Downloaded from genome.cship.org on May 3, 2026 . Published by Cold Spring Harbor Laboratory Press

ENOME
ESEARCH

Accurate and complete genomes from metagenomes

Lin-Xing Chen, Karthik Anantharaman, Alon Shaiber, et al.

Genome Res. 2020 30: 315-333 originally published online March 18, 2020
Access the most recent version at doi:10.1101/gr.258640.119

References This article cites 147 articles, 35 of which can be accessed free at:
http://genome.cshlp.org/content/30/3/315.full.html#ref-list-1

Open Access  Freely available online through the Genome Research Open Access option.

Creative This article, published in Genome Research, is available under a Creative
Commons Commons License (Attribution 4.0 International), as described at
License http://creativecommons.org/licenses/by/4.0/.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

© 2020 Chen et al.; Published by Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.258640.119
http://genome.cshlp.org/content/30/3/315.full.html#ref-list-1
http://creativecommons.org/licenses/by/4.0/
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.258640.119&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.258640.119.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58159&adclick=true&url=https%3A%2F%2Fbit.ly%2F43ls7ky
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on May 3, 2026 . Published by Cold Spring Harbor Laboratory Press

Review

Accurate and complete genomes from metagenomes
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Genomes are an integral component of the biological information about an organism; thus, the more complete the genome,
the more informative it is. Historically, bacterial and archaeal genomes were reconstructed from pure (monoclonal) cul-
tures, and the first reported sequences were manually curated to completion. However, the bottleneck imposed by the re-
quirement for isolates precluded genomic insights for the vast majority of microbial life. Shotgun sequencing of microbial
communities, referred to initially as community genomics and subsequently as genome-resolved metagenomics, can circum-
vent this [imitation by obtaining metagenome-assembled genomes (MAGs); but gaps, local assembly errors, chimeras, and
contamination by fragments from other genomes limit the value of these genomes. Here, we discuss genome curation to
improve and, in some cases, achieve complete (circularized, no gaps) MAGs (CMAGs). To date, few CMAGs have been
generated, although notably some are from very complex systems such as soil and sediment. Through analysis of about
7000 published complete bacterial isolate genomes, we verify the value of cumulative GC skew in combination with other
metrics to establish bacterial genome sequence accuracy. The analysis of cumulative GC skew identified potential misassem-
blies in some reference genomes of isolated bacteria and the repeat sequences that likely gave rise to them. We discuss meth-
ods that could be implemented in bioinformatic approaches for curation to ensure that metabolic and evolutionary analyses

can be based on very high-quality genomes.
[Supplemental material is available for this article.]

In an opinion paper published relatively early in the microbial ge-
nomics era, Fraser et al. (2002) stated “you get what you pay for.”
The investigators argued the lower scientific value of draft (partial)
versus complete genomes, noting for example higher error rates,
potential contaminant sequences, loss of information about
gene order, lower ability to distinguish additional chromosomes
and plasmids, and most importantly, missing genes. Despite the
clarity of this view, the field moved toward the generation of draft
isolate genomes to optimize the rate of supply of new sequence in-
formation and to lower the cost. Genome-resolved metagenomics
has almost exclusively settled for uncurated draft genomes, now
often referred to as metagenome-assembled genomes (MAGs). A
summary of the basic methods for generating MAGs was provided
by Sangwan et al. (2016). A more recent review provides an over-
view of assembly methods and offers some insights into the com-
plexity of genome recovery from metagenomes and a valuable
overview of certain types of assembly errors that can occur
(Olson et al. 2017).

The first MAGs were published in 2004 (Tyson et al. 2004),
and there are now hundreds of thousands of them in public data-
bases. The ever increasing depth of high-throughput sequencing
now makes even the most challenging environments with low
archaeal, bacterial, and viral biomass, such as insect ovaries
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(Reveillaud et al. 2019), human gut tissue biopsies (Vineis et al.
2016), hospital room surfaces (Brooks et al. 2017), and even hu-
man blood (Moustafa et al. 2017) amenable to shotgun metage-
nomic surveys and recovery of MAGs. Although incomplete,
draft MAGs represent a major advance over knowing nothing
about the genes and pathways present in an organism and led to
the discovery of new metabolisms. For example, the complete ox-
idation of ammonia to nitrate via nitrite (i.e., comammox) was de-
termined by the detection of necessary genes in a single MAG
(Daims et al. 2015; van Kessel et al. 2015). MAGs are often derived
from uncultivated organisms that can be quite distantly related to
any isolated species, which is a clear advantage of MAGs (e.g.,
Becraft et al. 2017). For this reason, genome-resolved metagenom-
ics has been critical for more comprehensive descriptions of bacte-
rial and archaeal diversity and the overall topology of the Tree of
Life (Hug et al. 2016).

Counter to this view, there is some sentiment that MAGs are
not useful because they are composites and thus not representative
of their populations (Becraft et al. 2017). However, a genome re-
constructed from a clonal microbial culture also does not represent
the cloud of biologically important variation that exists in the nat-
ural population from where the isolate was derived. Population
diversity can be analyzed by comparing all individual sequences
(or short reads) to the metagenome-assembled reference genome
(Simmons et al. 2008; Delmont et al. 2019). Although some popu-
lations are near-clonal, others are very complex strain mixtures,
and yet others fall on the continuum between these (Lo et al.

© 2020 Chen etal. This article, published in Genome Research, is available un-
der a Creative Commons License (Attribution 4.0 International), as described at
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2007; Chivian et al. 2008; Simmons et al. 2008). As strain diver-
gence leads to assembly fragmentation (expanded on below),
high-quality genomes are unlikely to be generated for relatively
heterogeneous populations. Assembly of exceptionally long frag-
ments (i.e., >100 kbp) from short-read data (i.e., <500 bp) is only
anticipated when within-population diversity is low, as may occur
following a recent bloom, selective sweep, or because of recent col-
onization by a single cell or a small cluster of closely related cells. In
such cases, the genomes that assemble well are typically highly
representative of the population from which they are derived,
and the vast majority of reads report the same base at the same
position. For example, in one recently published complete 4.55
Mbp genome (Banfield et al. 2017), the frequency of single-nucle-
otide variants (SNVs) is ~ 0.12% (Fig. 1), not substantially different
from the expected sequencing error rate (0.04%-0.12%) (Schirmer
et al. 2016).

