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Abstract

Metagenome-assembled genomes (MAGs) are microbial genomes reconstructed from metagenome data. In the last few years,
many thousands of MAGs have been reported in the literature, for a variety of environments and host-associated microbiota,
including humans. MAGs have helped us better understand microbial populations and their interactions with the environment
where they live; moreover most MAGs belong to novel species, therefore helping to decrease the so-called microbial dark
matter. However, questions about the biological reality of MAGs have not, in general, been properly addressed. In this review,
I define the notions of hypothetical MAGs and conserved hypothetical MAGs. These notions should help with the under-
standing of the biological reality of MAGs, their worldwide occurrence, and the efforts to improve MAG recovery processes.

The first bacterial genome was sequenced and published
in 1995 (Fleischmann et al. 1995). This was a landmark
achievement, both in terms of the sequence itself and in
terms of the computational techniques used to assemble and
annotate it. Following the model established in that work,
several other prokaryotic genomes were sequenced and pub-
lished in subsequent years. In 1997, Tatusov, Koonin, and
Lipman (Tatusov et al. 1997) foresaw that “the number of
sequenced genomes” would “grow exponentially for at least
the next few years.” Based on the seven complete genomes
available at the time (six prokaryotes and Saccharomyces
cerevisiae), they created and made available the COG data-
base, a hugely useful resource. In 2003 the first update of
the COG database was published (Tatusov et al. 2003), and
it included information from 63 prokaryotic genomes. The
jump from six genomes to 10 times that in 6 years confirmed
Tatusov, Koonin, and Lipman’s prediction, but I think even
they would not have predicted that 24 years later, the number
would be more than 350,000 (Sayers et al. 2019). This of
course happened because of the astonishing improvements
in DNA sequencing technology, starting with the 454 DNA
sequencing machine around 2004 (Margulies et al. 2005).
And yet, now in 2021, 350,000 prokaryotic genomes
seem puny compared to the numbers we should see in the
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near future. The reason is that in the past few years, we
have been experiencing another step-up of the growth rate of
available microbial genomes, but this time the driving factor
is not sequencing technology per se, but the advent of the
metagenome-assembled genome, or MAG, made possible by
metagenomics and associated bioinformatics.

I define metagenomics as the technique of extracting
DNA from an environmental (or host-associated) sample
and sequencing it. A metagenome is the collection of reads
obtained by such sequencing. Metagenomics has allowed the
study of microbial populations that were until a few years
ago basically unreachable, because of the well-known dif-
ficulty in cultivating in the lab the vast majority of prokary-
otes, a majority that is estimated to be around 99% (Rinke
et al. 2013).

If the read coverage of a metagenome is deep enough, it
will contain DNA of all or nearly all microorganisms living
in the sampled environment. The microbiome is the collec-
tion of genomes and genes that can be derived from metage-
nome data. “Genome” in this context is the MAG.

How can we obtain genomes from metagenomes? Very
briefly, this can be done by assembling reads and binning the
results. The assembly phase has as its main aim the genera-
tion of contigs, which are contiguous genomic fragments
longer than reads. In the binning phase, we try to deter-
mine patterns that can tell whether two contigs belong to
the same genome or not, primarily based on k-mer profiles.
We then use these patterns to separate contigs into bins.
Each bin thus obtained corresponds to a MAG. Additional
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details can be found, for example, in (Sangwan et al. 2016;
Perez-Cobas et al. 2020). MAGs are now routinely assem-
bled from metagenome data and reported in the literature,
in many cases by the thousands in single papers (Tully et al.
2018; Pasolli et al. 2019; Campanaro et al. 2020).

This deluge of MAGs has created the need for some
quality standards. This need was addressed by Bowers et al.
(Bowers et al. 2017), who proposed four quality categories;
high-quality draft MAGs, for example, should be those that
are more than 90% complete and have less than 5% con-
tamination. Completeness and contamination are generally
estimated by the program checkM (Parks et al. 2015). The
issue of contamination is naturally a concern. When working
with MAGs, one should always ask: is a given MAG real?
Or is it an amalgam of parts from different genomes? In
this context, it is useful to take into account what I call the
“genome heterogeneity spectrum” (Fig. 1). My aim in pre-
senting this concept is to state, on the one hand, that a MAG
sequence almost always will not be as free of contamination
as a genome sequence from an isolate; but on the other hand,
depending on its quality, it may still be a valid approxima-
tion of the genomes of the microorganisms in the sample.
Support for this statement is provided in what follows.

