA) with one modification. The initial denaturation of RNA was
performed at 70°C for 10 min. RNA was subsequently converted
to cDNA employing the SuperScript™ double-stranded
cDNA synthesis kit (Invitrogen™) with slight modifications
according to Wemheuer et al. (2014). The Goéttingen Genomics
Laboratory determined the sequences of the extracted DNA and
enriched mRNA-derived cDNA using a Roche 454 GS-FLX+
pyrosequencer with titanium chemistry (Roche, Mannheim,
Germany) and an Illumina Genome Analyzer IIx (San Diego,
USA), respectively (Table 3).

Processing and Analysis of Metagenomic and
Metatranscriptomic Datasets

Generated metagenomic and metatranscriptomic datasets were
initially processed according to Voget et al. (2014). Briefly, fastq
files derived from Illumina sequencing were processed employing
the Trimmomatic tool version 0.30 (Bolger et al., 2014). Sff files
derived from pyrosequencing were converted to fastq files prior
to quality filtering. Afterwards, all sequences were combined
and assembled at different kmer values (29-109 in 10 bp steps)
with Velvet and Metavelvet (Zerbino and Birney, 2008; Namiki
et al, 2012). Subsequently, all obtained contigs were joined
and resulting sequences were dereplicated employing Usearch
version 7.0.190 (Edgar, 2010). Open reading frames (ORFs) were
predicted for all remaining contigs using Prodigal version 2.6
(Hyatt et al., 2010). Short contigs (<150 bp) were removed prior
to further analysis.

As the metagenomic and metatranscriptromic datasets are
likely to contain algal-derived sequences, we subtracted bacterial
genes by blast alignment (Camacho et al, 2009) against
15 reference genomes of abundant marine lineages (Table 4)
obtained from the integrated microbial genomes (IMG) platform
(Markowitz et al., 2012). Genomes of abundant phylogenetic
groups as found in the 16S rRNA analysis were chosen for this
additional filtering step. Only sequences with an e-value below
0.001 were used in the subsequent analysis. Remaining ORFs
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BLOOM

0.1
0.08
0.02
0.07
0.1
0.08

5.27
9.53
5.18
3.98
2.29
3.27

0.24
0.42
0.24
0.29
0.21
0.3

.03
4.94
3.685
2.085
2.97

5
9

213.6
106.2

49

95.3
123.5

83.9

1673
728.2
367.7
737.5
936.5
624.4

3.27
1.3

3.2
5

9.91

6.25

7.03
2.77
0.6

3.16
1.58

2.1

5.53
5.33

11.45
7.34
2.19
6.93

- - - - -

72.78
87.28
74.79
67.83
76.59

60.14

2.76
1.89
1.14
2.27
2.8

NA()

30.64

30.65
31.04

30.76
31.11
31.18

- - - - —

10
13
15

*Not measured due to fluorometer malfunction.

Although not exhibiting high chlorophyll a values, sample 9 is considered as a bloom sample as it was taken in the bloom area.

were further classified employing UProC version 1.2 in protein
mode (Meinicke, 2015).

Metatranscriptomic datasets were mapped on the 15 genomes
and on the assembled contigs using Bowtie 2 version 2.2.4
(Langmead and Salzberg, 2012) with one mismatch in the
seed and multiple hits reporting enabled for the metagenomic
binning. Ribosomal RNA was removed from metatranscriptomic
datasets prior to mapping employing SortMeRNA version
2.0 (Kopylova et al., 2012) (Table 5). The number of unique
sequences per gene was calculated, and the overall mapping
result was normalized by the total number of unique reads in the
sample. The top 23,884 open reading frames based on number
of assigned, normalized reads are provided in Supplementary
Table S1.

Results from the genome mapping were additionally
normalized by the unique RNA/DNA ratio calculated for each
bacterial group in the respective sample (see Campbell and
Kirchman, 2013). In detail, the ratio was calculated by dividing
the relative abundance of a 16S rRNA transcript by the relative
abundance of the corresponding 16S rRNA gene. On the one
hand, assuming that the major fraction of the bacterioplankton
community is present outside and inside the algal bloom, the
abundance at DNA level of single species is mainly linked to
cell abundance rather than other factors such as 16S rRNA gene
copy number. On the other hand, RNA abundance is correlated
with protein synthesis (Blazewicz et al., 2013) and may indirectly
serve as approximation for gene expression levels. Therefore, a
high RNA/DNA ratio reflects an increased gene expression per
cell and vice versa.

Amplification and Sequencing of 16S rRNA

To assess bacterial community structures, the V3-V6 region of
the bacterial 16S rRNA was amplified by PCR. The PCR reaction
(50 1) contained 10 l of five-fold Phusion HF bufter, 200 M of
each of the four desoxynucleoside triphosphates, 1.5 mM MgCl,,
4 uM of each primer, 2.5% DMSO, 2 U of Phusion high fidelity
hot start DNA polymerase (Thermo Fisher Scientific), and
approximately 50 ng of DNA or 25 ng of cDNA as template. The
following thermal cycling scheme was used: initial denaturation
at 98°C for 5min, 25 cycles of denaturation at 98°C for 45s,
annealing at 60°C for 45 s, followed by extension at 72°C for 30s.
The final extension was carried out at 72°C for 5 min. Negative
controls were performed by using the reaction mixture without
template. The V3-V6 region was amplified with the following
set of primers according to Muyzer et al. (1995) containing the
Roche 454 pyrosequencing adaptors, keys and one unique MID
per sample (underlined): 341f 5'-CCATCTCATCCCTGCGTG
TCTCCGAC-TCAG-(dN);-CCTACGGRAGGCAGCAG-3'
and 1063r 5-CCTATCCCCTGTGTGCCTTGGCAGTC-TCA
G-CTCACGRCACGAGCTGACG-3'. Obtained PCR products
were controlled for appropriate size and subsequently purified
using the peqGOLD gel extraction kit (Peqlab) as recommended
by the manufacturer. Three independent PCR reactions were
performed per sample, purified by gel extraction, and pooled
in equal amounts. Quantification of the PCR products was
performed using the Quant-iT dsDNA HS assay kit and a
Qubit fluorometer (Invitrogen™) as recommended by the
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TABLE 3 | Sequence statistics of the quality trimmed metagenome and metatranscriptome data used in this study.

Sample Technology Single run/Paired End/Unpaired Type Sequence number Average read length Total basepairs
(SR/PE/UP)
1* 454 FLX+ SR gDNA 338,735 252.66 85,583,953
1* 454 FLX+ SR mRNA 421,864 275.62 116,273,765
1 lllumina GIIA PE gDNA 21,186,566 104.44 2,212,675,749
1 lllumina GIIA upP gDNA 362,317 83.16 30,128,732
1 lllumina GIIA SR mRNA 20,782,683 73.56 1,528,826,535
3a lllumina GIIA PE gDNA 12,678,554 104.29 1,311,791,324
3a lllumina GIIA SR gDNA 10,843,677 104.93 1,137,876,968
3a lllumina GIIA uP gDNA 33,298,482 103.62 3,450,551,533
3a lllumina GIIA SR mRNA 24,527,136 72.90 1,787,928,626
3b lllumina GIIA PE gDNA 19,210,244 105.28 2,022,514,254
3b lllumina GIIA SR gDNA 8,438,275 104.14 87,878,7402
3b lllumina GIIA upP gDNA 9,783,518 101.24 99,052,5636
3b lllumina GIIA SR mRNA 27,810,866 73.14 2,034,036,519
4* 454 FLX+ SR mRNA 186,132 255.15 47,492,480
lllumina GIIA PE gDNA 29,884,508 100.60 3,006,238,128
lllumina GIIA UP gDNA 642,734 75.36 48,433,894
lllumina GIIA SR mRNA 14,014,013 73.37 1,028,189,5624
5* 454 FLX+ SR gDNA 391,106 252.93 98,922,278
5% 454 FLX+ SR mRNA 490,182 274.96 134,779,442
5 lllumina GIIA PE gDNA 25,109,444 104.71 2,629,205,182
5 lllumina GIIA upP gDNA 17,758,425 102.47 1,819,684,124
5 lllumina GIIA PE mRNA 35,492 69.05 2,450,563
5 lllumina GIIA SR mRNA 11,759,937 72.22 849,301,842
5 lllumina GIIA upP mRNA 8,714,379 103.34 900,565,197
6 lllumina GIIA PE gDNA 21,372,550 105.26 2,249,604,814
6 lllumina GIIA upP gDNA 32,730,493 103.10 3,374,578,797
6 lllumina GIIA SR mRNA 14,893,714 72.25 1,076,040,735
9 lllumina GIIA PE gDNA 24,735,216 108.57 2,5661,948,071
9 lllumina GIIA upP gDNA 539,723 82.72 44,644,280
9 lllumina GIIA PE mRNA 43,792 70.96 3,107,595
9 lllumina GIIA SR mRNA 15,900,375 72.46 1,152,110,018
9 lllumina GIIA upP mRNA 9,779,257 104.90 1,025,839,134
10 lllumina GIIA PE gDNA 20,787,102 101.19 2,103,509,139
10 lllumina GIIA upP gDNA 662,370 81.29 53,843,938
10 lllumina GIIA PE mRNA 87,236 71.04 6,197,063
10 lllumina GIIA SR mRNA 9,005,445 72.68 654,542,993
10 lllumina GIIA uP mRNA 13,299,109 104.04 1,383,633,962
13* 454 FLX+ SR mRNA 10,273 254.59 2,615,404
13 lllumina GIIA PE gDNA 28,055,686 102.21 2,867,561,091
13 lllumina GIIA upP gDNA 858,735 81.56 70,037,612
13 lllumina GIIA SR mRNA 26,455,179 72.54 1,919,045,434
15 lllumina GIIA PE gDNA 22,984,400 101.81 2,340,126,872
15 lllumina GIIA upP gDNA 521,111 81.11 42,269,455
15 lllumina GIIA SR mRNA 22,592,228 71.65 1,618,686,787
17 454 FLX+ SR mRNA 109,911 235.46 25,879,456
Total 563,993,174 93.49153275 52,728,586,300

Only lllumina-derived data not generated in a paired-end run was used in the metatranscriptomic mapping approach. Seqeuncing was performed using a Roche 454™ GS-FLX+
pyrosequencer with titanium chemistry and an lllumina Genome Analyzer lIx, respectively.
*Published under accession number SRA061816.
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TABLE 4 | Genomes retrieved from the Integrated Microbial Genomes (IMG) database.

IMG name IMG Taxon ID Genome Size Gene Phylum/Proteobacterial Marine Group/
(bp) Count class Genus
Polaribacter sp. Hel_|_88 2,5658,860,973 3,996,527 3552 Bacteroidetes Polaribacter
Marivirga tractuosa H-43, DSM 4126 649,633,065 4,516,490 3857 Bacteroidetes Marivirga
Gammaproteobacteria bacterium MOLA455 2,590,828,686 2,605,026 2374 Gammaproteobacteria SAR92 clade
Planktomarina temperata RCA23, DSM 22400 2,5648,877,138 32,88,122 3101 Alphaproteobacteria Roseobacter RCA
(RCA23)
Betaproteobacteria bacterium MOLA814 2,590,828,684 2,859,706 2733 Betaproteobacteria BAL58 marine group
Polaribacter sp. MED152 (re-annotation) 2,606,217,529 2,961,474 2695 Bacteroidetes Polaribacter
Methylophilales sp. HTCC2181 639,857,020 1,304,428 1377 Betaproteobacteria OM43 clade
SARB86 cluster bacterium SAR86B 2,5697,489,920 1,679,540 1890 Gammaproteobacteria SAR86 clade
Rhodobacterales sp. HTCC2255 (original sequence, 2,517,572,075 2,224,475 2209 Alphaproteobacteria Roseobacter NAC11-7
contaminants removed)
Formosa sp. AK20 2,5631,839,038 3,055,484 2841 Bacteroidetes Formosa
Candidatus Pelagibacter ubique SAR11 HTCC1062 2,606,217,343 1,308,759 1393 Alphaproteobacteria SAR11 clade
(re-annotation)
Marine gamma proteobacterium sp. HTCC2207 2,606,217,324 2,620,870 2388 Gammaproteobacteria SAR92 clade
(re-annotation)
SARS86 cluster bacterium SAR86A 2,597,489,919 1,245,342 1340 Gammaproteobacteria SAR86 clade
Candidatus Pelagibacter ubique SAR11 HTCC1002 2,606,217,624 1,327,604 1415 Alphaproteobacteria SAR11 clade
(re-annotation)
Formosa agariphila KMM 3901 2,685,427,664 4,228,350 3630 Bacteroidetes Formosa

TABLE 5 | Sequence statistics of the quality trimmed and rRNA depleted metatranscriptomic data sets used for mapping.