Assembly and binning are important steps
in metagenomic studies

Assembly of short metagenomic reads into contiguous segments of
DNA is a computationally intensive task, and its effectiveness of-
ten depends on the complexity of the environment (Sharon and
Banfield 2013). However, assembly of contigs/scaffolds offers
many advantages over short-read-based analyses. First, they enable
the identification of complete open reading frames. Second, as-
semblies provide larger genomic contexts (e.g., operons). In com-
bination, these considerations improve predictions of metabolic
capacities. Further, assembled sequences provide information
about gene synteny and better resolve taxonomic profiles (e.g.,
by providing sets of proteins for taxonomy based on concatenated
proteins encoded in the same genome (e.g., Hug et al. 2016; Parks
et al. 2018). These improvements can overcome misleading inter-
pretations of short-read data (Ackelsberg et al. 2015; Afshinnekoo

et al. 2015). We acknowledge, however, that reads-based analyses
may be informative for undersampled populations, although the
information carried on each read is limited for short-read data.

The critical step required to establish a genome from a meta-
genomic assembly is binning. This involves assignment of assem-
bled fragments to a draft genome based on detection on any
scaffold of some signal(s) that occur(s) locally within a genome
and persists genome-wide. Most commonly used features that
can facilitate accurate binning of scaffolds include depth of
sequencing measured by read coverage; sequence composition
measured, for example, by tetranucleotide composition; and phy-
logenetic profile measured by the “best taxonomic hits” for each
predicted protein on each scaffold. Sometimes, and mostly in
data sets from very simple communities or for highly abundant or-
ganisms, the process of binning can be as easy as collecting togeth-
er all fragments that share a single clearly defined feature
(Supplemental Fig. S1), such as a discrete set of scaffolds with sim-
ilar coverage, or unique and well-defined tetranucleotide patterns
or GC content. In other cases, a combination of a few well-defined
signals, such as GC content, coverage, and phylogenetic profile of
scaffolds, are sufficient to clearly define a bin. However, over-reli-
ance on phylogenetic profiles can be misleading, especially if the
genome is for an organism that is only distantly related to those
in the databases used for profiling. Further, some fragments can
have an unexpected phylogenetic profile relative to the rest of
the genome because the region has not been encountered previ-
ously in genomes of related organisms, possibly because it was ac-
quired by lateral gene transfer. Thus, the most robust bins will draw
on a combination of multiple clear signals.

If a study includes a set of samples with related community
membership, an important constraint for bin assignment can be
provided by the shared patterns of abundance of a fragment across
a sample series. The use of series samples (collected at different
depths/time points/treatments from the same experiment setup)
data for binning was first proposed by Sharon et al. (2013), and
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6 122,996 123,096 123,196 123296 123396

123,496 123,596 123,696 123,796 123,896 123,996

sy 2

] ] = = m——
— S o -
—— O o —
o 0 —
oo
— . ]
— =] o] —
o] | _
== g : |
o
— o B
D D
o 0 ——— O
e = — ol
——
) ] .
Window = 1,100 bp -

O
m}

Total bases = 42,904 bp .
Single nucleotide variants |:| =49
Replicated single nucleotide variants D =1

Figure 1. The low frequency of single-nucleotide variants (SNVs) of a recently published CMAG. A randomly chosen region, centered on position
123,456 (1100 bp in length) of the CMAG of Candidatus Fluviicola riflensis is shown with mapped reads (Banfield et al. 2017). SNVs that only occur
once are indicated by black boxes, and the one replicated SNV is indicated by a red box. Clearly, the consensus sequence is well supported. The mapping
of reads to the genome was performed by Bowtie 2 and visualized via Geneious.
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this strategy is now a central feature in most automated binning al-
gorithms, including CONCOCT (Alneberg et al. 2014), MaxBin
(Wu et al. 2014), ABAWACA (Brown et al. 2015), and MetaBAT
(Kang et al. 2015), as well as manual binning and MAG refinement
strategies (Wrighton et al. 2012; Shaiber and Eren 2019). Series-
based binning can exclude contaminant scaffolds from a MAG
whose abundance shows a different pattern over time/space/treat-
ment. We have found that no single binning algorithm is the
most effective for all sample/environment types or even for all
populations within one sample. The recently published method
DAS Tool tests a flexible number of different binning methods,
evaluates all outcomes, and chooses the best bin for each popula-
tion (Sieber et al. 2018). A similar strategy has been used in a mod-
ular pipeline software called MetaWRAP (Uritskiy et al. 2018).

A case study: Binning can greatly improve data
interpretation

Contigs that do not represent entire chromosomes may not be ap-
propriate proxies for microbial populations without binning, and
claims made based on unbinned contigs can lead to erroneous
conclusions. For instance, a recent study focusing on human blood
used shotgun metagenomic sequencing of circulating cell-free
DNA from more than 1000 samples and recovered a large number
of contigs with novel bacterial and viral signatures (Kowarsky et al.
2017), suggesting that “hundreds of new bacteria and viruses”
were present in human blood, and that this environment con-
tained more microbial diversity than previously thought.
Although the investigators performed PCR experiments to inde-
pendently confirm the existence of some of these signatures in
blood samples, they did not attempt to assign assembled contigs
to genome bins. Here, we studied contigs from these blood meta-
genomes with a genome-resolved strategy to investigate the pres-
ence of previously unknown bacterial populations.

