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Wlth the rapid advances in sequenc-
ing technologies in recent years,
the human genome is now considered
incomplete without the complementing
microbiome, which outnumbers human
genes by a factor of one hundred. The
human microbiome, and more specifi-
cally the gut microbiome, has received
considerable attention and research
efforts over the past decade. Many stud-
ies have identified and quantified “who
is there?,” while others have determined
some of their functional capacity, or
“what are they doing?” In a recent study,
we identified novel salt-tolerance loci
from the human gut microbiome using
combined functional metagenomic and
bioinformatics based approaches. Herein,
we discuss the identified loci, their role
in salt-tolerance and their importance
in the context of the gut environment.
We also consider the utility and power
of functional metagenomics for mining
such environments for novel genes and
proteins, as well as the implications and
possible applications for future research.

Introduction

Bacteria encounter numerous environ-
mental stresses in various environments
and the gastrointestinal tract is no excep-
tion.! This dynamic environment poses a
set of challenges that both transient and
symbiotic microorganisms must over-
come in order to colonise and proliferate.?
Low pH, bile acids, elevated osmolar-
ity, iron limitation, intermittent nutrient
availability and host immune factors are
just some of the challenges faced in the
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gastrointestinal tract.® The ability to cope
with rapid changes in external osmolarity
is an important mechanism that allows
microorganisms adapt to and colonise a
given environmental niche.” The cellular
response to hyper-osmotic stress is broad
and involves a number of different pro-
cesses such as potassium (K') uptake,
compatible solute accumulation® and
numerous ancillary systems.”®

The emergence of metagenomics as
a key area of scientific research in recent
years has transformed how we view our-
selves as living organisms.”'® Working with
microbes in pure cultures is very reduc-
tive in terms of understanding microbial
behavior in complex ecological niches.
Metagenomics can, in principle, allow us
access the entire genetic complement of our
associated microbiome without the need
for classic microbiological culturing tech-
niques. Despite recent advances in high-
throughput anaerobic culturing techniques
with gnotobiotic animal husbandry; which
suggests that the human faecalmicrobiota
consists largely of taxa and predicted func-
tions that are represented in its cultured
members;""  functional — metagenomics
allows us to rapidly separate the “wheat
from the chaff.” Gaining insights about
the functional capacity of the human gut
microbiome was a key aim in our efforts
to elucidate novel genetic loci conferring a
salt tolerance phenotype. We employed a
functional metagenomic screen of a human
gut metagenomic library which resulted
in the identification of five novel genes
involved in salt tolerance.”? An advantage
of functional metagenomics is its ability
to uncover completely novel functions for
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Figure 1. An overview of novel gene discovery using functional metagenomics; from metagenomic library creation to novel therapeutics. ‘

new or known genes without the need for
any previous sequence information.

Novel Salt Tolerance Loci
Identified

From our initial screen (the overall scheme
is presented in Fig. 1) of over 20,000
metagenomic clones, we identified 53
that could tolerate high sodium chloride
(NaCl) concentrations. We termed these
clones SMG 1-53 (salt metagenome).
Through a combined transposon muta-
genesis and bioinformatic strategy we
identified five novel salt tolerance genes
from clone SMG 3 (namely galE, murB
and maz(G) as well as additional 742G and
galE genes from clone SMG 5 and SMG
25, respectively. Phylogenetic assignments
revealed SMG 3 had the highest genetic
identity to Collinsella aerofaciens, while
SMG 5 and SMG 25 corresponded to
Eggerthella spp YY7918 and Akkermansia
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muciniphila respectively. Each of the five
genes were cloned separately and expressed
in the osmosensitive strain Escherichia coli
MKH13, which resulted in an increased
tolerance to the ionic osmotic stressors
NaCl and KCI (potassium chloride), but
not to non-ionic stressors such as sucrose
and glycerol, a finding which seems to
suggest that these genes confer a sale-spe-
cific protective effect. While E. coli has
been shown to upregulate a set of genes
in response to both ionic and non-ionic
osmotic stress, it also regulates genes spe-
cific to each type of stress.”* Furthermore
each of the three genes was also found
to be over-represented in the human gut
metagenome and abundant among healthy
subjects from the MetaHit data set.!>

galE

The galE gene product (UDP glucose

4-epimerase) catalyses the inter-conversion
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of UDP glucose and UDP galactose and
has been previously linked to the osmotic
stress response through different mecha-
nisms such as the production of the osmo-
protectant trehalose or through cellular
signaling.”'® We theorise that ga/E may
be important in maintaining the integrity
of the lipopolysaccharide (LPS) in Gram
negative or lipoteichoic acid (LTA) layers
in Gram positive bacteria, making the
cell more resistant to salt-induced osmotic
stress. A recent functional metagenomic
study identified a ga/E gene, that when
cloned and expressed in E. coli conferred
resistance to menadione, which can cause
membrane damage through the gen-
eration of reactive oxygen species.”” The
authors believe the resistance is mediated
through ga/E by increasing the permeabil-
ity barrier of the cell. Such menaquinones
are also found at significant concentra-
tions in the human gastrointestinal tract.'®
The ability to form biofilms is likely to be

395

. Do not distribute

lI0Science

©2012 Landes B



critically important in the gut environ-
ment and for homeostasis within the com-
munity.” Furthermore, it has been shown
that ga/E mutants have reduced ability
to form biofilms, while gz/ mutants are
defective in intestinal colonisation, both
of which could be an important factor in

the gastrointestinal tract.?>!