Sample Number of sequences Average read length Total bps Mapped reads Mapping rate (%)
1 4,398,462 73.66 3,23,999,530 3,905,801 88.80
3a 2,256,897 73.52 165,918,281 2,004,411 88.81
3b 3,058,087 73.69 225,347,730 2,538,870 83.02
4 1,536,922 72.64 111,646,018 1,238,340 80.57
5 1,675,015 87.74 146,961,679 1,475,942 88.12
6 1,281,015 72.90 93,392,214 1,102,985 86.10
9 8,352,509 84.56 706,301,999 7,416,227 88.79
10 4,976,491 90.96 452,673,412 4,236,320 85.13
13 15,976,940 72.28 1,154,891,997 13,685,288 85.66
15 2,028,509 72.70 147,476,064 1,662,304 81.95
Total 45,540,847 77.48 3,528,608,924 39,266,488 86.22

Depletion was performed with SortMeRNA (Kopylova et al., 2012).

manufacturer. The Géttingen Genomics Laboratory determined
the sequences using a Roche GS-FLX++ 454 pyrosequencer
with Titanium chemistry (Roche, Mannheim, Germany).

Processing and Analysis of 16S rRNA Datasets

Generated 16S rRNA gene and rRNA datasets were processed
as described by Wietz et al. (2015). In brief, sequences were
preprocessed with QIIME and subsequently denoised employing
Acacia (Bragg et al.,, 2012). Remaining primer sequences were
truncated employing cutadapt (Martin, 2011). To remove
chimeras, sequences were first dereplicated and putative chimeras
were removed using UCHIME in de novo mode and subsequently
in reference mode using the most recent SILVA database (SSURef

119 NR) as reference dataset (Edgar et al., 2011; Quast et al.,
2013). Processed sequences of all samples were joined and
clustered in operational taxonomic units (OTUs) at 3 and
20% genetic dissimilarity according to Wembheuer et al. (2013)
employing the UCLUST algorithm with optimal flag (Edgar,
2010). To determine taxonomy, a consensus sequence for each
OTU at 97% genetic similarity was classified by BLAST alignment
against the Silva SSURef 119 NR database (Camacho et al., 2009).
All non-bacterial OTUs were removed. Sequences statistics
are shown in Table 6. The curated OTU table is provided as
Supplemental Table S2. The final Alpha diversity indices were
calculated with QIIME as described by Wemheuer et al. (2013)
(see Table 7).
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TABLE 6 | Statistics of the 16S rRNA analysis.

Sample Before preprocessing After preprocessing After denoising After removal of non-bacterial
or chimeric sequences
No. of sequences Average length No. of sequences Average length No. of sequences Average length No. of sequences Average length

DNA

1 10,692 705.0 10,486 676.1 10,172 673.9 6380 668.5
3a 12,328 704.6 12,155 674.4 11,814 673.7 6611 667.8
3b 13,234 705.6 13,086 674.9 12,771 674.1 7756 669.7
4 8589 710.5 8467 679.3 8283 678.9 4923 676.0
5 11,954 701.4 11,749 671.8 11,313 670.2 6435 661.9
6 8580 700.0 8466 671.3 8153 668.6 4557 658.1
9 8198 703.5 8088 673.6 7947 673.1 4265 666.1
10 5801 691.7 5726 664.0 5523 662.1 2946 645.3
13 9009 709.6 8904 678.9 8751 678.3 4463 672.4
15 3339 703.5 3306 673.4 3234 673.2 1789 668.4
Total 91,724 704.0 90,433 674.2 87,961 673.0 50,125 666.3
RNA

1 7296 708.3 7178 678.1 6998 676.9 3099 671.5
3a 12,612 710.5 12,457 680.2 12,078 678.2 4806 670.6
3b 6601 695.8 6510 667.6 6240 664.8 2720 649.5
4 12,901 696.0 1268 668.9 1195 668.7 491 657.4
5 11,944 712.5 11,584 682.1 11,297 680.1 4588 673.2
6 14,831 703.7 14,642 674.7 14,443 674.3 5520 663.3
9 10,499 702.4 4945 673.1 48083 671.7 1836 657.9
10 9480 712.8 9336 682.3 9115 680.7 3489 671.8
13 4669 710.8 4515 680.3 4412 678.9 1795 670.5
15 9251 703.2 9044 6741 8679 671.4 3638 659.8
Total 100,084 705.4 81,479 677.2 79,260 675.6 31,982 666.0

Statistical Analysis

All statistical analyses were conducted employing R [version
3.1.2; R Core Team, 2014 (http://www.R-project.org/]. Possible
correlations between phytoplankton bloom presence and
richness (number of OTUs) as well Shannon indices, abundance,
and gene expression were determined employing the non-
parametric Wilcox rank-sum test (Gifford et al, 2013).
Correlations were considered as significant with P < 0.05.
Sample 1 was excluded from the statistical analysis because it was
taken in another bloom event.

Sequence Data Deposition

Sequence data were deposited in the sequence read archive of the
National Center for Biotechnology Information under accession
numbers SRA061816 and SRA060677, respectively (for details see
Table 3).

Results and Discussion

Characteristics of the Samples

In the current survey, we examined structural and functional
responses of the bacterioplankton community toward a
phytoplankton bloom. Samples for community analysis were

taken randomly at different locations and different depths within
a P. globosa bloom in the German Bight (Figure 1, Table 1). Six
samples were taken in presence of the phytoplankton bloom
(samples 5, 6, 9, 10, 13, and 15) and three in bloom absence
(samples 3a, 3b, and 4). One sample was taken near the Weser
river outfall (sample 1). Salinity ranged from 30.7 to 32.7 psu.
Fluorescence was approximately 0.45 and 2.2 mg/m? outside and
inside the algal bloom, respectively. Temperatures ranged from
8.2 to 11.8°C. All environmental parameters are listed in Table 2.
Based on our previous analysis, most measured parameters were
significantly linked to algal bloom presence (see Wemheuer et al.,
2014). Only the suspended particulate matter content (SPM)
and the nitrite concentration exhibited no direct correlation to
bloom presence.

Bloom Presence Affects Bacterial Community
Structures

Total and active bacterioplankton community structures were
assessed by pyrosequencing-based analysis of the V3-V6 region
of the 16S rRNA amplified from environmental DNA and RNA,
respectively. A total of 50,125 and 31,982 high-quality bacterial
16S rRNA sequences were obtained across all 10 samples at DNA
and RNA level, respectively (Table 6). Calculated rarefaction

Frontiers in Microbiology | www.frontiersin.org

August 2015 | Volume 6 | Article 805 | 114


http://www.R-project.org/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Wemheuer et al.

Bacterioplankton response to phytoplankton bloom

TABLE 7 | Alpha diversity indices at 97 and 80% genetic similarity derived from the 16S rRNA analysis.

Richness Maximal number of OTUs Coverage (%) Chao1 Shannon (H’)

97% 80% 97% 80% 97% 80% 97% 80% 97% 80%
DNA
1 143.3 18.5 223.6 20.2 64.1 91.4 333.5 22.9 4.15 2.25
3a 160.2 19.7 252.7 21.0 63.4 93.8 325.1 23.0 4.19 217
3b 147.2 18.3 229.9 19.9 64.0 91.8 292.2 225 3.80 2.04
4 135 20.3 186.6 21.3 72.4 95.3 326.1 26.2 4.40 2.37
5 185.4 23.1 318.6 25.3 58.2 91.5 443.6 25.3 4.47 2.35
6 177.4 23.5 288.3 24.9 61.5 94.3 423.3 30.8 4.72 2.42
9 150.7 22.4 221.2 23.9 68.1 93.7 378.5 32.4 4.49 2.38
10 146.2 20.2 223.4 21.6 65.4 93.5 360.6 22.6 4.13 2.03
13 156 24.2 252.4 27.3 61.8 88.6 374.8 34.9 4.35 2.14
15 136 18 216.1 19.0 62.9 94.6 379.1 18.0 3.91 2.14
RNA
1 282.6 28.6 563.7 32.2 50.1 88.9 882.4 40.6 5.62 2.39
3a 252.9 23.1 482.0 24.9 52.5 92.7 816.4 28.8 5.21 2.26
3b 273 25.9 496.7 27.4 55.0 94.4 689.8 32.3 5.24 2.15
4 NA NA NA NA NA NA NA NA NA NA
5 267.9 25 5471 26.2 49.0 95.4 849.3 35.0 5.15 2.38
6 297.8 24.7 634.1 26.0 47.0 95.0 888.3 31.3 5.53 2.52
9 2841 22 5721 22.8 49.7 96.4 829.9 23.3 5.35 2.39
10 275.6 23.6 665.3 26.0 41.4 90.7 919.9 27.5 5.13 2.24
13 246.7 29 508.2 32.7 48.5 88.6 660.1 35.0 5.19 2.40
15 276 22 599.8 23.3 46.0 94.5 873.6 27.6 5.38 2.35

OTU, operational taxonomic unit.

curves (data not shown) as well as diversity indices revealed that
the majority of the bacterial community was recovered by the
surveying effort (Table 7).

Classification of the obtained 16S rRNA sequences revealed
that Proteobacteria and Bacteroidetes were the most abundant
bacterial phyla across all samples (approximately 78% and 20%,
respectively). At higher taxonomic resolution, the majority of
the obtained sequences was affiliated to 17 bacterial groups,
clades, and genera (Figure 2). These groups represented different
lineages within the Alpha-, Beta-, and Gammaproteobacteria
and the Bacteroidetes. These results are in accordance with our
previous study (Wembheuer et al., 2014) and recent investigations
of bacterial communities in the North Sea (Alderkamp et al.,
2006; Sapp et al., 2007; Teeling et al., 2012). However, in our
previous study, the number of Bacteroidetes was rather low
which can be attributed to the differences in primer pairs and
variable regions of the 16S rRNA gene used in our previous
study.

Alphaproteobacteria accounted for 50% of all sequences
with a higher abundance at DNA and RNA level (59
and 41%, respectively). The opposite was recorded for the
Gammaproteobacteria, which accounted for 16% (DNA) and
31% (RNA), respectively. The increased abundance of the
Gammaproteobacteria was mainly attributed to the higher
abundances of Pseudospirrilii and the SAR92 clade. Changes in
the abundances of the different alphapoteobacterial taxa were

mainly attributed to the overall low abundance of the SAR11
clade at RNA level. A low activity of SAR11 is supported by
other studies (West et al., 2008; Lamy et al., 2010; Klindworth
et al., 2014). For example, Lamy et al. found an overall low
abundance and activity of the SAR11 clade in a P. globosa bloom
in the eastern English Channel. In another study, Alonso and
Pernthaler (2006b) showed that SARI11 is highly abundant but
not very active in costal North Sea waters. In addition, West et al.
(2008) demonstrated that SAR11 was more abundant at DNA
level than at RNA level in the Southern Ocean.

Several groups responded significantly toward algal bloom
presence at DNA and/or RNA level, e.g., the abundance of
the SAR92 clade was three times higher at RNA level and in
bloom presence. This is in accordance with previous studies
(Pinhassi et al., 2005; West et al., 2008; Klindworth et al., 2014;
Wembheuer et al., 2014). For example, a phytoplankton bloom
induced by inorganic nutrient enrichment influenced SAR92 in
a mesocosm experiment (Pinhassi et al., 2005). Klindworth et al.
(2014) found that members of the Rhodobacteraceae and SAR92
clade exhibited high metabolic activity levels during a bloom
succession, which indicates their important role during bloom
events. In addition, the 16S cDNA estimates for SAR11 were
notably lower in the earlier bloom sample. The authors suggest
that members of this clade could not profit from the increasing
availability of nutrients in the decaying bloom and thus were
outcompeted by other clades. This is in line with our study in
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FIGURE 2 | Relative distribution of abundant bacterial lineages
in the total (DNA-based) and active (RNA-based)
bacterioplankton community at stations outside (1-4) and
inside (5-15) the examined phytoplankton bloom. Only groups
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with an average abundance of more than 1% either at DNA or
RNA level are shown. Station 1 is separated from the oher
samples because it was located in a bloom outside of the area of
the examined bloom.

which we found significant lower abundances of SARI11 in the
bloom presence and at RNA level.