To explore the origin of bacterial signatures found in the nov-
el set of contigs recovered from cell-free DNA blood metagenomes
(Fig. 2A), we first searched for the 139 bacterial single-copy core
genes (SCGs) described by Campbell et al. (2013). This analysis
identified 76 bacterial SCGs among all contigs; of these, 56 oc-
curred only once, suggesting that a single microbial population
may explain a large fraction of the bacterial signal found among
novel contigs (Fig. 2B). Of the 56 genes that occurred only once,
18 were ribosomal proteins. Comparison of the amino-acid se-
quences of these ribosomal proteins to those in the NCBI’s nonre-
dundant protein sequence database revealed that the vast majority
of them best matched to proteins from genomes that fall within
the recently described “Candidate Phyla Radiation” (CPR)
(Brown et al. 2015), a group of microbes with rather small ge-
nomes, reduced metabolic capacities (Rinke et al. 2013; Brown
et al. 2015), and at least in some cases very small cell sizes (Luef
et al. 2015), which suggest largely symbiotic lifestyles (He et al.
2015; Nelson and Stegen 2015). Even though ribosomal proteins
found in blood metagenomes best matched to CPR genomes, the
levels of sequence identity of these matches were very low, and tax-
onomic affiliations of best hits were divergent within the CPR
(Supplemental Table S1), which could simply reflect the novelty
of a single population rather than the presence of multiple popu-
lations. To investigate the distribution of these proteins, we clus-
tered novel contigs based on their tetranucleotide frequencies
(Fig. 2A). We found that most bacterial SCGs occurred in a relative-
ly small group of contigs with similar tetranucleotide composition.

Manual selection of these contigs, and their further refinement us-
ing additional “non-novel” contigs that were not included in the
original study by Kowarsky et al. (2017), resulted in a single CPR
MAG that is 613.5 kbp in size with a completion estimate of
52.5%. Our phylogenomic analysis affiliated this MAG with the
superphylum Parcubacteria (previously OD1) of the CPR (Fig.
2C). Regardless of the origins of this population in these metage-
nomes, our genome-resolved analysis contrasts with the prior in-
terpretation of these data and suggests that Parcubacteria appears
to be the only major novel bacterial group whose DNA is present
in human blood metagenomes. This finding shows the critical im-
portance of binning-based strategies to justify claims of microbial
diversity in metagenomic analyses.

Yet, binning can be an important source of error

A real danger is that conclusions from draft MAGs may be incorrect
because of misbinning (the wrong assignment of a genome frag-
ment from one organism to another). It is critical to not rely on
MAGs with high levels of contamination because these will likely
yield misleading evolutionary and ecological insights (Bowers
et al. 2017; Shaiber and Eren 2019). Misbinning is especially likely
if scaffolds are short (e.g., <5 kbp), where binning signals can be
noisy or unreliable. Thus, for better binning performance, it is
helpful to use an assembler that includes a scaffolding step (inser-
tion of Ns in gaps between contigs spanned by paired-end reads),
such as IDBA-UD (Peng et al. 2012) or metaSPAdes (Nurk et al.
2017). MAGs can also be screened for short scaffolds with, for ex-
ample, erroneous rRNA genes, which are often misbinned owing
to their anomalous coverage (especially if the scaffolds are short
and the genes are present in multicopy). Bins may also be contam-
inated by phage and plasmid genome fragments with coinciden-
tally similar coverage or GC content, and so forth.

Completeness and contamination are often estimated using
the inventory of expected SCGs in a MAG. A set of SCGs is selected
based on their presence in all bacterial genomes, or at least all ge-
nomes within a taxonomic group (identified based on the phylog-
eny). In a genome without contamination, they should be present
without redundancy. A widely used tool to assay both complete-
ness and contamination is CheckM (Parks et al. 2015), although
other methods are in use (Eren et al. 2015; Anantharaman et al.
2016). It has been noted both in the original study and in subse-
quent studies that CheckM can generate a false sense of bin accu-
racy, as shown by combining two partial single-cell genome bins
(Parks et al. 2015; Becraft et al. 2017). The absence of multiple cop-
ies of SCGs does not preclude the presence of fragments from un-
related organisms that will compromise the biological value of the
MAGs. Although there are tools for interactive visualization of ge-
nome bins in a single sample (Laczny et al. 2015; Raveh-Sadka et al.
2015) or across multiple samples (Eren et al. 2015) that enable
manual curation opportunities to identify contamination beyond
SCG-based estimates, the scalability of this strategy is limited. For
example, recently there have been reports of many thousands,
even hundreds of thousands, of draft MAGs from public metage-
nomic data sets (Parks et al. 2017; Almeida et al. 2019; Nayfach
et al. 2019; Pasolli et al. 2019). Such large-scale analyses often
rely on simplified procedures, for example, coverage profile of a
single sample for binning, use of a single binning algorithm, or
completeness/contamination estimates based on SCG inventories.
Because these genomes are readily adopted by the scientific com-
munity for a wide variety of investigations, errors caused by mis-
binning will propagate.
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Final CPR bin curated from all contigs 289 76 73 0.61 52.5 2.2
Everything else in all contigs 6,490 190 90 14.8 64.7 7.9

* Based on Campbell et al.'s (2013) collection of 139 bacterial single-copy core genes
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Figure 2. Genome-resolved metagenomics is essential to better investigate microbial diversity. (A) The inner dendrogram displays the hierarchical clus-
tering of 3761 “novel” Kowarsky et al. contigs based on their tetranucleotide frequency (using Euclidean distance and Ward clustering) with the set of
contigs that identify the genome in these data that is a member of the Candidate Phyla Radiation (CPR). Although the two inner layers display the length
and GC content of each contig, the outermost layer marks each contig that contains one or more bacterial single-copy core genes. Finally, the second most
outer layer marks each contig that originates from the assemblies of pregnant women blood samples. Although the pregnant women cohort was only one
of four cohorts of individuals in Kowarsky et al. (2017) (others being heart transplant, lung transplant, and bone marrow transplant patients), most ribo-
somal proteins we found in the assembly originated from contigs that were assembled from the pregnant women (Supplemental Table S1). The signal in
this layer shows that contigs with bacterial single-copy core genes associate very closely with other contigs based on tetranucleotide frequencies, and most
of these contigs are assembled from pregnant women blood metagenomes, providing additional confidence that this group of contigs represents a single
microbial population genome within the “novel” set of contigs that were released by Kowarsky et al. (2017) in their original publication. (B) Comparison of
the initial CPR bin we have identified in the “novel” set of contigs to the final CPR bin we have refined using the entire set of contigs, which included non-
novel contigs we obtained from the authors of the original study (M Kowarsky, ] Camunas-Soler, M Kertesz, et al., pers. comm.). (C) Phylogenetic analyses
show the placement of the CPR bin in the context of CPR genomes released by Brown et al. (2015). More details of this case study are available at http
://merenlab.org/data/parcubacterium-in-hbcfdna/.
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A case study: SCGs can fail to predict the quality
of MAGs

