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PERSPECTIVES
passes through a ﬁlter that retains red and
white blood cells to layers of paper containing colorimetric reagents. Fluid ﬂow within
the paper is directed by patterned hydrophobic barriers that are easily created using a
wax-based printer and heat source. Results
can be documented, analyzed, and transmitted with a cell phone camera, and devices can
be safely disposed of by incineration. Paperbased tests to amplify and detect nucleic
acids have been reported recently (15).
Health care innovation should be available to all the world’s citizens, but technical and economic barriers remain. Lowresource settings present challenging constraints that require design for context,
safety, reusability, and reparability. The
current landscape of appropriate technologies reﬂects a reaction to economic incentives, largely shaped by philanthropic efforts
rather than market forces. Often these funding mechanisms favor technical innovation
over simplicity, and resulting technologies
are too costly and difﬁcult to maintain at
scale. Alternative approaches that explicitly

design technologies to function in settings
that lack resources for consumables, effective distribution systems, supply chains, and
technology management programs and that
incorporate early private sector partnerships
are needed. In parallel, efforts to develop
and support innovators in low-resource settings must be strengthened. Partnerships
that focus on developing and disseminating integrated packages of technologies that
address focused areas (such as technologies
for the neonatal unit) can navigate technical and implementation barriers more efﬁciently than single technologies.
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Genomes from Metagenomics

Metagenomic approaches are rapidly
expanding our knowledge of microbial
metabolic potential.

Itai Sharon and Jillian F. Banﬁeld

E

valuation of the functional capacities
of microorganisms long relied on laboratory cultivation of individual species. About a decade ago, recovery of draft
genomes for a few uncultivated bacteria and
archaea from natural communities opened
the way for physiological prediction of their
environmental roles. Further development
of the metagenomics methods used in those
early studies now allows the rapid delivery of
accurately reconstructed microbial genomes
from diverse environmental samples. The
resulting knowledge has the potential to revolutionize our understanding of the topology
of the tree of life and the metabolic capacities distributed across it. Advances in bioinformatics promise a new era in which comprehensive genetic characterization is sufﬁciently rapid to ﬁnd application in diagnostics
for medicine, agriculture, forensic science,
and biotechnology.
Metagenomics is a cultivation-independent method for studying microbes samDepartment of Earth and Planetary Science, University of
California, Berkeley, CA 94720, USA. E-mail: jbanﬁeld@
berkeley.edu

pled directly from the natural environment.
DNA is extracted and sequenced from one
or a series of samples, and the resulting data
is analyzed using computational tools. The
approach addresses two important needs: It
enables analysis of the 99% of microbes in
nature that have not yet been cultivated, and it
facilitates the study of organisms in the context of their community.
Because the DNA originates from multiple populations, the recovery of genomes
from metagenomic data is a complex task.
Until recently, genomes were reconstructed
only from relatively simple environments
with a few abundant genotypes (1). The
advent of high-throughput DNA sequencing has enabled genomic sampling of much
less abundant organisms and characterization
of communities with relatively even species
abundance levels, but the complexity of data
analysis has increased greatly. Newly developed computational tools allow data assembly (2) and accurate assignment of genome
fragments to speciﬁc organisms (3, 4), a process termed binning.
In 2012, Wrighton et al. reconstructed 49
genomes with varying completeness levels