Members of the two genera Marinoscillum and Polaribacter
were significantly more abundant in bloom samples both at
DNA and RNA level. Bacteroidetes are widespread in marine
systems and play an important role in organic matter degradation
(Gémez-Pereira et al., 2010). The higher abundance of this
phylum during the phytoplankton bloom was verified by recent
findings (Alderkamp et al, 2006; Lamy et al, 2010; Tada
et al., 2012; Teeling et al., 2012). The strongest increase in
activity during the senescent stage of a P. globosa bloom in the
North Sea was observed for Bacteroidetes (Alderkamp et al.,
2006) A mesocosm experiment targeting bacterial succession
patterns during a diatom bloom revealed that Bacteroidetes had
a relatively high growth potential as the bloom peaked (Tada
et al., 2012). The authors suggested that the early development
contributed to the initial stage of bloom decomposition.
Therefore, this phylum seems to benefit from the conditions
provided by the algal bloom and might play an important role
in the degradation of phytoplankton-derived organic matter.
Klindworth et al. (2014) mapped metatranscriptomic data on
assembled and taxonomically classified metagenomic data and
found that Formosa and Polaribacter acted as major algal
polymer degraders. A similar conclusion was drawn in a study
of a P. globosa bloom in the eastern English Channel. Here,
members of Bacteroidetes group dominated the activities and the
abundances during the growth phase of the algae (Lamy et al.,
2010).

Bloom Presence Affects Bacterioplankton Gene
Expression

After removal of ribosomal RNA, nearly 45 million Illumina
reads remained and were used for environmental gene expression
analysis. Generated mRNA datasets were initially mapped on the
15 reference genomes belonging to abundant marine genera and
lineages. However, only 10% of the sequences mapped to these
reference genomes. Most of these sequences were affiliated to the
genome of P. temperata RCA23 (see Supplementary Table S3).
This strain was isolated in the German Wadden Sea (Giebel et al.,
2011, 2013), and its genome was recently described (Voget et al.,
2014).

Mapping mRNA datasets on genomes is a common approach
when analyzing metatranscriptomic data (e.g., Gifford et al,
2013). The advantage of this approach is that community
functions can be linked to a certain organism. However, most
reads are not included in the analysis because reference genomes
for many marine lineages are still missing. Another problem
is the data normalization when mapping metatranscriptomic
data on genomes. In a transcriptomic approach, all sequences
derive from a single organism and data can be normalized by
the number of reads mapped. However, in a metatranscriptomic
approach, the amount of sequences affiliated to an organism
is not only linked to its gene expression but also to the gene
expression of all other community members. Thus, a decrease in
abundance can be caused either by a lower gene expression of
the organism or by an increased expression of other community
members.
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Here, we mapped the mRNA data on reference genomes
representing marine lineages, which were abundant in the
16S rRNA gene analysis. These genomes included data from
P. temperata RCA23 and HTCC2255, belonging to two
Roseobacter lineages, the RCA and NAC11-7 clusters. Other
reference genomes used were the genomes of HTCC2207 und
MOLAA455, both members of the SAR92 clade (Stingl et al,
2007; Courties et al., 2014). Mapping the datasets on assembled
metagenomic and metatranscriptomic data resulted in an overall
alignment rate of more than 86.22% (see Table 5). This overall
high coverage is higher than in other studies. For example, Kopf
et al. (2015) mapped up to 80% of their metatranscriptomic
data on the corresponding metagenome. We were able to map
our data on approximately 600,000 genes with almost 800,000
different functions.

Most of the genes affiliated to the two members of the SAR92
clade were upregulated which corresponds to their increasing
abundance at 16S rRNA transcipt level. For example, one leucyl-
tRNA synthetase and three isoleucyl-tRNA synthetases affiliated
to MOLA455 were significantly upregulated in the bloom
(Figure 3A). Morover, two leucine-tRNAs were significantly
upregulated in the bloom in P. temperata RCA23 (Figure 3B). In
addition, an isoleucyl-tRNA synthetase affiliated to P. temperata
RCA23 (Figure3A) and a isoleucyl-tRNA synthetase and a
leucyl-tRNA synthetase of P. temperata RCA23 (Figure 3B)
were marginal significantly upregulated in the bloom (P <
0.1). This is in line with a study by West et al. (2008).
The authors found that the Roseobacter groups NAC11-7 and
RCA as well as the SAR92 clade were the most important
contributors to leucine incorporation during the peak of a
naturally iron-fertilized phytoplankton bloom in the Southern
Ocean. This result is confirmed by a study about a P. globosa
bloom in the English Channel (Lamy et al, 2010). Here,
Bacteroidetes and Gammaproteobacteria were the most abundant
and active groups during the growth period of the algae.
Gammaproteobacteria and Alphaproteobacteria dominated by
the Roseobacter clade accounted for the major part of leucine
incorporation after the disappearance of the bloom. In addition,
the contributions of different bacterial groups to bulk abundance
and leucine incorporation were partly correlated with cell-
specific exoproteolytic and exoglucosidic activities and with
particulate organic carbon. This indicates some specificity of
these bacterial groups with respect to their ecological role
in the environment. Interestingly, we identified two beta-
glucosidases affiliated to HTCC2207 being expressed only in
bloom samples (Figure 3A). In the study of Teeling et al. (2012),
metagenomic and metaproteomic data indicated the presence
of distinct sets of carbohydrate-active enzymes (CAZymes) and
transporters, which suggested a positive selection for bacteria
with the capacity to decompose phytoplankton biomass. Four
HTCC2207 indicator genes have been described to contain
cadherin domains involved in complex carbohydrate degradation
via cell aggregation and direct binding to cellulose, xylan, and
related compounds (Gifford et al., 2013). This might explain the
increase of the SAR92 clade as observed in the present study. In
addition, the role of Gammprotaobacteria during polysaccharide
degradation has been recently addressed in a study by Wietz
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FIGURE 3 | Expression of certain gene involved in leucine/isoleucine
incorporation and polymer degradation inside and outside the
examined phytoplankton bloom. Data either derives from the mapping on
the assembled metagenomic and metatranscriptomic data (A) or from the
mapping on reference genomes (B). Gene expressions levels are log2
transformed and standardized. To obtain only positive values, normalized gene
expression values were increased by one prior to log transformation.

et al. (2015). The authors showed that alginate and agarose
degradation covaried with the abundance of different lineages
within the Gammaproteobacteria.

Interestingly, a major fraction of the expressed genes affiliated
to SAR92 clade and other bacterial lineages was linked to several
genes such as RNA polymerases, heat shock proteins, chaperons,
sigma factors, and ribosomal proteins. This is consistent with
a study from Klindworth et al. (2014). In this study, the most
abundant mRNA transcripts with known functions coded for
housekeeping genes including DNA gyrase, elongation factors,
and sigma factors. The authors indicated that this reflects
differences in nutritional ecological strategies of the dominant
bacterial classes.

However, the high number of heat shock and other stress-
related genes overexpressed in bloom samples in members of the
SAR92 clade might not necessarily reflect its ecological role as
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a polymer degrader but might also be caused by a higher stress
tolerance toward the rapidly changing conditions during the
phytoplankton bloom (Wemheuer et al., 2014). PON, Chl a, and
phaeopigments of stations in the bloom area were significantly
higher than that outside the bloom area. An increasing pH from
7.9 to 8.7 was observed as a result of CO; net fixation into the alga
during a phytoplankton bloom (Brussaard et al., 1996). Members
of SAR92 clade might benefit from bloom conditions due to their
high stress tolerance level rather than filling one of the specialized
ecological niches formed during a phytoplankton bloom.

Adaption to Environmental Changes by Higher
Genome Plasticity

The overall expression level of P. temperata RCA23 was
higher inside the bloom (Figure 4). Numerous genes encoding
for transposases in its genome were highly overexpressed.
Transposases are the most abundant and most ubiquitous
genes in nature (Aziz et al, 2010). In addition, investigation
of the metatranscriptomic bins revealed the presence of
several transposases that were affiliated to P. temperata and
overexpressed in the bloom (Figure4). It has been shown
that some bacteria expressed transposases under changing
environmental conditions to rearrange genome architecture.
For example, up to 81 genes encoded for transposases were
upregulated in Microcystis aeruginosa relative to the control when
grown on urea (Steffen et al., 2014). Genome rearrangements
and the resulting genome mosaics have been also found in
other members of the Roseobacter clade. The genomes of
Octadecabacter arcticus and O. antarcticus are highly different
despite their similarity on 16S rRNA gene sequence level
and the presence of some unique gene features (Vollmers
et al., 2013). This is attributed to genomic rearrangements
caused by an unusually high number of transposases in the
genomes of both Octadecabacter strains. We assume that the

recorded overexpression could result in a higher genome
plasticity/heterogeneity of this population and thus might be a
possible adaptation strategy of P. temperata to environmental
changes. Moreover, as found in other members of the Roseobacter
clade, it might be one of the key features of this group explaining
its high abundance in marine ecosystems and its ability to adapt
to various marine niches. However, comparative genome studies
are missing because only one genome of the genus Planktomarina
is currently available. Consequently, this issue cannot been fully
answered yet.

Conclusions

Active bacterial communities in the North Sea are dominated
by only a few marine groups such as the Roseobacter RCA
cluster. Some of these lineages responded significantly toward
the P. globosa bloom investigated in this study. For example, the
SAR92 clade was three times more abundant at active bacterial
community level and in bloom presence. The metatranscriptomic
approach revealed that these groups are not dominated by
well-studied isolates or type species as only 10% of all
metatranscriptomic sequences mapped on reference genomes.
Therefore, in situ experiments employing available isolates do
not necessarily reflect environmental conditions and, thus,
only provide limited information on the ecological role of the
studied isolates. However, mapping these reads on assembled
metagenomic and metatranscriptomic sequences led to an overall
mapping rate of more than 85% demonstrating the power of
this combined approach. The functional analysis performed
in this study provides insights into gene expression patterns
of the abundant community members. The high abundance
of the SAR92 clade, which is supposed to be involved in
polymer-degradation during and after the bloom, is attributed
to a higher stress tolerance indicated by the high number of
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heat shock expressed in the bloom. Although the number of
field studies targeting the active bacterial community either
by metatranscriptomic or metaproteomic approaches has been
increased over the past years, the complex dynamics of marine
environments are still largely unexplored. This study provides
a deep insight into structural and functional responses of the
bacterioplankton community toward a phytoplankton bloom.
Therefore, it paved the way for a better understanding of the
complex dynamics of marine bacteria and their interactions with
the surrounding environment.
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The hydrothermal vent system is a typical chemosynthetic ecosystem in which
microorganisms play essential roles in the geobiochemical cycling. Although it has
been well-recognized that the inorganic sulfur compounds are abundant and actively
converted through chemosynthetic pathways, the sulfur budget in a hydrothermal vent
is poorly characterized due to the complexity of microbial sulfur cycling resulting from the
numerous parties involved in the processes. In this study, we performed an integrated
metagenomic and metatranscriptomic analysis on a chimney sample from Guaymas
Basin to achieve a comprehensive study of each sulfur metabolic pathway and its
hosting microorganisms and constructed the microbial sulfur cycle that occurs in the
site. Our results clearly illustrated the stratified sulfur oxidation and sulfate reduction
at the chimney wall. Besides, sulfur metabolizing is closely interacting with carbon
cycles, especially the hydrocarbon degradation process in Guaymas Basin. This work
supports that the internal sulfur cycling is intensive and the net sulfur budget is low in
the hydrothermal ecosystem.