The study of prokaryotic MAGs leads us to establish two
categories: MAGs for which a species can be assigned (let us
call them SMAGs) and MAGs for which this is not possible,
because they supposedly are genomes of novel species (let
us call them HMAGs, for reasons that will become clear in a
moment). How can we determine that a MAG is an SMAG?
Establishing that a MAG belongs to species s will in gen-
eral require the alignment of the MAG with the genome
sequence of an isolate of s. And this is the evidence for the
reality of an SMAG: if a bin of sequences obtained from a
metagenome M, by applying, for example, the MetaWRAP
pipeline (Uritskiy et al. 2018), without any reference whatso-
ever to any database sequence or genome, neatly aligns with
the genome sequence of an isolate obtained independently,

Isolate Genome
MAG (bulk)

L 1

Single Cell Genome

Fig. 1 Genome heterogeneity spectrum. On the right are single-cell
genomes, those that have no DNA heterogeneity from different cells.
In the middle are isolate (bulk) genomes, those that may have some
DNA heterogeneity from different cells, assuming all cells from
which the genome was sequenced are from the same isolate. On the
left are MAGs, which usually have DNA heterogeneity derived from

genomes of different strains of the same species, when such strains
are present in the sample from which the MAG was reconstructed
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perhaps from a source on the other side of the planet, then
we can be reasonably sure that the MAG in question is real.
By “neatly align” I mean that the average nucleotide iden-
tity between the two sequences should be at least 97% and
should have at least 90% coverage in both query and subject
sequences. As an example, Braga et al. (Braga et al. 2021)
described several SMAGs obtained from composting sam-
ples that “neatly aligned” with isolate genomes obtained by
other research groups from a wide variety of sources but all
of them in some way related to composting.

Currently there is no consensus on the threshold of
similarity to be used in determining whether a MAG is an
SMAG; some authors use 95%, and others use larger val-
ues. Even more rigorous than simply using alignments and
similarity thresholds is the use of statistical techniques, as in
GGDC (Meier-Kolthoff et al. 2013) or phylogenetic place-
ment, as in GTDB-tk (Parks et al. 2018). By saying that
an SMAG that satisfies these requirements is real, we do
not claim that it is not a composite of different strains from
the same species; it may well be and that is another way of
explaining why I have placed MAGs on the left end of the
spectrum presented in Fig. 1.

The question of whether an HMAG is real is more deli-
cate. Here we do not have a reference genome to compare
to; all we have is the set of contigs. A radical critique pub-
lished by Garg et al. (Garg et al. 2021) does not see any
biological reality in certain groups of HMAGs presented in
the literature (“Asgard and CPR MAGs are unnatural con-
structs, genome-like patchworks of genes that have been
stitched together into computer files by binning.”). Meziti
et al. (Meziti et al. 2021) have also shown problems in MAG
reconstruction by careful comparison between MAGs and
their corresponding isolate genomes. The biological reality
of HMAG:s is particularly pressing, because most MAGs are
HMAGs (Lloyd et al. 2018).

I believe there is one argument that can be put forward in
favor of the reality of high-quality HMAGs. The argument
is an extrapolation of the validity of SMAGs. If the same
methodology applied to a given dataset yields both real high-
quality SMAGs and high-quality HMAGs, then this seems
to support the reality of these HMAGs. In addition, in some
cases additional evidence can be obtained. To explain this
I offer an analogy between MAGs and the annotation of
protein-coding genes.

The issue of determining whether a given protein-cod-
ing gene in a newly sequenced genome has homologs in
sequence databases is also done with alignments, similar-
ity and coverage thresholds, and phylogenetic placements
(Setubal and Stadler 2018). This is the reason why I chose
HMAGs as the acronym for those MAGs for which we
cannot assign a species: these would be the hypothetical
MAGs, analogously to the practice of saying that a pro-
tein-coding gene codes for a hypothetical protein when we
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cannot assign a function to it (it does not have an ortholog
with a functional assignment). Additional evidence for
the reality of an HMAG may come from searches against
MAG catalogs, as I now explain.

Suppose we have obtained a high-quality HMAG from
a given sample, and we find a significant hit for it in a
MAG catalog (using the same criteria as that used for
establishing that a MAG is an SMAG, or using a tool such
as GTDB-tk). This means that our query has also shown
up in another independent sample (and possibly another
environment). This is additional confirmation for the real-
ity of the HMAG, and hence we could now say that our
hypothetical MAG is also a Conserved hypothetical MAG,
or CHMAG, in analogy to the practice of differentiating
between hypothetical proteins (no hits) and conserved
hypothetical proteins (those that have a significant hit in
a BLAST search, although the hit itself is annotated as a
hypothetical protein).