for bacteria from at least ﬁve phyla for which
there was almost no prior genomic information (5). The authors used a binning method
that combines time-series abundance information with sequence compositional characteristics. More recently, Albertsen et al. (6)
used information from multiple samples—an
approach similar to that used for analysis of
human infant gut microbial consortia (4)—to
reconstruct 31 genomes with an average estimated genome completeness of 80% from
DNA sequence information for an activated
sludge bioreactor community. They were
able to assemble the complete genome of an
organism from the TM7 candidate bacterial
phylum (lacking cultivated representatives)
into a single contiguous sequence. Complete genomes for organisms that constitute
~1% of the community have also been reconstructed from environments such as the ocean
(3) and, very recently, from adult human gut
(7) and sediment (8, 9). These examples demonstrate that metagenome-based genome
recovery can now be applied to very complex
systems.
Uncertainty about accuracy currently limits wide acceptance of metagenomics-derived
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pieces where the fragment order cannot be
resolved because of repeated sequences may
be termed essentially complete. Following
Chain et al. (13), genomes assembled into
multiple pieces without all scaffold connections resolved should be deﬁned as standard
draft genomes. In such cases, completeness
is typically calculated according to inventories of single-copy genes (6, 10, 11, 14). Single-copy genes generally constitute less than
10% of the genes and are unevenly distributed across the genome, thus providing only
a rough estimation of completeness.
More robust methods for assessing the
completeness of draft genomes are needed.
One improvement may involve the use of
marker genes that do not tend to cluster
together on the genome. Better sampling
of microbial genomes from uncultivated
organisms will enable reﬁnement of the set
of genes considered to be universal. These
new genomes will also improve identiﬁcation of single-copy genes that diverge from
known sequences.
Given the important developments in
sequencing speed, accuracy, and informatics,
high-throughput metagenomic approaches
have the potential to revolutionize fields
where rapid, accurate, and strain-specific
diagnostics are essential. One can imagine, for example, an age of personal microbiomics in which antibiotics are prescribed
on the basis of accurate and fast screening of
the resistance gene repertoire of the pathogen
population (see the figure). Metagenomic
insight could enable selective stimulation
of desirable microbial populations so as to
address medical conditions such as chronic
diarrhea or obesity (15). More broadly, our
understanding of life and its evolutionary
history will be dramatically advanced by
access to genomes from the numerous, previously unstudied parts of the tree.
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genomes. Of most concern are
the possibilities of incorrect
assembly of regions from different genomes into a single
sequence and false assignment of assembled fragments
to genomes during the binning
process. Assembly errors can
be addressed using automatic
and manual procedures for
error correction. Ultimately,
the same criterion traditionally used to validate genomes
from clonal cultures should be
applied: consistent, unambiguous mapping of paired reads
across the ﬁnal sequence. In
some cases, the credibility
of the derived genomes also
can be evaluated by comparison to published genomes
for closely related organisms
(4) or by additional sequencing using long, high-quality Treatment by genome-informed microbial selection. Medical treatments could beneﬁt from knowledge of how microbial capacities are
DNA sequences (10). Bin- combined in individual organisms. In this hypothetical example, organning is an error-prone process isms are ranked in order of decreasing abundance. Circles represent
that requires special care. Use genomes. Symbols on the circles indicate traits such as antibiotic resisof information from multiple tance or substrate metabolic capacities. Prior to treatment (A), organsources, particularly unique isms with probiotic activity are low in abundance; the most abundant
patterns of organism abun- organism is pathogenic. Genome-informed choice of an infant formula
dance across samples, can containing appropriate antibiotics favors organisms with probiotic activreduce error levels substan- ity and eliminates the pathogenic organism (crossed out genome) (B).
tially (4, 5).
An alter native to metagenomic studies. However, the methods provide subapproaches is single-cell genomics, in which tly different information. A genome derived
single cells or cell concentrates are obtained from metagenomic data represents a popudirectly from the environment, without cul- lation. Currently used assembly algorithms
tivation, and sequenced. Recently, Rinke et are essentially strain-speciﬁc, but there will
al. (11) separated single cells from a variety likely be some nucleotides for which polyof natural samples, ampliﬁed and sequenced morphic variants are detected. Furthermore,
the DNA, and recovered 201 partial genomes, a subset of individual sequencing reads will
with an estimated average genome complete- only partially match the consensus sequence
ness of 40%. To our knowledge, no complete if the sampled cell has an inserted or deleted
genome has yet been achieved for a single gene. This is advantageous if the researcher
cell alone (or by aggregating results from is interested in overall population metabolic
multiple single cells). Genomes generated by potential, population structure, diversity, or
single-cell methods are typically very frag- evolutionary dynamics. On the other hand,
mented. In the study of Rinke et al., the best- single-cell genomics can provide gene variassembled genome, estimated to be 100% ant linkage information that is lost in metagecomplete, remained in 10 pieces; another nomic analyses.
genome, estimated to be 99% complete,
As both single-cell genomics and
remained in 137 pieces.
metagenomics gain widespread accepFor the many genomes from metage- tance, we advocate the use of clearly deﬁned
nomic data that are initially incomplete terms to describe genome completeness
(typically because of undersampling), com- so as to accurately communicate the sucpleteness can be improved by additional cess or limitations of the analysis (12). A
sequencing. For single-cell genomes, addi- genome should be described as complete
tional sequencing is unlikely to improve or finished only if it is assembled into a
the assembly. Metagenomics also does not single contiguous sequence with no ambientail the time-consuming cell manipulation guities or gaps, after careful checking for
or sorting required in single-cell genomics errors. Genomes assembled into multiple