Keywords: hydrothermal vent, metagenomics, metatranscriptomics, sulfur cycle, carbon cycle

INTRODUCTION

Hydrothermal vents are often discovered in ocean ridges where hydrothermal fluid is emitted
after the hydrothermal circulation and alteration of seawater entrained through geothermally
heated subseafloor basalt (Von Damm, 1990). The deep-sea hydrothermal vent fluid is commonly
characterized by its high temperature, varied salinity, enriched metallic elements, and particularly
high contents of reduced chemicals, such as H,, CHy, and H,S (Jannasch and Mottl, 1985).
A thermodynamic non-equilibrium is created when the hydrothermal vent fluid encounters sea
water that is cold and at a rather high oxidative state, which allows various abiotic and biotic
reactions occur. Thus, the hydrothermal vent system is a typical chemosynthetic ecosystem in
which microorganisms play essential roles in the generation, consumption, and modification of
energy available in the environment (Reysenbach and Shock, 2002).
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In the hydrothermal vent ecosystem, almost all types of
inorganic sulfur compounds (e.g., $27,S, 50,27, SO,, $,0527,
and SO427) are abundant and actively converted through
chemosynthetic pathways to provide energy and thus sustain
the microbial population in the ecosystem (Nakagawa et al.,
2005). For example, in the Lost City hydrothermal field, the
dominant Thiomicrospira-like group, which consists of sulfur-
oxidizing chemolithoautotrophs, was observed in the carbonate
chimney (Brazelton and Baross, 2010). In the Lau Basin
hydrothermal vent field, sulfur-oxidizing Alphaproteobacteria,
Gammaproteobacteria, and Epsilonproteobacteria have been
suggested to be dominant in the exterior chimney, whereas
putative sulfur-reducing Deltaproteobacteria are dominant in the
interior of the chimney (Sylvan et al., 2013). In the Guaymas
Basin hydrothermal vent field, sulfate-reducing microorganisms,
e.g., Desulfobacterales, have been detected and are hypothesized
to be involved in the anaerobic methane-oxidation process
(Biddle et al., 2012). Moreover, the sulfur cycling is alternated
by the chemical reactions that occur during the emitting and
growth of the hydrothermal vent. Reduced sulfur compounds
are extremely sensitive to oxidants and easily precipitated with
metal ions to form chimney or nodule structures (Orcutt et al.,
2011). Moreover, shifts in temperature and fluid composition
have been observed during the life span of a hydrothermal
vent. For example, at 9°N East Pacific Rise, Bio9 vent fluids
were 368°C in 1991, increased to an estimated temperature
greater than or equal to 388°C after a second volcanic
event in 1992, and thereafter declined over the next similar
to 2 years reaching a temperature of 365°C in December
1993 (Fornari et al, 1998). The hydrogen concentration
in the hydrothermal plum in the NE Lau Basin dropped
from 14843 nM in 2008 to 4410 nM in 2010 then further
to 7 nM in 2012 (Baumberger et al, 2014). As a result,
environmental fluctuations may be induced between sulfate-
and sulfur-reducing archaea and contribute to the diverse
roles of these microorganisms in the ecosystem (Teske et al.,
2014). Therefore, a better understanding of sulfur cycling is
essential for describing the geobiochemistry and providing
hints to identify the life status of a hydrothermal vent
ecosystem.

Due to the complexity of microbial sulfur cycling resulting
from the numerous parties involved in the process, the
sulfur budget in a hydrothermal vent is poorly characterized.
To date, most studies have focused on the abundance
and diversity of sulfur oxidizers and sulfate reducers in
environmental samples through a metagenomic approach
(Nakagawa et al., 2005). The exception is the study conducted by
Anantharaman et al. (2013), who combined metatranscriptomic
and metagenomic analyses of a hydrothermal plume sample
and demonstrated the novel metabolic potentials of the SUP05
group of uncultured sulfur-oxidizing Gammaproteobacteria.
However, this finding is based on the near-complete genomes
of two SUPO5 populations, and the information is restricted
to this particular group of sulfur oxidizers (Anantharaman
et al., 2013). The in-depth mining of the metatranscriptomic
data remains too scarce to allow construction of the entire
sulfur cycle and thus further illustrate the interactions of

this process with the biological cycling of C, N, and O
elements.

The Guaymas Basin in the Gulf of California is a young
marginal rift basin characterized by the active hot venting
of reduced sulfur compounds and the rapid deposition of
organic-rich sediments. These features make the sulfur cycle
in this ecosystem particularly intensive and closely interact
with the carbon cycle, including hydrocarbon degradation
(Bergmann et al, 2011). Thus, this sampling site is ideal
for illustrating all of the possible microbial sulfur metabolic
pathways and to evaluate the maximal biomass contribution
of sulfur-metabolizing microorganism to the hydrothermal
vent ecosystem. In this study, we performed an integrated
metagenomic and metatranscriptomic analysis on a chimney
sample from Guaymas Basin to achieve a comprehensive study
of each sulfur metabolic pathway and its hosting microorganisms
and constructed the microbial sulfur cycle that occurs in the
site.

RESULTS

Composition of the Microbial Community

The composition and function of this microbial community
were assessed at both the DNA and RNA levels to estimate the
community metabolic potential and activity, respectively. The
metagenome and metatranscriptome sequencing resulted in
199,903,215 and 1,885,022,958 bp clean sequences, respectively
(Table 1). The metagenome raw reads were assembled into 49,055
contigs with an average length of 544 bp. In total, 5,417,253
reads (26.2%) from the metatranscriptome were mapped onto
metagenomic contigs for quantification of the gene transcripts.
222 and 690,059 16S rRNA gene fragments were identified
from the metagenome and metatranscriptome, respectively.
The class-level taxonomic compositions of the metagenome
and metatranscriptome revealed obvious differences in the
presence and the activity of microbes in this community
(Table 1). At the DNA level (Figure 1A), Archaeoglobi were
found to be the most abundant, with 24.0% of the sequences
assigned, and followed by Deltaproteobacteria (23.6%) and

TABLE 1 | Summary of the metagenome and metatranscriptome.

Metagenome Metatranscriptome
Size of raw reads (bp) 199,903,215 1,885,022,958
Total no. of raw reads 512,830 20,714,538
Size of assembled contigs (bp) 26,703,275 -
Total assembled contigs 49,055 -
Average contig length (bp) 544 -
Average GC content of assembled 43
contigs (%)
Total no. of genes encoding in the 53,034 -
contigs
Total no. of metatranscriptomic reads - 5,417,253
mapped to the metagenome
Total no. of 16S rRNA sequences 222 690,059
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Epsilonproteobacteria (11.3%). At the RNA level (Figure 1B), the
same dominant groups were found: Deltaproteobacteria (31.8%),
Archaeoglobi (13.3%), and Epsilonproteobacteria (12.8%). As
reported previously (He et al, 2013), 53,034 gene features
were predicted and then followed by manual examination
and 19,491 gene features (36.8%) were considered to have

expressions determined by transcriptomic reads mapping (see
Materials and Methods). A total of 8929 (45.3%) and 4628
(23.7%) of all of the expressed genes were assigned (based
on the BLAST results as described in Section “Materials and
Methods”) to Bacteria and Archaea, respectively, and the
remaining sequences were not assigned to any category. Among
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the 13,557 expressed genes with taxonomic information,
2135 (15.7%) were from the highly abundant Archaeoglobi,
which is consistent with the results from the 16S rRNA
gene analysis. Although the assignment of bacterial genes
could not be resolved well at the family level, the dominance
of Deltaproteobacteria and Epsilonproteobacteria was still
observed. As the archaeal cells typically have fewer copies of the
16S rRNA gene compared with bacterial cells, the proportion
of active Archaeoglobi in this community was underestimated.
Nevertheless, the predominant active players in this microbial
community were Deltaproteobacteria, Archaeoglobi, and
Epsilonproteobacteria.

The de novo assembly of metagenomic reads and binning
by tetranucleotide signatures (Dick et al., 2009) identified three
genomic bins (Supplementary Figure S1 and Supplementary
Table S1). These three bins (herewith denoted bin20, bin21,
and bin22) were assigned based on their phylogenomic
marker genes to Desulfobacteraceae, Desulfovibrionales and
Archaeoglobus. The identified genes in the obtained bins
ranged from 486 to 1224. The genome completeness was
estimated to range from ~10 to 34%, based on single-
copy gene estimation (Supplementary Table S1). These three
genomic bins will improve the taxonomic assignment of
the expressed genes and the reconstruction of the metabolic
pathways.

Sulfur Metabolism

The genes involved in the oxidation of reduced sulfur (ORS)
are sulfide quinone oxidoreductase (sqr), which mediates the
oxidation of sulfide (HS™) to elemental sulfur (S°), the Sox
enzyme complex (soxABXYZ), which is responsible for the
oxidation of thiosulfate (S;0327) to elemental sulfur, the
reverse dissimilatory sulfite reductase complex (rdsr), which
is responsible for the oxidation of elemental sulfur to sulfite
(80327), and adenosine 5'-phosphosulfate reductase (apr) and
sulfate adenylyltransferase (sat) for oxidation of sulfite to
sulfate (SO427; Anantharaman et al., 2013). Conversely, the
genes associated with the dissimilatory sulfate reduction (DSR)
pathway (Fritz et al., 2002) are sat, apr, and sulfite reductase
(dsr). The repertoire of genes associated with the ORS and
DSR pathways were found to be expressed in this community
(Table 2). Both apr and dsr were found at high expression
levels in bin21 and bin22, confirming their active presence in
SRB and Archaeoglobus. The sqr gene, key gene in the ORS
pathway, is found present and active in Epsilonproteobacteria,
of which the most highly expressed representative was classified
into Sulfurimonas (Figure 2) that is one of the most abundant
sulfur-oxidizing bacteria found in hydrothermal vent chimneys
(Cao et al, 2014). The sox genes were not identified in
either the metagenome or metatranscriptome (Table 2). In
Epsilonproteobacteria, the proposed microorganism in the
present study to perform the ORS pathway, sat gene was found to
exhibit high and medium expression levels (Table 2). However,
either aprAB or dsrAB was identified in the metagenome
or metatranscriptome. This finding may be due to the fact
that the 454-based metagenomes are still with low coverage
and unable to present all the important functional genes. In

TABLE 2 | Genes identified in the sulfur metabolic pathway in the microbial community.

Archaeoglobales Epsilonproteobacteria

Deltaproteobacteria
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FIGURE 2 | Maximum likelihood phylogenetic tree of the sqr genes.
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shown at the nodes. The genes identified in this study are highlighted with
black dots. Numbers of genomes in each collapsed clade are displayed
before the clade name.

Deltaproteobacteria and Archaeoglobales, which were proposed
to conduct the DSR pathway in this study, aprAB and dsrA
genes were found to be highly expressed in both of these two
taxonomic groups, whereas sat and dsrB genes were found
only in Deltaproteobacteria. The phylogenies of aprA and
dsrA further confirmed their assignment to Deltaproteobacteria
(Supplementary Figures S2A,B). In a previous study, the
aprA with the highest abundance was assigned to the genus
Desulfobulbus (Cao et al, 2014). In our study, the aprA
gene with the highest expression was assigned to Desulfovibrio
(Supplementary Figure S2A). To summarize, the taxonomic
assignment and expression of key genes in the sulfur cycle suggest
that both the ORS and DSR pathways are highly active in this
oil-immersed microbial community, and the energy generated by
the sulfur metabolism supports the dominant and active group
(Figure 3).

Because there are no metatranscriptome published
for any hydrothermal vent chimneys, we compared the
expression patterns of the sulfur-metabolizing genes in this
metatranscriptome to those in the available metatranscriptome
of a plum sample that was also collected from Guaymas
Basin (Lesniewski et al., 2012). As shown in Figure 4,
sulfur metabolizing (including oxidation and reduction)
genes were among the most abundant genes found in
the metatranscriptome, and a significant difference (p-
value < 0.001) in the expression profiles of sulfur metabolizing
genes was observed between the chimney and the plume
metatranscriptome. Therefore, the sulfur-metabolizing genes
were highly abundant and expressed in this GB chimney sample,
and displayed significantly higher expression pattern than

those of a hydrothermal vent plume sample from Guaymas
Basin.

