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equencing DNA or RNA directly

from the environment often results
in many sequencing reads that have no
homologs in the database. These are
referred to as “unknowns,” and reflect
the vast unexplored microbial sequence
space of our biosphere, also known as
“biological dark matter." However,
unknowns also exist because metage-
nomic datasets are not optimally mined.
There is a pressure on researchers to pub-
lish and move on, and the unknown
sequences are often left for what they are,
and conclusions drawn based on reads
with annotated homologs. This can cause
abundant and widespread genomes to be
overlooked, such as the recently discov-
ered human gut bacteriophage crAss-
phage. The unknowns may be enriched
for bacteriophage sequences, the most
abundant and genetically diverse compo-
nent of the biosphere and of sequence
space. However, it remains an open ques-
tion, what is the actual size of biological
sequence space? The de novo assembly of
shotgun metagenomes is the most power-
ful tool to address this question.

the

sequencing of genetic material isolated

Metagenomics ~ is untargeted
from communities of micro-organisms
and viruses. These communities may be
derived from bioreactors, environmental,
clinical, or industrial samples; in short,
from anywhere in our unsterile biosphere.
The classical questions in metagenomics
that are asked about the sampled micro-
bial community are “Who is there?” and
“What are they doing?."' Originally an
approach to answer these classical ques-
tions, metagenomics as a fleld has made
great progress in the past decade. Applica-
tions include the use of metagenomics for
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the discovery of novel genetic functional-
ity,” for describing microbial ecosystems
and tracking their variation,” in untar-
geted medical diagnostics and forensics,*
and as a powerful tool to determine the
genome sequences of rare, uncultivable
microbes.’

Powered by advances in next-genera-
tion sequencing technology, metagenom-
ics has the potential to venture beyond the
limits of currently explored sequence space
by sampling environmental microbes and
viruses at an unprecedented scale and reso-
lution. Quite literally, sequence space is
defined as the multi-dimensional space of
all possible nucleotide (or protein) sequen-
ces.® Sequence space contains n dimen-
sions; one dimension per residue that can
take one of 4 (or 20, for proteins) states,
with a total volume of X4" sequences
when summed over all possible sequence
lengths n. Evolution may have largely
explored this space,” but it remains an
open question how large the current bio-
logical sequence space is, i.e. the fraction
occupied by extant life. Figuratively, and
within the context of this paper, “outer
sequence space” is the remainder of this
biological sequence space waiting to be
explored by science.
has
addressed the 2 classical questions listed
above by aligning the sequencing reads in

Metagenomics traditionally

metagenomic data sets to a reference data-

base  containing known, annotated
sequences. This allows the taxonomic and
functional ~diversity of the sampled
microbes to be described in terms of exist-
ing knowledge, allowing for straightfor-
the
However, a persistent concern in the anal-
ysis of metagenomes has been the

unknown fraction, consisting of the reads

ward interpretation of results.
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that cannot be annotated by using data-
base searches. The level of unknowns can
range up to 99% of the metagenomic
reads, depending on the sampled environ-
ment, the protocols used for nucleotide
isolation and sequencing, the homology
search algorithm, and the reference
database.®

Unknowns exist for 4 reasons that are
not unrelated. The first reason is technical.
Due to limitations of some next-genera-
tion sequencing platforms and library
preparation protocols, spurious sequences
may be generated that do not reflect true
molecules. These artificial

include artifacts due to the

biological
sequences
sequencing technology” and chimeras, i.c.,
sequences generated from separate genetic
molecules derived from different organ-
isms. Since chimeras frequently arise dur-
ing PCR amplification, they are expected
to be more abundant in environmental
amplicon sequencing than in shotgun
metagenomics, and can be detected using
bioinformatic tools.'°

The second reason that unknowns exist
is biological, as they reflect the enormous
natural diversity of microorganisms that
we are only beginning to unveil with
metagenomics. This is both overwhelming
and exciting, highlighting how much
remains to be discovered in biology. This
genetic diversity has been referred to as

nl1,12 .
and is espe-

biological “dark matter,
cially pronounced in viral metagenomes.®
This issue can only be resolved by expand-
ing reference databases, as exemplified by
recent studies of one of the most studied
microbial ecosystems: the human gut. The
first metagenomic snapshots of the micro-
biota in the human gut were taken from 2
healthy adults, and revealed a high inter-
individual diversity = and  many
To a large extent, these
unknowns were resolved when a reference

1
unknowns.'?

catalog was created based on the sequences
in the gut metagenomes themselves,
decreasing the percentage of unknowns
from ~85% to ~20%.'* Moreover, sub-
sequent large scale sequencing efforts
revealed that in fact, many people share a
similar intestinal flora, regardless of
whether these similarities are viewed as
discrete enterotypes’ or as gradients.'®
These results illustrate how unknowns can

be depleted by expanding the databases
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with appropriate reference sequences. This
not only requires increased sequencing
effort of phylogenetically diverse isolates'”
or single cells,!! but also mining of draft
genomes from metagenomes,'® sampled
from microbial environments around the
globe."”” Thus, by mapping the global
sequence space, we can provide reassur-
ance that at least some level of sampling
saturation can be achieved. For viruses,
and particularly for bacteriophages, efforts
to provide a denser sampling of sequence
space are still lacking.