In arecent publication, Pasolli et al. (2019) used a single-sample as-
sembly approach combined with automatic binning to generate
345,654 MAGs from the human microbiome, of which 154,723
pass a completion and quality threshold based on SCGs. The inves-
tigators suggest that the quality of the MAGs they have recon-
structed through this pipeline was comparable to the quality of
genomes from bacterial isolates or MAGs that were manually curat-
ed (Pasolli et al. 2019). However, reconstructing MAGs from single
metagenomes and the heavy reliance on SCGs to estimate their
quality can yield misleading results.

We examined one of the Pasolli et al. (2019) MAGs, “HMP_
2012__SRS023938__bin.39” (hereafter referred to as Pasolli
MAG), which resolves to the candidate phylum Saccharibacteria
(formerly known as TM7), a poorly understood branch of the
Tree of Life that contains members that are common in the human
oral cavity (Bor et al. 2019). This MAG, 897,719 bp in length with
57 contigs (NSO: 34,012 bp) (Supplemental Table S2), was recov-
ered by Pasolli et al. (2019) from a supragingival plaque sample (ex-
periment accession: SRR060355; sample accession: SRS023938)
collected and sequenced by the Human Microbiome Project
(HMP) (Turnbaugh et al. 2007). Anvi'o estimated the Pasolli
MAG to include 84% of bacterial SCGs with very low redundancy
(2.8%), in comparison, CheckM reported 63.39% completeness
and 0.85% contamination (Supplemental Table S2).

The HMP data set included two additional plaque metage-
nomes from the same individual, providing an opportunity to in-
vestigate the distribution patterns of contigs binned together in

Plaque Metagenomes | Plaque and Tongue
from the same | Metagenomes
individual | from the HMP
(coverage) | (detection)

this MAG across multiple samples from the same person through
metagenomic read recruitment. Organizing contigs based on their
sequence composition and differential coverage patterns across
three samples revealed two distinct clusters (Fig. 3), the smaller
one of which contained 11 contigs that added up to a total length
of 53.5 kbp (Fig. 3, outer circle, orange). Although the average
mean coverage of contigs in these clusters were relatively compara-
ble in the metagenome from which the MAG was reconstructed
(24.6x vs. 31.1x), the average coverages differed in the other two
plaque metagenomes (99.4x vs. 20.7x in SRS013723 and 9.7x vs.
33.56x in SRS078738), which suggest that the emergence of these
two clusters was due to the improved signal for differential cover-
age with the inclusion of additional samples (Fig. 3). A BLAST
search on the NCBI's nonredundant database matched genes
found in 10 of 11 contigs in the smaller cluster to genomes of Veil-
lonella (belonging to Firmicutes) (Supplemental Table S3), a genus
that is common to the human oral cavity (Mark Welch et al. 2014)
and includes members that are present in multiple oral sites (Eren
et al. 2014). Genes in the remaining contig in the smaller cluster
lacked a strong match (contig 000000000028) (Supplemental
Table S3), yet best matched to genes in Selenomonas genomes in-
stead of Saccharibacteria, suggesting that the smaller cluster repre-
sented contamination. Because these contaminating contigs did
not include any SCGs, their inclusion did not influence SCG-based
completeness and contamination estimates. Thus, they remained
invisible to the quality assessment. Although the contamination
in this case will unlikely influence the placement of this particular
MAG in the Tree of Life owing to the lack of SCGs in it, the contam-
ination does change the functional makeup of the MAG: Our an-
notation of 54 genes in the 11 contaminating contigs using the

o S So
<,°$}'\%\‘§’ °§e}<§\% o§é‘1‘§b
N\ N\
Matching  Numberof  Total  BSCG-based \@,“4& \@Q‘gf’ &Q’fé\"g‘
taxonomy contigs length C/R % & & &
ISaccharibacteria 46 844 kbp 84.5/2.8 24.66 99.38 9.66
Veillonella and
G 1 53.5 kpb 0.0/0.0 31.18 20.72 33.56

Figure 3. Contamination in MAG without extra copies of SCGs. In the left panel, the half-circle displays the mean coverage of each contig in Pasolli MAG
across three plaque metagenomes that belong to the same individual, for which the “star” symbol denotes the sample from which the original MAG was
reconstructed. The dendrogram in the center represents the hierarchical clustering of the 57 contigs based on their sequence composition and differential
mean coverage across the three metagenomes, and the innermost circle displays the GC content for each contig. The outermost circle marks two clusters:
one with 46 contigs (green) and another one with 11 contigs (orange). The table underneath this display summarizes various statistics about these two
clusters, including the best matching taxonomy, total length, completion and redundancy (C/R) estimations based on SCGs, and the average mean cov-
erage of each cluster across metagenomes. In the right panel, the distribution of the same contigs and clusters are shown across 196 plaque (brown) and
217 tongue (blue) metagenomes generated by the Human Microbiome Project (HMP). Each concentric circle in this display represents a single metage-

nome, and data points display the detection of the contigs in Pasolli MAG.
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NCBI's Clusters of Orthologous Groups (COGs) revealed 30 func-
tions that were absent in the MAG after the removal of the contam-
ination (Supplemental Table S4). In addition to misleading
functional profiles, contamination issues often influence ecologi-
cal insights. Our read recruitment analysis to characterize the dis-
tribution of the Pasolli MAG contigs across all 196 plaque and 217
tongue metagenomes from 131 HMP individuals showed that al-
though this Saccharibacteria population appears to be restricted
to plaque samples, contigs that contaminated this MAG recruited
reads also from the tongue samples (Fig. 3; Supplemental Table S5).