murB

The murB gene is involved in the biosyn-
thesis of peptidoglycan and the bacterial
cell wall, which itself plays an important
role in withstanding osmotic stress.?
Disruption or deletion of the murB gene
could make cells acutely sensitive to
osmotic stress due to a reduction in cell
wall integrity as well as causing a reduction
in turgor pressure which is a driving force
for cellular growth and division. Bacteria
remodel the structure of their peptidogly-
can in response to changes in environmen-
tal conditions,? which could be important
in the gut by allowing for varying levels
of rigidity or elasticity depending on the
conditions in the immediate environment.
One of the more interesting functions of
peptidoglycan, and a possible reason why
genes for its synthesis are enriched among
the human gut microbiota, is its stimu-
lation of host immunity. Clarke et al.
(2010), have demonstrated peptidoglycan
from the commensal microbiota modulate
the innate immune system by improving
neutrophil function even in the absence of
infection.?® The authors note that peptido-
glycan can be translocated to the blood-
stream, with concentrations at similar
levels to those in faeces, indicating that
there is constant peptidoglycan turnover
among the microbiota and that immune
stimulation by the microbiota can affect
sites distal from the GI tract. Stimulated
neutrophils demonstrated increased kill-
ing of the pathogenic bacteria Streprococcus
pneumoniae and S. auwreus* This may
indicate a co-evolution of a mutually bene-
ficial arrangement by removing potentially
harmful host pathogens and competitors
to our symbiotic gut microbiota.

mazG

The mazG gene represents the most inter-
esting of the identified genes, in that its
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possible mode of action in response to salt
stress is not as immediately clear as ga/E or
murB. As the latter two genes are related
to outer membrane or cell wall functions,
one can envisage how they could medi-
ate resistance to external environmental
stresses. MazG has been shown to play a
role in different cellular processes, such
as the removal of aberrant dNTP’s from
DNA strands,? as well as the oxidative®
and nutritional stress responses.”’ Often
found in association with the mazEF
toxin-antitoxin (TA) system, the mazG
gene product can delay programmed cell
death and allow the cell to survive for lon-
ger periods under stress in the event that
additional nutrients become available.?”
TA systems such as mazEF can induce
cell death or arrest in response to vari-
ous cellular stresses,” particularly those
which induce DNA damage. MazG may
delay apoptosis in salt-stressed cells as
well as providing a mechanism to reduce
or repair salt-induced damage to DNA. It
has been speculated that individual TA
systems may respond to specific stresses®
and play a role in biofilm and persister
cell formation, as well as having numer-
ous other putative functions.?® The devel-
opment of persister cells allows for the
survival of a small subpopulation through
the death of the majority of the popula-
tion.”® Such an altruistic characteristic
benefits long-term survival and it seems,
at the microscopic level, that the sacrifice
of many for the good of a few may be a
tenet of bacterial survival. Although the
mazG genes identified in our study'? are
not located in the genomic neighborhood
of any obvious TA system, it is possible
their encoded proteins could still regu-
late such TA systems at distant chromo-
somal locations or indeed regulate as yet
unidentified, stress responsive genes or
function as a general stress responsive
protein itself.

Future Perspectives

While expanding our current knowledge
on the diverse mechanisms employed
by bacteria to overcome salt stress, the
identification of novel genes may also
assist in the development of novel drugs
and drug targets as well as novel strate-
gies to control some of the resident gut
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microbiota.’>% Interestingly murB has
been investigated as a possible target
for novel antibiotics and antibacterial
compounds™ as it is exclusively found
in bacteria and it has an important role
in maintaining cellular integrity and
viability. Furthermore, ga/E has been
investigated as target for novel therapeu-
tics against African sleeping sickness®
and a gal/E mutant of Salmonella enterica
serovar Typhi has been used to create an
oral live attenuated vaccine for typhoid.*®
TA systems have also received attention
as possible novel antibacterial drug tar-
gets.”’ MazG could also be a putative
target, if disruption of its function could
allow the toxin component of the TA sys-
tem to cause cell death to certain bacte-
rial populations.

Ultimately we would envisage that
some of these novel salt tolerance genes
could be used as part of a “meta-biotech-
nology”
of technologically more robust probiotic

strategy for the development

cultures and with greater ability to sur-
vive gastrointestinal transit and colonise
the gut. Meta-biotechnology describes
the “mining” of the human gut metage-
nome for novel genes for use in medicine,
science and industry for the development
of novel therapeutics® and is an extension
of the patho-biotechnology**® concept.
Patho-biotechnology has been used with
success to engineer probiotic strains with
increased stress resistance, improved gas-
trointestinal persistence and colonisation
and therapeutic efficacy.”

Mining the metagenome is not lim-
ited to the identification of novel stress
tolerance genes but may be used for the
identification of novel antimicrobial com-
pounds or genes that may be used for the
development of designer probiotics which
can be used to target specific pathogens or
toxins.”? New ways of thinking and alter-
native therapies are needed to control and
combat pathogenic microorganisms in
the era of increasing antibiotic resistance
and emerging superbugs. The identifica-
tion of such novel genes will broaden our
understanding of salt tolerance in bacteria
and uncover novel mechanisms employed
for survival in the gastrointestinal tract as
well as providing a platform for the devel-
opment of novel biological therapeutics or
novel drug targets.
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