The third reason that unknowns exist is
methodological. Because the advances in
DNA sequencing technology have greatly
outpaced in  computer
power,”” bioinformatic approaches to ana-

improvements

lyze metagenomes often cut corners. For
example, reference databases may be
reduced to include only those references
that are expected in the sample a priori.
Moreover, read annotation may be limited
to identifying almost exact sequence
matches, as this can be computed much
faster than if sequence variations needs to
be taken into consideration in a permissive
homology search. These issues lead to an
inherent blind spot for discovering true
novelty, such as sequences that are not
expected in the sample, or organisms that
have not been observed before. One way
to, at least partially resolve this issue is by
de novo assembly of the metagenome.
Depending on the diversity of the sample,
assembly can combine many short sequen-
ces (individual reads) into fewer, longer
ones (assembled contigs). Reducing the
number, and increasing the length of the
sequences allows homology searches to be
performed with more sensitive, computa-
tionally more expensive algorithms such as
translated homology searches or profile
searches, leading to more specific annota-
tion and improved biological interpreta-
tion. Moreover, larger and more
comprehensive reference databases can be
used, allowing unexpected hits to be
found.

The fourth reason that unknowns exist
is logistical. Most research projects that
generate metagenomic sequencing datasets
deposit the read files in large repositories,
provide an accession number in the associ-
ated publication, and move on. It is not
unlikely that many of these data sets,
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consisting of files sometimes gigabytes in
size, are never looked at again. Thus, while
a certain sequence may have been “seen”
in a metagenome and is thus strictly no
longer “dark matter," it will still not be
recognized when it is observed again. Re-
identification of this sequence would only
be possible if the publishing researcher
identified it as an interesting sequence in
his or her (assembled) metagenome, and
submitted it to a searchable database like
Genbank.”" Because GenBank maintains
very high standards for the sequences it
accepts, submission can be a tedious pro-
cess that is rarely worthwhile for unknown
metagenomic contigs. An in depth investi-
gation of the unknowns is rarely within
the scope of a research project, and those
sequences are thus first ignored and later
forgotten. This is a waste of valuable
resources: time, money, and work. The
metagenomes available in public databases
should be better exploited and mined for
common sequences. To facilitate this, it is
critical that metadata annotations of the
metagenomes include a detailed descrip-
tion of the samples and sequencing proto-
col.?” Exploiting these datasets will allow
us to create more comprehensive maps of
sequence space, and greatly improve our

understanding and interpretation  of
metagenomes.
In the short term, ignoring the

unknowns can facilitate the interpretation
of a metagenome. Because a taxonomic or
functional description cannot be provided,
the classical questions in metagenomics
are left unanswered for the unknown frac-
tion of the metagenome, and concentrat-
ing on the annotated sequences leads to a
more straightforward answer. However,
unexpected or novel sequences are quickly
overlooked, even if they represent highly
abundant or widespread organisms. Thus,
in the long term, stockpiling the unknown
sequencing reads in badly accessible bulk
sequence repositories can severely slow
down research, the discovery of novel spe-
cies, and the charting of biological
sequence space.

One striking example of a novel
genome discovered among the unknown
sequences is crAssphage, a bacteriophage
whose genome uniquely aligned sequencing
reads from 73% of the 466 analyzed

human gut metagenomes, and constituted
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a total of 1.68% of those metagenomic
reads.”> Like many bacteriophages, its
genome sequence is highly divergent from
everything that was present in the anno-
tated part of the Genbank database, which
is why it was not observed before. It has
been suggested that the unknown fraction
of metagenomes is enriched for viral
sequences, 24 because viral genomes are
thought to evolve more rapidly than the
genomes of cellular organisms, allowing
them to explore a larger region of sequence
space in the same amount of time.

To summarize, unknowns are genetic
sequences that are difficult to identify
using standard methods, such as by align-
ment to an annotated reference database.
Unknowns remain a persistent elephant in
the room in most metagenomics research
projects, and exist for technical, biological,
methodological, and logistical reasons.
The most promising option to resolve the
unknowns is by creating improved refer-
that chart
sequence space, including the outer realms

ence databases biological
that remain unexplored by science (also
known as dark matter). Besides sequenc-
ing reference strains or single cells, it may
be expected that metagenomic sequencing,
assembly, and binning will greatly add to
improving these reference databases, for
example by identifying common sequen-
ces in many metagenomes, and prioritiz-
ing them for targeted characterization.
Characterizing unknowns will be vital to
fully exploit the increasingly available
metagenomic data sets from all ecosys-
tems, toward understanding the roles of
microbes and viruses in the biosphere. It
remains an open question what is the
actual size of biological sequence space,
but the untargeted, shotgun nature of
metagenomics makes it the most powerful
tool to address this question.
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