We did not investigate the quality of the full set of 154,723
MAGs described by Pasolli et al. (2019) or the genomes reported
in other studies that relied on similar automated strategies
(Almeida et al. 2019; Nayfach et al. 2019). Nevertheless, this exam-
ple shows that SCGs alone cannot predict the lack of contamina-
tion in a given MAG or characterize the extent of contamination
in genomic collections (for another example, see Supplemental
Fig. S2). Overall, it is essential for our community to note that com-
putational analyses that rely heavily on SCGs to assess the quality
of MAGs can promote erroneous insights.

Genome curation: moving toward complete genomes

The opportunity to recover huge numbers of new genomes from
metagenomic data sets motivates the development of new tools
to more comprehensively curate draft MAGs, ideally to comple-
tion. Although the term “complete” should be reserved for ge-
nome sequences with (usually) circular chromosomes reported
in single scaffolds, in contemporary genome-resolved metage-
nomics studies the term is commonly used to describe bacterial
and archaeal genomes that have all the expected SCG markers
used to evaluate completeness. This use of the term “complete”
does not exclude genomes that are extremely fragmented, which
can suffer from contamination issues, as we show above. Here,
we use the term “complete” explicitly to describe multiple proper-
ties of a genome: (1) circular (assuming the chromosome is circu-
lar) and single chromosomal sequence, with (2) essentially
perfect read coverage support throughout (i.e., the majority [e.g.,
>50%] of bases in mapped reads at any position matches to the
consensus base), and (3) no gaps. To avoid any confusion, we
will use the term “CMAGs” to describe complete MAGs that
meet the three criteria.

The first genome of an uncultivated bacterium to our knowl-
edge, appeared in 2000 and was for an insect symbiont (Shigenobu
et al. 2000), but the DNA of only one microorganism was sampled
so binning was not required. The first CMAGs appeared in 2008,
but this was for a bacterium that comprised >99.9% of the sample
(Chivian et al. 2008). Another genome published in the same year
was for a candidate phylum bacterium in an anaerobic digester and
was reconstructed by sequencing of a fosmid library (Pelletier et al.
2008). In addition, a genome for a member of Elusimicrobia was
reported from a Termite gut in 2008 (Hongoh et al. 2008). It was
not until 2012 and 2013 that a series of CMAGs from multispecies
natural communities began to appear (Iverson et al. 2012; Castelle
et al. 2013; Di Rienzi et al. 2013; Kantor et al. 2013). In most cases,
these genomes were very close to complete upon de novo assem-
bly, although some effort was required to finish them. Near com-
plete de novo assembly is a very rare outcome, given that most
genomes are assembled using short paired-end reads (e.g., 150 bp
with a few hundred base pair insert size). However, given that
many samples generate hundreds of draft genomes, very high-
quality de novo assembly of a genome is not uncommon overall.

Nevertheless, the curation of even very well-assembled MAGs is
very rarely undertaken, perhaps owing to the involvement of typ-
ically manual and generally not well-understood steps. Here, we
describe the methods that can be used for genome curation and
provide examples to illustrate potential caveats along with their
likely solutions. Our hope is that the following sections will moti-
vate the development of new tools to enable routine curation of
genomes from metagenomes.

A limited number of published complete
metagenome-assembled genomes

To the best of our knowledge, as of September 10, 2019, 59 bacte-
rial and three archaeal CMAGs from microbial community data
sets are publicly available (Table 1). Of these, four CMAGs were fin-
ished using Pacific Biosciences (PacBio) reads. The published
CMAGs are primarily for members of the Candidate Phyla Radia-
tion (CPR; 36 genomes) and DPANN (two genomes), which have
unusually small genomes (average genome size of 1.0 Mbp) (Table
1). Other reported CMAGs include those for Proteobacteria (eight
genomes), Saganbacteria (WOR-1; 4), Bacteroidetes (two), Candi-
datus Bipolaricaulota (two), Firmicutes (two), and one from each
of Dependentiae (TM6; also small genomes), Elusimicrobia, Melai-
nabacteria, Micrarchaeota, Nitrospirae, Zixibacteria, and Candida-
tus Cloacimonetes (Table 1).

CMAGs are not limited to bacteria and archaea. Because all of
the extracted DNA is sequenced, genomes are also reconstructed
for phage and plasmids. In fact, the tool VirSorter (Roux et al.
2015) predicts circularized sequences suitable for verification and
curation to remove gaps and local assembly errors. Two recent
studies reported unusually large complete phage genomes. In the
first case, 15 complete megaphage genomes, each >540 kbp in
length, were reconstructed and curated from human and animal
microbiomes (Devoto et al. 2019). In the second case, 35 complete
genomes >200 kbp derived from phage, including the largest
phage genomes yet reported (Al-Shayeb et al. 2020). The distinc-
tion of these sequences from prophage and the accurate size deter-
minations could not be made without circularized genomes, and
the complete, accurate inventory of genes would be precluded
with only draft genomes.