Carbon Metabolism

In this study, the complete WL pathway was identified in
Archaeoglobales with high expression levels (Supplementary
Table S2). The CBB cycle was not identified. The genes involved
in the complete rTCA cycle were found to be actively present
in both Deltaproteobacteria and Epsilonproteobacteria that
dominated this chimney microbial community (Table 3). The
key gene in the rTCA cycle, ATP-citrate lyase (acl), identified
in this study to exhibit the highest expression was from
Epsilonproteobacteria and exhibited the highest similarity to
Sulfurovum, a novel sulfur-, nitrate-, and thiosulfate-reducing
and strictly anaerobic chemolithoautotroph bacterium isolated
from a deep-sea hydrothermal vent chimney at the Central
Indian Ridge (Mino et al, 2014). In this study, the key
enzyme for the utilization of acetate, acetyl-CoA synthetase
(acd/acs), was found to be expressed and was assigned to
sulfate-reducing bacteria (SRB; bin21 as shown in Table 3).
In addition, the rTCA cycle and WL pathway were found to
be the main pathways for carbon fixation by the dominant
Bacteria and Archaea, respectively. This result suggests that,
in combination with sulfur metabolism, autotrophic carbon
fixation may play an important role in the survival and
dominance of these species in the community. Moreover, as
shown in Supplementary Table S3, genes involved in the
flagellar assembly process were found to be actively present
in Desulfovibrionales (bin21). The active role of the flagellar
system in SRB may facilitate the movement toward electron
donors and nutrients that occurs under the highly fluctuating
conditions resulting from eruptions of hydrothermal vents.
SRB have been reported to have the potential to anaerobically
oxidize diverse hydrocarbons, such as alkanes, in Guaymas Basin
sediments and chimney samples (Rueter et al., 1994). In this
study, the activity and expression level of the presumably key
gene in fumarate addition, a process through which alkanes
are added to the double bond of fumarate based on the
activity of alkylsuccinate synthase (ass), was checked. The ass
genes were found to be highly active in this community, as
determined through their expression level, and the most highly
expressed hits were from Desulfoglaeba alkanexedens (Agrawal
and Gieg, 2013), a typical sulfate-reducing and alkane-oxidizing
bacterium (Supplementary Table S4). Moreover, the enzymes
required for the degradation of a variety of organic compounds,
such as hydrocarbons, fatty acids, chitins and proteins, have
been detected in both the metagenome and metatranscriptome
(Supplementary Table S5). Despite their important roles in
carbon and global sulfur cycle, the energy metabolism of
SRB remains poorly understood. After taxonomic assignment
(see Materials and Methods), cyctochrome ¢ (cytC), formate
dehydrogenase (fdh), F-type ATPase (atp), NADH-quinone
oxidoreductase (nuo), electron transport complex protein (rnf)
and hydrogenases, such as Ni/Fe-hydrogenase I (hyaAB) and
hydrogenase nickel incorporation and accessory protein (hypA
and hypB), were found with expressions and assigned to SRB
(Supplementary Table S6). The presence of hydrogenases and fdh
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abundance of the gene transcripts was normalized to the length of the gene fragment and the total number of all of the transcripts.

may suggest that H, or formate and play important roles in the closely interacted with the carbon cycle, including carbon fixation
flow of electrons during sulfate reduction. As shown above, the and hydrocarbon degradation, to sustain the primary production
sulfur cycle in this community was particularly intensive and in this ecosystem.
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TABLE 3 | Genes identified in the rTCA pathway in Delta- and Epsilonproteobacteria species.

Gene name Abbrevations Assigned taxonomy* FPKM*
Bin BLAST
Malate dehydrogenase mdh - Bacteria 424.81
Fumarate hydratase subunit alpha fumA bin21 Desulfovibrionales 355.77
Fumarate hydratase subunit beta fumB - Bacteria 135.08
Fumarate hydratase, class Il fumC - Bacteria 0.00
Fumarate reductase, flavoprotein subunit frdA - Desulfovibrionales 1242.93
Fumarate reductase, iron-sulfur subunit frdB - Epsilonproteobacteria 7.09
Succinyl-CoA synthetase sucC Bacteria 57.34
Succinyl-CoA synthetase alpha subunit sucD - Desulfobacterales 724.00
2-Oxoglutarate ferredoxin oxidoreductase subunit alpha korA - Deltaproteobacteria 65.56
2-Oxoglutarate ferredoxin oxidoreductase subunit beta korB - Epsilonproteobacteria 232.91
2-Oxoglutarate ferredoxin oxidoreductase subunit delta korD - - -
2-Oxoglutarate ferredoxin oxidoreductase subunit gamma korC - Bacteria 71.01
Isocitrate dehydrogenase icdA - Bacteria 93.51
Isocitrate dehydrogenase (NAD+) IDH3 - Bacteria 0.00
2-Methylisocitrate dehydratase acnB - Proteobacteria 20.34
Aconitate hydratase acnA bin21 Desulfovibrionales 69.50
Aconitate hydratase 2 acnB - Proteobacteria 20.34
ATP-citrate lyase alpha-subunit aclA - Epsilonproteobacteria 238.10
ATP-citrate lyase beta-subunit aclB - - —
Pyruvate ferredoxin oxidoreductase alpha subunit POrA - Epsilonproteobacteria 9.90
Pyruvate ferredoxin oxidoreductase beta subunit porB - Bacteria 59.23
Pyruvate ferredoxin oxidoreductase delta subunit porD - Bacteria 2.66
Pyruvate ferredoxin oxidoreductase gamma subunit porG - Epsilonproteobacteria 44.25
ADP-forming acetyl-CoA synthetase acd bin21 - 136.79
Acetate kinase ack - Thermotogaceae 22.44
Phosphate acetyltransferase pta - Caldiisericaceae 21.14
424.81

*The taxonomy assignments were determined by two methods, as described in Section “Materials and Methods.” The binning index is explained in Supplementary

Table S1. #FPKM is based on the maximal expression value of the annotated genes.

Nitrogen Metabolism

The key genes involved in the nitrogen metabolism were
found, and some of these were found to be actively expressed
(Table 4). Many Bacteria and Archaea have the potential to
perform denitrification (Philippot, 2002), and numerous organic
and inorganic compounds can be used as electron donors for
denitrification. The genes involved in denitrification, including
nar (nitrate reductase), nap (nitrate reductase), nir (nitrite
reductase), nor (nitric oxide reductase) and nosZ, were found
to be present in the metagenome. The narG gene was assigned
to Beggiatoa, a nitrate-respiring and sulfide-oxidizing bacterium
that has been found to dominate microbial mats in hydrothermal
sediments in the Guaymas Basin (Winkel et al., 2014). nar] was
found to be expressed in Alteromonadales, whereas napA and
napB were found to be expressed in Epsilonproteobacteria. To
summarize, a complete set of denitrification genes were found in
the bacterial community of the chimney, though some of them
were found at low expression levels (Table 4). Based on this
observation, we propose that nitrogen denitrification present in
this community is most likely mediated by Gammaproteobacteria
and Epsilonproteobacteria, with electrons generated by the ORS
pathway.

DISCUSSION

Since the discovery of the deep-sea hydrothermal ecosystem in
1977, it has been proposed that hydrogen sulfide-oxidizing
chemoautotrophs may potentially sustain the primary
production in these ecosystems (Kvenvolden et al, 1995),
where hydrogen sulfide or sulfide is primarily supplied via
the high temperatures of seawater-rock interactions in the
subseafloor hydrothermal reaction zones (Jannasch and Mottl,
1985). The chemical and microbial oxidation and reduction
reactions of sulfur compounds probably establish the overall
sulfur metabolism in the ecosystem (Yamamoto and Takai,
2011). There is no doubt that the sulfur cycle is one of the
most important microbial chemosynthetic pathways in the
microbial habitats of hydrothermal vents, but few studies
have attempted to characterize the process, particularly at the
function and activity levels. To date, the mechanism through
which a microbial community in hydrothermal fields can be
fueled by sulfate metabolism remains unclear. In particular,
metagenomic approaches have not been widely applied in
studies of energy generation by the microbial sulfur cycle in
hydrothermal systems. In this study, a combined metagenomic
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TABLE 4 | Genes identified in the nitrogen metabolic pathway in the
microbial community.

Gene name Abbrevations Assigned taxonomy* FPKM*

Bin BLAST

Nitrate
reductase
alpha subunit
Nitrate
reductase beta
subunit

narG - Thiotrichales 49.68

narH - - 2360.80

Nitrate narl - Bacteria 380.02
reductase

gamma subunit
Nitrate
reductase delta
subunit

narJ - Alteromonadales 717

Periplasmic 98.48
nitrate
reductase
NapA
Cytochrome
c-type protein
NapB

Nitrite
reductase
(NO-forming)
Nitrite nirS - - —
reductase
(NO-forming)
Nitric oxide
reductase
subunit B

napA - Epsilonproteobacteria

napB - Epsilonproteobacteria 4.68

nirk - - -

norB - Epsilonproteobacteria 0.00

Nitric oxide norC - - __
reductase

subunit C

Nitrous-oxide
reductase

nosZ - Proteobacteria 284.50

*The taxonomy assignments were determined by two methods, as described in
Section “Materials and Methods.” The binning index is explained in Supplementary
Table S1. #FPKM is based on the maximal expression value of the annotated
genes.

and metatranscriptomic study of a chimney in the Guaymas
Basin provides insight into the complete sulfur cycle based on
the results from not only the genomic but also the expression
analysis, the combination of which has not been previously
used for the analysis of a deep-sea hydrothermal vent chimney
sample.

The accumulation of hydrogen sulfides at the outer chimney
promoted the coupling of sulfide oxidation to the electron
acceptors present in the nearby marine water, including
oxygen and nitrate, as supported by the retrieval of the
functional and expressed genes described herein (Tables 2-4
and Figure 3). These findings suggest that the coupling
between sulfur oxidation and denitrification may fuel some
N-metabolizing microorganisms at the sulfide-enriched outer
chimney. As proposed in this study, the microorganisms involved
in this process were Epsilonproteobacteria as the sulfur-oxidizing
bacteria, and Gammaproteobacteria and Epsilonproteobacteria

as potential denitrifiers. The other sulfur-metabolizing group,
namely sulfate-reducing prokaryotes, may use hydrogen and/or
dissolved organic matter as electron donors, as hydrogenases
and key genes for the degradation of organic compounds have
been identified in this study (Supplementary Tables S5 and
S6).

Carbon fixation pathways other than the Calvin-Benson-
Bassham (CBB) cycle have been found to exhibit a notable
contribution to carbon fixation, mostly at deep-sea hydrothermal
vents (Campbell and Cary, 2004). The rTCA cycle was
found to be highly expressed in the dominant Delta- and
Epsilonproteobacteria. The key enzyme for the utilization of
acetate was also identified to be expressed in this study
(Table 3). Generally, the rTCA cycle appears to be dominant
in habitats with a temperature ranging from 20 to 90°C,
whereas the CBB cycle and the Wood-Ljungdahl (WL) pathway
may be the principal pathways at temperatures lower than
20°C and greater than 90°C, respectively (Hugler and Sievert,
2011). In the present sample, the CBB cycle was not found
present, which is consistent with the fact that this sample
was collected from a high-temperature condition (He et al,
2013). In addition, the enzymes for the degradation of a
variety of organic compounds, such as hydrocarbons, fatty acids,
chitins and proteins, have been detected at both DNA and
RNA level (Supplementary Table S5). Together, all of these
organic compounds may be the carbon source for this microbial
community.

In this scenario, both autotrophic and heterotrophic SRB
could inhabit the inner chimney (Figure 3), where sulfate
reduction is coupled to carbon fixation and hydrocarbon
oxidation. Based on the expression levels of key genes in rTCA
(Table 3) and alkane degradation (Supplementary Table S4),
hydrocarbon degradation might contribute substantially to the
linking of S and C cycle at inner layer chimney. In another
word, heterotrophic SRB, commonly found at vent systems,
may be the major player in coordinating and influencing the S
and C cycle. Compared the expression of key genes in sulfur
metabolizing and the rest processes (Figure 4), the reduced sulfur
would be quickly and intensively oxidized to fuel the community,
where sulfate-reducing microbes were found dominated. The
composition of the sulfate-reducing community was determined
by the way that microbes perform carbon metabolism. In
our sample, heterotrophic SRB was found prevalent with
their capabilities in hydrocarbon degradation. This finding
may improve our understanding on the structure, function,
and interaction within microbial community in hydrothermal
vent.