For environmental MAGs, the best catalog at this point is
GEM (Nayfach et al. 2021), with more than 50,000 entries.
GTDB-tk may also point to “ortholog MAGs” for a given
MAG query, but it is not clear how extensive the MAG cata-
log of GTDB is (Parks et al. 2018). For MAGs retrieved
from human metagenomes, there is another, specific cata-
log (Almeida et al. 2021). One wishes, however, that there
was a unified catalog of all MAGs, regardless of source, to
facilitate these comparisons. This is another analogy to pro-
tein-coding genes. Until a few years ago, one could search
NCBTI’s nr database using BLAST and be fairly confident
that one would find out all significant similarities to known
proteins for a given query sequence. However, we no longer
can have such confidence, in part because of the surge in
genome sequences caused by the “MAG revolution” that I
am discussing here.

I should also like to add that a desirable feature of MAG
catalogs would be their classification of MAGs using the
three categories here proposed. This in turn might allow
the monitoring of HMAG status over time: my expectation
is that, as more and more MAGs are made available, many
HMAGs will be found to have become CHMAGs.

Assuming the biological reality of SMAGs and CHMAGs
opens up interesting investigation avenues. One of them is
what I call the cosmopolitism of bacterial and archaeal spe-
cies: Given a MAG, we know the environment where it came
from (its sample). Where else in the world has this species
also been found? To answer this question, we need to have
access to the metadata associated with isolate genomes of
the same species, for the case of SMAGs. Here, the GOLD
database (Mukherjee et al. 2021) and the NCBI genome
records (Sayers et al. 2019) are valuable resources, although
in many instances the desired metadata (isolation source and
location) is lacking. For the case of CHMAGs, we need to
rely on metadata provided by MAG catalogs.

I believe research on MAGs has two main challenges.
The first is in the improvement of reconstruction methods.
Efforts are underway to address this (Chen et al. 2020; Lui
et al. 2021), and surely more will follow. Methods that can
help identify strains in metagenomes (Segata 2018; Quince
et al. 2021) are also a step in the direction of bringing MAGs
towards the right-hand side of the genome heterogeneity
spectrum. The second challenge is experimentally verifying
the biological reality of hypothetical MAGs. This will prob-
ably remain a problem for many years to come, since it is
unlikely that current and new cultivation techniques (Lagier
et al. 2018) will be able to keep pace with the exponential
rate of MAG discovery.

In sum, MAGs have become a powerful tool to explore all
kinds of microbiota. MAGs have helped us better understand
microbial populations and their interactions with the envi-
ronment where they live. Moreover, as most MAGs belong
to novel species, their discovery helps decrease the so-called
microbial dark matter. We are still in the early stages of tool
and resource development to support MAG reconstruction
and analysis. One can expect that many new MAG-related
tools and resources will become available over the next sev-
eral years, thus helping turn MAGS into first-class citizens
in microbiological research.

Glossary
Genome completeness ~ The completeness of MAGs and
draft isolate genomes can be
estimated by determining the
fraction of certain marker genes
present in the genome for the
particular prokaryotic clade to
which the MAG or the isolate
belongs. These marker genes
are assumed to be required in all
members of the clade.

For a given isolate genome or

MAG sequence, the percentage

of the sequence that is estimated

to belong to a different species.

Genome The set of all DNA molecules in a cell.

Genome alignment This is a particular case of
DNA sequence alignment. A
pairwise alignment algorithm
seeks to establish a correspond-
ence between positions in one
sequence with positions in the
other sequence, in order to
maximize the matches between

Genome contamination
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positions. When two sequences
have 95% identity, this means
that matches were found between
95% of the positions participat-
ing in the alignment. Because
prokaryotic genomes have usu-
ally more than a million base
pairs, and in some cases sur-
pass ten million base pairs,
their alignments require spe-
cial programs, different from
those employed to align shorter
sequences. One popular program
to align genomes is MUMmer
(Kurtz et al. 2004).

Homology and orthology Two DNA sequences (in par-
ticular, two gene sequences)
are homologous if they share a
common ancestor. Homology is
therefore a biological concept.
In practice, one has to resort to
sequence similarity in order to
infer homology. This has led to
widespread misleading state-
ments in the literature, where it
is easy to find expressions such
as “sequence X and Y have 55%
homology”; what the authors
of such statements mean is that
sequence X and Y, when aligned,
display 55% of sequence identity.
When a homology relationship
can be inferred between two
DNA sequences in the absence
of the complicating factor of
duplications, the term orthol-
ogy can be used. The expression
“ortholog MAGSs” is not standard
and has been used in the spirit
of the analogy between annota-
tion of protein-coding genes and
MAG similarity relationships
proposed in the text.

The output of a DNA sequencing machine. The

length of a read can vary from 50 bp to thousands

of kbp, depending on the sequencing technology.

Reads
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