Genome curation: filling scaffolding gaps
and removal of local assembly errors

Genome curation requires the identification and correction of lo-
cal assembly errors and removal of gaps at scaffolding points.
However, the exclusion of these steps in current genome-resolved
metagenomics studies propagate errors such as incomplete or in-
correct protein-coding gene sequences in public databases.
Automatic tools like GapFiller (Nadalin et al. 2012) may be
useful for the filling of “N” gaps at scaffold joins (read pairs should
span the gap if the scaffolding was done correctly). Our primary ap-
proach to gap filling makes use of unplaced pairs for reads adjacent
to the gaps. When reads are mapped to genome fragments that
compose a bin, a file of unplaced paired reads is generated for
each fragment. By mapping these unplaced paired reads to the cor-
responding fragment, it is usually possible to incrementally close
the gap (so long as there is sufficient depth of coverage). After
the first round of mapping of unplaced paired reads, the consensus
sequence must be extended into the gap before remaining un-
placed paired reads are remapped. The newly introduced paired
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reads should be placed at an appropriate distance from their exist-
ing pairs, given the fragment insert size. Often a few iterations are
needed for gap closure. However, if the gap does not close and no
further extension can be accomplished using the existing collec-
tion of unplaced pairs, the full metagenomic read data set can be
mapped to the new version of the scaffold and another round of
extension performed until the gap is closed.

If a gap cannot be closed using the unplaced paired reads ow-
ing to low coverage, one solution may be to include reads from an-
other sample in which the same population occurs (this may not
be appropriate for some investigations), or by performing a deeper
sequencing of the same sample. In other cases, the necessary reads
are misplaced, either elsewhere on that scaffold or on another scaf-
fold in the bin. This happens because the reads have been “stolen”
thus the true location sequence is not available to be mapped to.
This often leads to read pileups with anomalously high frequencies
of SNVs in a subset of reads. However, anomalously high read
depths can also occur owing to mapping of reads from another ge-
nome. The misplaced reads can be located based on read names
and extracted for gap filling. Other indications of misplacement
of reads include read pairs that point outward (rather than toward
each other, as expected) or with unusually long paired read dis-
tances. One of these reads is misplaced and the other read normal-
ly constrains the region to which the pair must be relocated.
Relocation of the misplaced read can often lead to filling of scaf-
folding gaps. In some cases, gap filling cannot be easily achieved
despite sufficient read depth. This can occur, for example, because
of complex repeats. Sometimes these repeat regions can be re-
solved by careful read-by-read analysis, often requiring relocation
of reads based on the placement of their pairs as well as sequence
identity.

Another important curation step is the removal of local as-
sembly errors (Supplemental Fig. S3). We suspect that these
errors are particularly prominent in IDBA-UD assemblies, al-
though it is likely that all assemblers occasionally make local as-
sembly errors. Local assembly errors can be identified because the
sequence in that region lacks perfect support, by even one read.
The region should be opened up and each read within that re-
gion separated to the appropriate side of the new gap (so that
all reads match the consensus sequence). Unsupported consen-
sus sequence should be replaced by Ns. The new gap can be filled
using the procedure for filling scaffolding gaps, as described
above.

A second type of local assembly error is where Ns have been
inserted during scaffolding despite overlap between the flanking
sequences (Supplemental Fig. S4). We have observed this problem
with both IDBA-UD and CLC workbench assemblies. The solution
is simply to identify the problem and close the gap, eliminating
the Ns and the duplicate sequence.

Another common assembly error involves local repeat
regions in which an incorrect number of repeats has been incorpo-
rated into the scaffold sequence. This situation may be detected by
manual inspection of read mapping profile, as it leads to anoma-
lous read depth over that region. Sometimes the correct number
of reads may only be approximated based on the consistency of
the coverage within the repeat region and other parts of the scaf-
fold (see example below).

Rarely, in our experience, assemblers create scaffolds that are
chimeras of sequences from two different organisms (e.g., Mineeva
et al. 2020). These joins typically lack paired read support and/or
can be identified by very different coverage values and/or phyloge-
netic profiles on either side of the join.

Another seemingly rare error involves the artificial concate-
nation of an identical sequence, sometimes of hundreds of base
pairs in length, repeated up to (or more than) three times. This
has been a problem with some sequences of seemingly large phage
deposited in public databases, as discussed by Devoto et al. (2019)
and Al-Shayeb et al. (2020). This phenomenon is easily identified
by running a repeat finder, a step that should also be included in
the curation to completion pipeline (see below).

Using GC skew as a metric for checking genome
correctness

GC skew is a form of compositional bias—imbalance of guanosine
(G) relative to cytosine (C) on a DNA strand—that is an inherent
feature of many microbial genomes, although some are known
to display little or no GC skew (e.g., certain Cyanobacteria)
(Nakamura 2002). The phenomenon of strand-specific composi-
tion was described by Lobry (1996), who observed that the sign
of the relative GC skew changes crossing the oriC and terC regions.
Thus, the inflection point in genome GC skew at the origin of rep-
lication is often close to the dnaA gene and typically contains a
small repeat array. GC skew is calculated as (G — C/G + C) for a slid-
ing window along the entire length of the genome (suggested win-
dow =1000bp, slide=10bp). The skew is also often summed along
the sequence to calculate cumulative GC skew. This was proposed
by Grigoriev (1998), who showed that the calculation of the cumu-
lative GC skew over sequential windows is an effective way to visu-
alize the location of the origin and terminus of replication. For
complete genomes, the GC skew is often presented starting at
the origin of replication, proceeding through the terminus and
back to the origin (i.e., as if the chromosome was linear). The pat-
tern of the cumulative GC skew, where the function peaks at the
terminus of replication, indicates that the genome undergoes
bidirectional replication. The pattern is fairly symmetrical unless
the replichores are of uneven lengths. Because the magnitude of
the cumulative GC skew varies from genome to genome, the mag-
nitude of the skew could potentially be used as a binning signal.
The explanation for the origin of GC skew is not fully agreed
upon. It may arise in large part because of differential mutation
rates on the leading and lagging strands of DNA. Enrichment in
G over C occurs because of C deamination to thymine (C-T),
the rates of which can increase at least 100-fold when the DNA is
in a single-stranded state. In the process of DNA replication, the
leading strand remains single stranded while the paired bases are
incorporated by the DNA polymerase into its complementary
strand. However, the Okazaki fragments on the lagging strand pro-
tect a fraction of the DNA from deamination. Thus, the leading
strand becomes enriched in G relative to C compared to the lag-
ging strand. The magnitude of the GC skew can be impacted by
the speed of the DNA polymerase processivity (which impacts
the length of time that the DNA is single stranded) and the length
of the Okazaki fragments. GC skew has been linked to strand cod-
ing bias (Rocha et al. 1999). Concentration of genes on the leading
strand would afford protection against nonsynonymous muta-
tions (as C—»T mutations in the wobble position of codons are
always synonymous), whereas G—A on the lagging strand (follow-
ing C-T on the leading strand) in two cases results in nonsynon-
ymous mutations (AUA for Ile vs. AUG for Met, and UGA for stop
codon vs. UGG for Trp). The potential for deamination in the non-
coding strand during transcription, another source of GC skew,
would also favor genes on the leading strand. GC skew persists

Genome Research 323
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.258640.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.258640.119/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on May 3, 2026 . Published by Cold Spring Harbor Laboratory Press

Chen et al.

because the leading strand is maintained as such through subse-
quent replication events.