Meta-omics based approaches have the advantages in studying
the entire microbial community without pure cultures or
prior knowledge on the sample. Functional omics approaches,
such as transcriptome and proteome, could further confirm
the metabolic potential at the active level. More efforts will
be spent on quantification and comparison of these function
omics datasets. Together with in situ carbon stable isotope
measurement, and lipid type and diversity analysis, the activity,
rate and interaction of key process in a given environmental
condition could be accessed and estimated.
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MATERIALS AND METHODS

Sample Collection and Processing

The sample 4558-6 under investigation was collected from the
outer layer of a black-smoker chimney in the Guaymas Basin
and was previously described through a metagenome-based study
(He et al., 2013). The sample was fixed with RNAlater (Sigma-
Aldrich, Munich, Germany) and stored at —80°C prior to DNA
and RNA extraction. DNA isolation was conducted as described
previously (Wang et al., 2013). Metagenome pyrosequencing was
performed using a 454 Life Sciences GS FLX system with a
practical limit of 400 bp. RNA was isolated with a RNA isolation
kit (Omega Bio-Tek, Doraville, GA, USA) following the user’s
manual provided by the manufacturer. RNA samples were treated
with DNAse (Thermo) for 45 min at 37°C, and then used as a
template for PCR to detect undigested DNA. The mRNA fraction
was enriched through the enzymatic digestion of rRNA molecules
(mRNA-ONLY Prokaryotic mRNA Isolation kit, Epicentre
Biotechnologies, Madison, WI, USA) followed by the subtractive
hybridization of rRNA with capture oligonucleotides (Ambion
MICROBExpress kit, Life Technologies, Gaithersburg, MD,
USA). The mRNA isolates were first amplified (MessageAmp
II-Bacteria kit, Ambion, Life Technologies) and then reversely
transcribed into complementary DNA. Afterward, the cDNA was
directly sequenced using the Illumina (BGI-Shenzhen, China)
Hiseq2000 platform (290 bp pair-end) for metatranscriptome
analysis.

Metagenome Assembly and Annotation

The reads obtained through metagenome sequencing were
assembled and annotated as previously described (He et al.,
2013). Briefly, low quality sequencing reads were trimmed in
Geneious 6.04 (Biomatters Ltd.) and technical replicates were
removed with cd-hit (at 96% sequence identity; Fu et al., 2012).
After removing short reads (<100 bp), the remaining reads
were assembled with Velvet (Zerbino and Birney, 2008). Coding
regions of the metagenomic assembly were predicted using
FragGeneScan (Rho et al.,, 2010) and then BLASTed (Altschul
etal, 1997; le™?) against an NCBI non-redundant (NR) protein
database. The 16S rRNA genes were picked using Sortmerna
and BLASTed against GreenGene database (e-value < le™?)
respectively. For functional annotation, sequences with matches
to the COG (Tatusov et al., 2003), Pfam (Finn et al., 2014), and
KEGG (Ogata et al., 1999) databases were retrieved to establish
the functional categories and reconstruct the metabolic pathways.
The genes of interest, such as transposases, were subjected
to manual checkup, and spurious annotations (putative, like-,
similar to) were excluded from further analysis.

Taxonomic Assignment

Two different methods were applied to assess the taxonomic
information. First, the assembled metagenomic sequences
was binned using the tetranucleotide frequencies in emergent
self-organizing maps (ESOMs; Dick et al, 2009) with a
window size of 8 kbp, a sliding window size of 4 kbp, and
the minimum fragment size of 2 kbp. Complete genomic

sequences of 20 species were used as references (designated
as binl1-20), these microorganism were listed as following:
Acinetobacter pittii ANC 4052, Alteromonas macleodii str. ‘Deep
ecotype, Candidatus Pelagibacter ubique HTCC1062, uncultured
marine crenarchaeote E37-7F, Marine group II euryarchaeote
SCGC AAA288-C18, Marine Group II euryarchaeote SCGC
AB-629-J06, uncultured marine group II euryarchaeote
(marine metagenome), Marine Group III euryarchaeote
SCGC AAA007-O11, Marine Group III euryarchaeote SCGC
AAA288-E19, Marinobacter nanhaiticus D15-8W, Methylobacter
tundripaludum SV96, Methylophaga aminisulfidivorans MP,
Methylotenera mobilis JLW8, Nitrosopumilus maritimus SCM1,
Candidatus Nitrospira defluvii, Planctopirus limnophila DSM
3776, Pseudomonas denitrificans ATCC 13867, Candidatus
Ruthia magnifica str. Cm (Calyptogena magnifica), SAR324
cluster bacterium SCGC AAA240-J09 and SARS86 cluster
bacterium SARS86E. After binning, the completeness and
taxonomic classification of the genomes within bins were then
estimated by counting and BLASTing universal single-copy
genes as previously described (Rinke et al., 2013). Alternatively,
each predicted sequence feature in the metagenome and
metatranscriptome was assigned to a certain taxon if at least 75%
of the BLAST hits of this query were from that specific taxon.
A BLAST search of all of the reads against the non-redundant
protein database in NR was performed. All of the hits obtained
from the BLAST searches were retained, and their taxonomic
affiliations were determined using MEGAN (Huson et al., 2007)
with bit-score values of 100. The taxonomic compositions of
each predicted gene feature was then visualized using MEGAN.

Metatranscriptome Mapping and

Transcript Quantification

The raw shotgun sequencing metatranscriptomic reads obtained
by Illumina pair-end sequencing were dereplicated (100%
identity over 100% lengths) and trimmed using sickle'. The
dereplicated, trimmed, and paired-end Illumina reads were
then mapped to the metagenome using Bowtie (Langmead and
Salzberg, 2012) with the default parameters. The unique mapped
reads were selected, and FPKM (expected fragments per kilobase
of transcript per million fragments mapped) was used to estimate
the expression level of each gene using a script downloaded from
GitHub’.

Estimation of the Completeness of

Genomic Bins

The complete genome sizes of the genomic bins were estimated
based on an analysis of conserved single-copy genes (CSCGs)
as described by Lloyd et al. (2013). In total, we were able to
collect 162 and 139 universal CSCGs for the archaea and bacteria
genomes, as in the previous study (Rinke et al., 2013). The ratios
between the numbers of CSCGs present in the metagenome and
the number of total CSCGs were then used to estimate the size of
each genome bin.

Thttps://github.com/najoshi/sickle
Zhttps://github.com/minillinim/sam2FPKG
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Comparative Analysis

The expression patterns of the sulfur-metabolizing genes
in this metatranscriptome were compared to those in
the metatranscriptome of a plum sample from Guaymas
Basin (Lesniewski et al., 2012). Comparisons between two
metatranscriptomes were conducted using the Mann-Whitney
U-test. The gene expression profiles were compared between two
samples using the normalized rank from 0 to 1 in each respective
sample as the input. A difference was considered significant if the
p-value was lower than 0.001.

Construction of a Phylogenetic Tree

The predicted sequence features were checked across multiple
annotation databases and then aligned with ClustalW (Larkin
et al,, 2007), and any gaps were removed manually. To construct
functional gene phylogenies, the aligned sequences were analyzed
by maximum likelihood-based FastTree (Price et al., 2010) using
the Jones-Taylor-Thornton (JTT) with CAT approximation.

Metabolic Pathway Identification

The gene products were searched for similarity against the KEGG
database. A match was counted if the similarity search resulted
in an expectation e-value below le~>. All of the occurring KO
(KEGG Orthology) numbers were mapped against the KEGG
pathway functional hierarchies and the COG database. For genes
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Biostimulation with different nitrogen sources is often regarded as a strategy of choice
in combating oil spills in marine environments. Such environments are typically depleted
in nitrogen, therefore limiting the balanced microbial utilization of carbon-rich petroleum
constituents. It is fundamental, yet only scarcely accounted for, to analyze the catabolic
consequences of application of biostimulants. Here, we examined such alterations
in enrichment microcosms using sediments from chronically crude oil-contaminated
marine sediment at Ancona harbor (ltaly) amended with natural fertilizer, uric acid
(UA), or ammonium (AMM). We applied the web-based AromaDeg resource using
as query lllumina HiSeq meta-sequences (UA: 27,893 open reading frames; AMM:
32,180) to identify potential catabolic differences. A total of 45 (for UA) and 65 (AMM)
gene sequences encoding key catabolic enzymes matched AromaDeg, and their
participation in aromatic degradation reactions could be unambiguously suggested.
Genomic signatures for the degradation of aromatics such as 2-chlorobenzoate,
indole-3-acetate, biphenyl, gentisate, quinoline and phenanthrene were common
for both microcosms. However, those for the degradation of orcinol, ibuprofen,
phenylpropionate, homoprotocatechuate and benzene (in UA) and 4-aminobenzene-
sulfonate, p-cumate, dibenzofuran and phthalate (in AMM), were selectively enriched.
Experimental validation was conducted and good agreement with predictions was
observed. This suggests certain discrepancies in action of these biostimulants on the
genomic content of the initial microbial community for the catabolism of petroleum
constituents or aromatics pollutants. In both cases, the emerging microbial communities
were phylogenetically highly similar and were composed by very same proteobacterial
families. However, examination of taxonomic assignments further revealed different
catabolic pathway organization at the organismal level, which should be considered
for designing oil spill mitigation strategies in the sea.

Keywords: ammonium, biostimulation, crude oil degradation, enrichment, Mediterranean Sea, metagenomics,
microcosm, uric acid
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INTRODUCTION

Oil pollution still is a global problem (Yakimov et al., 2007;
Bargielaetal., 2015). At present, in many sea regions containment
and recovery of oil using booms and skimmers is the method of
choice for oil spill first responders (Walther, 2014). Especially
in the open sea, the use of dispersants in combination with
biostimulation and bioaugmentation agents based on non-toxic,
natural low cost formulations, is encouraged, although the
majority of tests have been performed at lab-scale (Das and
Chandran, 2010; Nikolopoulou and Kalogerakis, 2010; Alvarez
etal,, 2011; Nikolopoulou et al., 2013). In marine systems, the low
concentration of nitrogen, phosphorous, and oxygen, together
with their low bioavailability are main factors limiting the
degradation of carbon-rich hydrophobic compounds (Howarth
and Marino, 2006; Venosa et al., 2010; Ly et al., 2014). Attempts
have been made to use different nitrogen sources to promote
the growth and selection of different microbial strains with
greater catabolic capacity for combating oil spills compared to
natural attenuation (Teramoto et al., 2009; Venosa et al., 2010).
However, crude oil biodegradation requires about 0.04 g of
nitrogen per gram of oil (Atlas, 1981) which makes the choice
of nitrogen source pivotal for the whole treatment. Recent data
highlighted the possible link between N cycling processes and
hydrocarbon degradation in marine sediments (Scott etal., 2014).
Therefore, it is essential to select appropriated N-containing
biostimulants.

The sources of nitrogen for the degradation tests — mostly
performed at lab-scale and in minor occasions at field-scale —
included nitrate, ammonium (AMM), urea, uric acid (UA),
amino acids and the hydrophobic substance lecithin (Garcia-
Blanco et al.,, 2007; Li et al., 2007; Martinez-Pascual et al., 2010;
Venosa et al., 2010; Nikolopoulou et al., 2013; Mohseni-Bandpi
et al,, 2014). Slow-release nitrogen (AMM-based) fertilizers have
also been successfully used for growth stimulation in microbial
oil remediation (Miyasaka et al., 2006; Teramoto et al., 2009;
Reis et al., 2013). However, AMM has been proved ineffective
in treatment of real oil spill due to co-precipitation with
phosphates in seawater. In a recent study, we have shown that
biodegradable natural fertilizers like UA can be used as cost-
efficient biostimulant for enhancing bacterial growth in polluted
sediments (Gertler et al, 2015). Each nitrogen source has its
advantages and disadvantages, yet overall results have shown
that the microbial populations were initially different from those
found in the absence of biostimulants and that the degradation
efficiency generally increased. It is therefore critical to establish
how the whole microbial biodegradation network is affected
and whether different pollutants are preferentially degraded as a
consequence of amendments of biostimulants.