Given that a well-defined pattern of GC skew is anticipated
across many bacterial (and some archaeal) genomes, we wondered
whether plots of cumulative GC skew for putative complete ge-
nomes can be confidently used to test for genome assembly errors.
For this metric to be useful, it would be imperative to establish the
extent to which GC skew is indeed a feature of complete bacterial
genomes. To our knowledge, the now extensive set of complete
isolate genomes has not been leveraged to do this.

We undertook benchmarking of GC skew, and more specifi-
cally cumulative GC skew, using all approximately 7000 complete
genomes in the RefSeq database. We found that the majority of
RefSeq bacterial genomes show the expected pattern of cumulative
GC skew. The magnitude of the origin to terminus skew varies sub-
stantially, from 0.4 excess G relative to C to close to zero
(Supplemental Fig. S5). A small subset of the approximately 7000
complete genomes essentially lack GC skew (as reported for
some Cyanobacteria, see above) (Supplemental Table S6). Poorly
defined (noisy) patterns are often associated with low total cumu-
lative skew. About 15% of genomes have notably asymmetric pat-
terns (i.e., the cumulative skew is substantially larger for one half of
the chromosome relative to the other), presumably because the
two replichores are of substantially uneven length. Moreover,
some bacterial genomes had a GC skew pattern indicating rolling

circle replication (Supplemental Table S7). We did not detect a
strong correlation between the magnitude of GC skew and bias
for genes on the leading strand.

Some complete genomes have quite aberrant skew patterns,
with inversions in the cumulative skew within a single replichore
or exceedingly uneven predicted replichore lengths. We consid-
ered the possibility that a subset of these isolate genomes may
contain misassemblies. Such a phenomenon was already shown
by Olm et al. (2017) in the case of a Citrobacter koseri isolate ge-
nome that was clearly wrongly assembled across tRNA operons
(and a PacBio assembly for a closely related strain showed the ex-
pected pattern of cumulative GC skew). To test for the possibility
that these other complete genomes contained errors, we posited
that misassemblies would likely occur at perfect repeats that are
longer than the distance spanned by paired reads. Further, we
predicted that the pair of repeats flanking the wrongly assembled
sequence region would be in reverse complement orientations so
that the intervening DNA segment could be flipped at the repeats
and that the flipped version would show the expected GC skew
pattern. In five of twelve cases that we scrutinized, it was possible
to show that reverse complementing the sequence spanned
by repeats indeed resulted in genomes with exactly the expected
form of cumulative GC skew (Fig. 4; Supplemental Figs. S6,
S7). In one case, that is, Flavobacterium johnsoniae UW101
(NC_009441.1), the original assembly notes indicated assembly
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Figure 4. Examples of probable assembly errors in RefSeq bacterial genomes. (A) Salmonella enterica subsp. enerica (CP009768.1). (B) Desulfitobacterium
hafniense Y51 (NC_007907.1). The diagrams show the GC skew (gray) and cumulative GC skew (green line) of the original (left) and the modified (right)
versions of the genomes (all calculated with window size of 1000 bp, and slide size of 10 bp). The location and direction of repeat sequences leading to the
abnormal GC skew are indicated by red arrows. After flipping the repeat-bounded sequences, the genomes show the pattern expected for genomes that
undergo bidirectional replication (right). For more examples, see Supplemental Figures S6 and S7.
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uncertainty (although the complete genome was deposited at
NCBI).

We acknowledge the possibility that a recent major rearrange-
ment could also give rise to inflexions in GC skew; however, major
rearrangements typically have a well-defined placement relative to
the origin of replication that is inconsistent with the patterns ob-
served (Eisen et al. 2000). Although we cannot state that these iso-
late genomes are wrongly assembled, we suggest that it is a distinct
possibility. Incorrect assemblies in isolate genomes can be of high
significance, given the trust placed in them for evolutionary and
metabolic analyses that make use of synteny and gene context.
They are also used as references for calculation of growth rates
via the PTR method (Korem et al. 2015), and incorrect reference se-
quences will corrupt such measurements.

It is well known that some archaea replicate their genomes
from multiple origins (Barry and Bell 2006). In such cases, the cu-
mulative GC skew pattern is not a useful test of overall genome
accuracy. However, some archaea do
show the peaked pattern that is typical
of bacteria, thus indicative of bidirec-
tional replication. Overall, we found 18
of 224 RefSeq archaeal genomes tested
that show this pattern, and all of them l
are Euryarchaeota (Supplemental Table 2
$8). In addition, this pattern was report-
ed for a DPANN archaeon (Probst and
Banfield 2018).

3 Check for and remove contamination in genome bin
Anvi'o, CheckM, Coverage, ESOM, GC, Taxonomy

From high-quality draft l
sequences to complete genomes B

from metagenomes

. L number of contigs < 10 l
Genome curation to completion is rarely

Compute estimates of genome bin completeness
Anvi'o, CheckM, ggKbase

l completeness = 95%

DESMAN (Quince et al. 2017) may offer quantitative support for
such decisions.