In an early work using the recently developed AromaDeg
analysis (Duarte et al., 2014) and a meta-network graphical
approach, we reconstructed the catabolic networks associated
to microbial communities in a number of chronically polluted
sites (Bargiela et al, 2015). The approach focuses on the
usage of metagenomic data, which directly leads to a network
that included catabolic reactions associated to genes encoding
enzymes annotated in the genomes of the community organisms.

We found key catabolic variations associated to changes in
community structure and environmental constraints (Bargiela
et al., 2015). In this work, this approach was applied to draft
the catabolic networks of two different enrichment microcosms
set up with sediments from chronically crude oil-contaminated
marine sediments from Ancona harbor (Italy) and the natural
fertilizer UA or AMM as nitrogen sources (Gertler et al., 2015).
Ancona harbor is very close to the urban area and hosts a
multi-purpose port receiving cruise liners, passenger ferries,
commercial liners and fishing boats. A minor part of the related
airborne pollutants is due to the vessels calling at the port while
the main contribution comes from road traffic and other human
activities. Furthermore, sediments in Ancona harbor are heavily
contaminated due to its role as a major ferry terminal and
industrial port on the Adriatic Sea. We hypothesize that the
microbial community shifts previously observed after addition of
UA and AMM (Gertler et al., 2015) may have an influence in the
selection of certain catabolic pathways. Potential protein-coding
genes (>20 amino acids long) obtained by direct Illumina HiSeq
sequencing of DNA material of the corresponding microcosms
(Gertler et al., 2015) constituted the input information in our
study.

MATERIALS AND METHODS

Study Site, Microcosm Set-up and

Sequence Accession Numbers

The starting point of this study were the meta-sequences
previously obtained by direct sequencing from two microcosm
sets created using sediment samples from the harbor of
Ancona (Italy; 43°37'N, 13°30'15”E), as described previously
(Gertler et al., 2015). Both microcosm setups were identical
in size, composition, incubation, sampling regime and nutrient
concentration with exception of the type of nitrogen source
applied. Either AMM or UA were supplied in equimolar amounts
of nitrogen. Briefly, one-liter Erlenmeyer flasks (duplicates) were
filled with 150 g of sand (Sigma-Aldrich, St. Louis, MO, USA),
sterilized and spiked with 10 mL of sterile filtered Arabian
light crude oil. One gram of sediment from the sampling site
was mixed into the oil-spiked sand as the inoculum. Three
hundred milliliters of modified ONR7a medium (Dyksterhouse
et al., 1995) (omitting AMM chloride and disodium hydrogen
phosphate) was added. We added 5 mL of Arabian light crude
oil, which based upon average literature values for density and
molecular weight equals about 300 mM of C (Wang et al., 2003),
5 mM of NH4Cl and 0.5 mM of NayHPOy resulting in a molar
N/P ratio of approximately 10:1. For UA treatment microcosm,
0.21 g (1.25 mmol = 5 mmol N) of UA was provided as nitrogen
source while the AMM treatment microcosms were each supplied
with 2.5 mL of a2 M AMM chloride solution (5 mmol; pH 7.8).
Both treatments also contained 2.5 mL of a 0.2 M disodium
hydrogen phosphate solution (0.5 mmol; pH 7.8). Excess
amounts of crude oil were added to compensate for the 35%
carbon losses due to evaporation of volatile hydrocarbons over
the course of the experiment. Including losses due to evaporation,
the C/N/P ratio was approximately 400:10:1. Control treatments
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were set up: (i) a negative control contained only sterile sand and
ONR?7a; (ii) two further controls contained sand, ONR7a, crude
oil and either UA or AMM chloride solution but no sediment
sample; and (iii) one control contained oil, sterile sand, ONR7a
medium and a sediment sample, but no additional nitrogen
source or phosphorus source was provided. No significant growth
was detected under tested control conditions. Under the given
assay conditions, the utilization of UA as carbon source is
minimal, as the amount of carbon introduced by UA into
the microcosms was disproportionately low in contrast to the
residual carbon in the sediment and the carbon introduced in
form of oil. Briefly, we added 300 mmols of carbon in form of
oil and only 6.25 mmols of carbon in form of UA. In addition, the
molar ratio C/N in the system (between 10:1 and 40:1, depending
UA or AMM was added) implies there was excess of carbon in the
medium and thus the growth was limited by N.

The resulting microbial communities from microcosms were
destructively sampled after 21 days of incubation at 20°C, the
isolated DNA subjected to the paired-end sequencing (Illumina
HiSeq 2000) at Beijing Genomics Institute (BGI; China), and gene
calling performed as described (Gertler et al., 2015). Taxonomic
affiliations of potential protein-coding genes were predicted as
described previously (Guazzaroni et al., 2013; Bargiela et al,,
2015).

The meta-sequences are available at the National Center for
Biotechnology Information (NCBI) with the IDs PRJNA222664
[for MGS-ANC(UA)] and PRJNA222663 [for MGS-
ANC(AMM)]. The Whole Genome Shotgun projects are also
available at DDBJ/EMBL/GenBank under the accession numbers
AZIH00000000 [for MGS-ANC(UA)] and AZIK00000000 [for
MGS-ANC(AMM)]. All original non-chimeric 16S small subunit
rRNA hypervariable tag 454 sequences were archived at the EBI
European Read Archive under accession number PRJEB5322.
Note that the samples were named based on the code ‘MGS;,
which refers to MetaGenome Source, followed by a short name
indicating the origin of the sample and the nitrogen source, as
follows: MGS-ANC(AMM) (the harbor of Ancona and AMM
as nitrogen source); MGS-ANC(UA) (the harbor of Ancona and
UA as nitrogen source).

Biodegradation Network Reconstruction:
Scripts and Commands for Graphics

The web-based AromaDeg resource (Duarte et al., 2014) was
used for catabolic network reconstruction. AromaDeg is a
web-based resource with an up-to-date and manually curated
database that includes an associated query system which
exploits phylogenomic analysis of the degradation of aromatic
compounds. This database addresses systematic errors produced
by standard methods of protein function prediction by improving
the accuracy of functional classification of key genes, particularly
those encoding proteins of aromatic compounds’ degradation.
In brief, each query sequence from a genome or metagenome
[MGS-ANC(AMM) and MGS-ANC(UA), in this study] that
matches a given protein family of AromaDeg is associated with
an experimentally validated catabolic enzyme performing an
aromatic compound degradation reaction. Individual reactions,
and thus the corresponding substrate pollutants and intermediate

degradation products, can be linked to reconstruct catabolic
networks. We have recently designed an in-house script allowing
the automatic reconstruction of such networks in a graphical
format, which was used in present work. The script allows
visualization and comparison of the abundance levels of genes
encoding catabolic enzymes assigned to distinct degradation
reactions as well as substrates or intermediates possibly degraded
by distinct microbial communities. The complete workflow,
including the scripts and commands used for catabolic network
reconstruction has recently been reported (Bargiela et al,
2015).

Note that the sequence material used in the present
investigation for biodegradation network reconstruction was
based upon single biological microcosm replicate to preserve
maximum coverage and sequencing depth as well as for other
technical reasons, as described previously (Gertler et al., 2015).
For each of the metagenome datasets the rarefaction curves
of the observed species were estimated to analyze the species
sampling coverage, and found that the rarefaction curves indicate
closeness to saturation in each of the samples (Gertler et al,
2015). Therefore, with a single run of paired-end Illumina
sequencing we determined populations that really represent the
actual state of the microbial community in the microcosms and
that biases were not introduced due to differences in microbial
coverage. Whether or not more replicates may introduce some
differences in the present study was not examined. However,
because of the low standard deviation in the cultures (also
checked for the representativeness of the microcosm by 16S small
subunit rRNA hypervariable tag 454 sequences fingerprinting;
Gertler et al., 2015) and the fact that sampled 16S rRNA
diversity indicated closeness to saturation, we considered that
the presented data are valid. Note that experimental validations
(see Experimental Validations of Predicted Biodegradation
Capacities) were performed in triplicates (with appropriated
standard deviations), on the basis of which metagenome-based
predictions were confirmed. Therefore, we considered that the
differences at the taxonomic, gene content levels and catabolic
capacities herein presented are most likely due to actual biological
variability and are not random.

Experimental Validations of Predicted
Biodegradation Capacities

The ability of each of the microcosms to grow on pollutants
expected to be degraded, was confirmed as follows. First, UA
and AMM microcosms (in triplicates) were obtained as described
above but omitting Arabian light crude oil; instead, a mix
of pollutants containing naphthalene, 2,3-dihydroxybiphenyl,
benzene, p-cumate, orcinol, 2-chlorobenzoate, phthalate and
phenylpropionate, all from Fluka-Aldrich-Sigma Chemical Co.
(St. Louis, MO, USA), was added at a final concentration of
2 ppm each. These pollutants were selected on the basis of existing
analytical methods to quantify their concentrations (Bargiela
et al., 2015). Control cultures without the addition of sediments
but with chemicals and cultures plus sediments but without the
addition of chemicals were set up.

The extent of degradation in test and control samples was
quantified as follows. Briefly, bacterial cells (from 300 ml culture)
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were separated by centrifugation at 13,000 g at room temperature
for 10 min. After supernatant separation, bacterial pellet was used
for methanol extraction by adding 1.2 mL of cold (—80°C) high-
performance liquid chromatography (HPLC)-grade methanol.
The samples were then vortex-mixed (for 10 s) and sonicated
for 30 s (in a Sonicator® 3000; Misonix) at 15 W in an ice
cooler (—20°C). This protocol was repeated twice more with
a 5-min storage at —20°C between each cycle, and the final
pellet was removed following centrifugation at 12,000 g for
10 min at 4°C. Methanol solution was stored at —80°C in 20-
mL penicillin vials until they were analyzed by mass spectrometry
and different and complementary separation techniques, namely
liquid chromatography electrospray ionization quadrupole time-
of-flight mass spectrometry (LC-ESI-QTOF-MS) in positive and
negative mode, and gas chromatography-mass spectrometry
(GC-MS), as described previously (Bargiela et al., 2015). The
abundance levels of mass signatures of tested pollutants and key
degradation intermediates, namely, salicylate, gentisate, catechol,
benzoate and protocatechuate, were used as indicator of the
presence of the corresponding enzymes encoded by catabolic
genes.

RESULTS AND DISCUSSION

Bacterial Community Structures in

Microcosms

A graphical approach recently described (Bargiela et al., 2015)
was applied to draft the catabolic networks of two different
oil-degrading marine microcosms. They were obtained from
Ancona harbor sediments which were applied in a series of two
enrichment microcosms, where AMM or UA were supplied to
introduce equivalent amounts of nitrogen. Using partial 16S
rRNA gene sequences obtained in the non-assembled Illumina
reads through a metagenomic approach, it was firstly found a
relatively high degree of similarity in the emerging communities
(Gertler et al., 2015). Proteobacteria were the most abundant
(AMM: 74.5%; UA: 74.2%, total sequences), in agreement with
the fact that this bacterial group is the most abundant in other
chronically crude oil-contaminated marine sediments within
the Mediterranean Sea (Bargiela et al., 2015). Noticeably, all
proteobacterial families were found in both microcosms (for
details see Table 1). However, differences in the abundance of
some community members could be observed on the basis of
corresponding read frequency. As an example, the percentage
of members of the Rhodobacteraceae and Enterobacteriaceae
was elevated in microcosms supplied with AMM (18.2%
AMM vs. 0.8% in UA and 5.6% in AMM vs. 3.2% in UA,
correspondingly). Conversely, lower percentages of members
of the Alteromonadaceae (9.6%/19.2%), Halomonadaceae
(5.6%/7.8%), Moraxellaceae (0.5%/7.9%) and Flavobacteriaceae
(1.8%/5.7%) could be detected in the AMM-supplemented
microcosm in comparison to UA-based microcosms. At a genus
level, 55 out of 57 identified proteobacterial taxa were common
in both communities. However, enrichments containing AMM
were characterized by higher percentages (referred to total reads)
of Alphaproteobacteria, such as Roseovarius sp. (1.4% in AMM

TABLE 1 | Relative abundance of microbial families within the AMM and
UA microcosms.

Family or phylum’ Relative abundance (%) based on 16S small

subunit rRNA data’

MGS-ANC(AMM) MGS-ANC(UA)

Pseudomonadaceae 15,24 12,98
Alcanivoraceae 4,99 3,94
Halomonadaceae 5,20 7,80
Enterobacteriaceae 5,62 3,15
Vibrionaceae 4,01 2,26
Aeromonadaceae 0,90 3,11
Alteromonadaceae 9,567 19,18
Chromatiaceae 1,06 0,85
Idiomarinaceae 0,36 0,81
Legionellaceae 0,23 0,91
Methylococcaceae 0,54 1,05
Moraxellaceae 0,45 7,89
Oceanospirillaceae 4,26 4,15
Pseudoalteromonadaceae 0,40 2,18
Shewanellaceae 2,78 2,59
Rhodobacteraceae 18,20 0,81
Comamonadaceae 1,64 0,54
Flavobacteriaceae 1,75 5,69
Actinobacteria 1,81 2,56
Firmicutes 4,86 7,42
Others 16,12 10,29

Results are based on the analysis of the partial 16S ribosomal RNA (rRNA) gene
sequences extracted from non-assembled DNA sequences obtained by paired-
end lllumina HiSeq 2000 sequencing.

10nly lineages with abundance of reads >1% are shown. Data from Gertler et al.
(2015).

vs. 0.1% in UA), Ruegeria spp. (1.1%/0.1%) and Sulfitobacter sp.
(1.5%/0.1%), and some Gammaproteobacteria such as Vibrio sp.
(2.4%/1.1%). In stark contrast to this, the UA-based enrichments
showed significantly elevated percentages of members of
the Firmicutes (7.4% in UA enrichments/4.9% in AMM
enrichments) and Gammaproteobacteria, such as Aeromonas
spp. (1.5%/0.5%) and Pseudoalteromonas sp. (1.9%/0.4%). Highly
elevated percentages in UA enrichments were observed for
the genera Acinetobacter (0.9% in UA enrichments/0.1% in
AMM enrichments), Halomonas (6.1%/4.2%), Marinobacter
(16.8%/6.3%) and Psychrobacter (6.8%/0.2%). A direct
comparison of percentages of potentially oil degrading microbial
genera in both microcosms showed a higher percentage of
Acinetobacter sp. (0.9%/0.1%), Idiomarina sp. (0.8%/0.3%),
Oleiphilus sp. (0.2%/0.03%) and Marinobacter sp. (16.8%/6.3%)
but lower percentages of Alcanivorax sp. (3.9%/4.9%) and
Thalassolituus sp. (0.04/0.8%) in the UA treatments (Gertler
etal., 2015).

Biodegradation Networks

As we were interested in obtaining networks that emphasized
the catabolic differences within both microcosms, we selected
a metagenomic approach to query the presumptive degradation
capacities associated to both microcosms. The identification
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depends heavily on gene abundance and, despite the fact that
a substantial faction of less abundant DNA in metagenomes
remains undiscovered, the identified catabolic genes are assumed
to represent the dominant presumptive pathways in each system.
A rarefaction curve of the observed species for both samples
to analyze species sampling coverage indicated closeness to
saturation in each of the two microcosms (Gertler et al,
2015). In combination with the fact that both samples were
sequenced to a similar extent (24,752,834 bp for AMM and
19,364,101 bp for UA; Gertler et al,, 2015), this suggests that
biases during the comparative analysis within the metagenomes
were not introduced due to differences in microbial and sequence
coverage.

Using as a query the 27,893 (for UA) and 32,180 (for
AMM) potential protein-coding genes (for >20 amino acids-long
polypeptides) (Gertler et al., 2015), we identified respectively a
total of 45 (or 0.16% relative abundance in UA referred to the
total number of protein-coding genes) and 65 (or 0.20% relative
abundance in AMM) genes encoding catabolic enzymes with
matches in AromaDeg (Duarte et al., 2014). This suggests that
the biostimulants did not have much influence on the relative
abundance of catabolic genes. However, significant differences
can be observed when examining the diversity of genes encoding
catabolic enzymes assigned to different families (Figure 1). The
amount of genes encoding Rieske non-heme iron oxygenases

and extradiol dioxygenases (EXDO) of the cupin superfamily
increased 2- and 4-fold, respectively, and proved more abundant
in the AMM microcosm in comparison to those in the UA
microcosm (Figure 1).

The differences in family shifts may have an influence
on degradation capacities provided by microorganisms in
AMM and UA microcosms. To assess this, the presumptive
aromatic degradation reactions and the substrate pollutants
or intermediates possibly degraded by each of the two
communities were predicted, and the corresponding degradation
networks constructed (Figure 2). For that we used the
AromaDeg web system that allows identifying catabolic genes
and appropriated scripts and commands for graphics (for
details see Biodegradation Network Reconstruction: Scripts and
Commands for Graphics). Unambiguous reaction specificities
could be detected for 35 (in UA) and 48 (in AMM) catabolic genes
and were considered in the degradation network (Figure 2).
However, no clear specificities could be assigned to 4 (in
UA) and 11 (in AMM) Rieske oxygenases and 12 (six in
UA and six in AMM) EXDO, which subsequently were not
considered in the network. As shown in Figure 2, on the basis
of the presence of genes encoding catabolic genes involved in
particular transformations, the potential degradation of nine
intermediates involved in the degradation of six key pollutants (2-
chlorobenzoate, indole-3-acetate, biphenyl, gentisate, quinoline

Uric acid v

potentially involved in degradation was prepared.
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OOEm
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FIGURE 1 | Number and diversity of sequences of gene families encoding key catabolic enzymes involved in the degradation of aromatic pollutants.
Catabolic genes were identified as follows. Briefly, predicted open reading frames (ORFs) in the metagenomic DNA sequences were filtered by sequence homology
(>50%) and minimum alignment length (> 50 amino acids) according to their similarity to the AromaDeg sequences of key aromatic catabolic gene families (and
sub-families) involved in the degradation of aromatic pollutants (Duarte et al., 2014). After a manual check, a final list of gene sequences encoding enzymes
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performed as described in “Materials and Methods.” Briefly, catabolic genes were identified as described in the Figure 1 legend. For network reconstruction, each
sequence subsequently was assigned to a metabolic substrate as well as a product (as defined by Duarte et al.,
substrates and products processed in the sample were connected, creating a metabolic network using appropriate scripts and commands (for details, see Bargiela
et al., 2015). The number of each catabolic gene assigned to degradation reactions, is represented by the thickness of the lines in the figure and the complete list of
substrates possibly degraded by the communities are summarized. Common and microcosm-specific initial pollutants or intermediates for which presumptive
degradation signatures were identified are specifically indicated in the Venn diagram. Solid lines represent single step reactions while dotted lines represent
degradation steps where multiple reactions are involved (for details see Bargiela et al.,
4-aminobenzenesulfonate 3,4-dioxygenase; Bph, biphenyl dioxygenase; Bzn, benzene dioxygenase; Bzt, benzoate dioxygenase; Cat, catechol 2,3-dioxygenase;
2CB, 2-chlorobenzoate dioxygenase; Cum, p-cumate dioxygenase; Dhb, 2,3-Dihydroxybiphenyl dioxygenase; Dpp, 2,3-dihydroxyphenylpropionate dioxygenase;
Gen, gentisate dioxygenase; Hna, 1-hydroxy-2-naphthoate dioxygenase; Hpc, homoprotocatechuate 2,3-dioxygenase; Ibu, ibuprofen-CoA dioxygenase; Ind, Rieske
oxygenase involved in indole acetic acid degradation; Odm, 2-oxo-1,2-dihydroxyquinoline monooxygenase; Orc, orcinol hydroxylase; Pca, protocatechuate
3,4-dioxygenase; Pht, phthalate 4,5-dioxygenase; Thb, 2,2",3-trihydroxybiphenyl dioxygenase.
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2014) with an assigned code. The putative

2015). Codes for proteins encoded by genes as follows: Abs,

and phenanthrene) was found to be common for both
microcosms. They include the transformation of biphenyl by
Bph, 2,3-dihydroxybiphenyl by Dhb, benzoate by Bzt, indole-
3-acetate by Ind, catechol by Cat, gentisate by Gen, 2-oxo-
1,2-dihydroquinoline by Odm, 1-hydroxy-2-naphthoate by Hna,
and 2-chlorobenzoate by 2-chlorobenzoate dioxygenase (2CB).
Within them, genes encoding Cat were most abundant in both
communities (UA: 17; AMM: 14), in agreement with the fact
that catechol is the central intermediate for most cyclic aerobic
hydrocarbons degradation (Pérez-Pantoja et al., 2009; Vilchez-
Vargas et al., 2013). Gentisate and benzoate/2-chlorobenzoate
may be most likely preferentially degraded by microorganisms in
the AMM microcosm (10 Gen and 4 Bzt/2CB) in comparison to
the UA microcosm (1 Gen and 1 Bzt/2CB). Genomic signatures

for the degradation of orcinol (or 3,5-dihydroxytoluene) by
Orc, phenylpropionate by Dpp, homoprotocatechuate by Hpc,
and benzene by Bzn, were only found in the UA microcosm.
The potential degradation of ibuprofen by Ibu, although not
being a constituent of the crude oil but possibly originated
from bilge water from the cruise lines or urban run-off,
was also identified in UA microcosm. In stark contrast, the
degradation of 4-aminobenzene-sulfonate by Abs, p-cumate by
Cum, dibenzofuran by Thb, phthalate by Pht and protocatechuate
by Pca, was characteristic for the AMM microcosm.

Note that within all pollutants predicted as being
potentially degraded by bacteria inhibiting Ancona port
(Figure 2), independently whether they are enriched
with  AMM or UA, only the potential degradation of
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ibuprofen and 4-aminobenzene-sulfonate was not found
associated to bacteria from other chronically crude oil-
contaminated sites in oil-polluted sites along the coastlines
of the Mediterranean Sea (Bargiela et al, 2015). This
suggests that the pollution type and pollutant diversity
in Ancona port, which receives chemicals such as alkyl
benzene sulfonate detergents and drugs coming from
human activities (Martinez-Pascual et al, 2010; Paiga et al.,
2013), may have supported the presence of ibuprofen- and
sulfonate benzene-growing bacteria. Such bacteria may be
further stimulated by either the addition of UA or AMM,
respectively.

Experimental Analysis of Catabolic

Capacities in AMM and UA Microcosms
Experimental validation assays were conducted to prove the
extent of agreement with metagenomic-based predictions. For
that, AMM and UA enrichment cultures were set up in triplicates
as described in Section “Experimental Validations of Predicted
Biodegradation Capacities,” in which instead of Arabian light
crude oil as the carbon source (used for the initial microcosms),
naphthalene, 2,3-dihydroxybiphenyl, benzene, p-cumate, orcinol,
2-chlorobenzoate, phthalate and phenylpropionate (2 ppm each)
were used. The capacity to degrade other pollutants predicted
as potential substrates such as ibuprofen, phenanthrene,
dibenzofuran, indole-3-acetic acid, 4-aminobenzene-sulfonate
and quinoline, could not be experimentally proved because no
analytical procedures could be designed for their analysis in the
pollutant mix.

Samples were taken at 21 days of incubation at 20°C.
Fingerprinting by LC-ESI-QTOF-MS and GC-MS was used to
confirm the degradation of the initial substrates as well as the
existence of degradation intermediates in both cultures. A careful
inspection of the mass signatures confirmed the lowering in
the abundance level of naphthalene, 2,3-dihydroxybiphenyl,
and 2-chlorobenzoate, and the presence of catechol, salicylate,
gentisate, and benzoate in both microcosms (Figure 3).
This demonstrates that the naphthalene-to-salicylate-to-
gentisate, 2,3-dihydroxybiphenyl-to-benzoate-to-catechol, and
2-chlorobenzoate-to-catechol degradation pathways occurred or
were active in both microcosms. Note that the lower abundance
level of gentisate in AMM microcosm may correlate with the
10-fold overabundance of genes encoding Gen enzymes in AMM
as compared to UA; this may decrease the pool of gentisate
in the microcosm when growing in naphthalene. We further
found a decreased level of p-cumate only associated to the
AMM enrichment. Phthalate degradation mostly associated to
the AMM microcosm, as confirmed by the higher extend of
phthalate degradation by meaning of i