In our experience, the most important first step in the path
toward recovery of a CMAG is to start from a well-defined bin
that appears to comprise the vast majority of the genome of inter-
est (Fig. 5, step 1). As above, this is usually determined based on ge-
nome completeness evaluation (Fig. 5, step 2) and/or a very strong
set of binning signals (e.g., Supplemental Fig. S1). It should be not-
ed that some genomes (e.g., CPR bacteria) may naturally lack cer-
tain SCGs that are otherwise considered universal in other
bacteria (Brown et al. 2015), and may require a modified list of uni-
versal SCGs such as those proposed for CPR genomes for more ac-
curate evaluations of completion (Anantharaman et al. 2016).
Importantly, the targeted bin should be polished to remove con-
tamination scaffolds, as noted above (Fig. 5, step 3).

Given currently available tools, it is probably wise to choose a
bin with no more than 10 pieces (Fig. 5, step 4), although a MAG

Reconstruct genome bins from assembled scaffolds
ABAWACA, Anvi'o, CONCOCT, DAS Tool, MaxBin, MetaBAT

Some bacteria/archaea (e.g., CPR)
may lack one or more universal SCG.
Other approaches for completeness
evaluation should be performed.

completeness
<95%

Apparent contamination due to SCG fragmentation
may be removed by scaffolds joins or by fixing gaps
or local errors. Irregular patterns of coverage over
sample series may identify contaminating fragments.

Check number of scaffolds in genome bin
(Ideally, number of contigs < 4)

Search assembled sequences for
fragments not assigned to the bin

[ —

undertaken (Table 1) because there is no
single tool available to accomplish it,
and there can be confusing complica-
tions. The procedure requires the steps
described in the previous section as well
as extension of scaffolds (or contigs, if
no scaffolding step was undertaken) so
that they can be joined, ultimately into
a single sequence (assuming the genome

Scaffold extension and overlap-based assembly
Paired read mapping for confirmation no

Although a CMAG was not
5 Correct ambiguous bases and fill in gaps achieved, the quality of the m
GapFiller, ra2.py yes

MAG has been increased.
Determine and correct local assembly errors

ra2.py, REAPR
circularization = no 6

8 Check for repeats larger than insert-size
Repeat finder

circularization = yesl Number of iterations = 10?

Check for why this happened and possible solutions.

is a single chromosome). With currently l
available tools, this is time consuming,

sometimes frustrating, and often does 9
not result in a CMAG (usually because
of indistinguishable multiple options
for scaffold joins typically resulting
from repeats such as identical copies of
transposons). However, when it can be
done, the resulting genome solution
should be essentially unique, as we will |44
show below. There is nothing “arbitrary”
about the process, except occasionally
the choice of which set (usually a pair)
of subequal locus variants (e.g., SNVs)
will represent the final genome. Even in
those cases, depending on the availabili-
ty of multiple appropriate metagenomes
for read recruitment analyses, tools
for haplotype deconvolution such as

10

12

Methods and also online
and-gap-closing/).

Manual check for coverage profile
Paired read mapping

Verify presence of single copy genes
Anvi'O, CheckM, ggKbase, Phylosift

Calculate and plot cumulative GC skew
iRep

Move genome start to the origin
(based on GC skew, do not split a gene)

Map reads without mismatches to verify support.
Depth may decrease from origin to terminus, but
anomalous depth may indicate problems.

Some groups may lack one or more univeral SCGs.

l completion = yes

Some genomes lack GC skew. Bidrectional patterns
may be asymmetric due to uneven replichore lengths.
Inflections in cumulative skew may indicate errors.

l expected profile

——>  Celebrate! Subsequent analyses.

Figure 5. The workflow for generating curated and complete genomes from metagenomes. Steps are
shown in black, and the tools or information used in blue. Notes for procedures are shown in gray boxes.
The detailed procedures for scaffold extension and gap closing are available in the Supplemental

(https://ggkbase-help.berkeley.edu/genome_curation/scaffold-extension-
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with larger number of scaffolds can be curated to completion if
necessary (Chen et al. 2019). The best possible case is when the ge-
nome is de novo assembled into a single piece. In some cases, the
genome is already circularized, based on overlap sequences at the
scaffold ends, with paired-end reads that span the scaffold ends.
Although rare, this does occur, mostly for small genomes (e.g.,
Saccharibacteria) (Albertsen et al. 2013; Starr et al. 2018). In other
cases, a modest amount of end extension may be required for
circularization (see below). The single scaffold should be checked
for complete coverage and support of the consensus. Gaps or local
assembly errors must be dealt with before the genome is classified
as curated and complete (some additional checks are described
below).

Some assemblers (e.g., IDBA-UD, metaSPAdes) retain se-
quences that are nonunique at scaffold ends. Assembly termina-
tion presumably happens because assembly algorithms are
designed to stop at points of uncertainty rather than risk making
incorrect joins (Supplemental Fig. S8A). Incidentally, because dif-
ferent assemblers can yield different results, there can be value in
comparing the results for the same data assembled using different
tools and/or parameters (see examples below). Also, in some cases,
assembly of scaffolds representing the same organism (or a closely
related organism) from a related sample, could help scaffold exten-
sion and/or linkage (Supplemental Fig. S8B). Potential scaffold
joins can be made by identifying perfect overlaps at the ends of
scaffolds of a MAG (“overlap-based assembly”) (Fig. 5, step J5).
Often, the length of perfect overlap of scaffolds assembled using
IDBA-UD and metaSPAdes is n and n—1, respectively, where #n is
the largest k-mer size used in de novo assembly. Although the as-
sembler chose not to make these joins (possibly owing to confu-
sion involving even a single read), seemingly unique joins
involving scaffolds in a bin can be made tentatively during cura-
tion. Ultimately, nonunique joins can be eliminated or resolved
at the end of the curation process. It is important to note that
nonuniqueness of a join may not be evident in an initial scaffold
set owing to failure to include a relevant scaffold in the bin or lack
of de novo assembly of relevant regions. Thus, it is important to
test for repeated regions that cannot be spanned by paired reads
at the end of curation (either in the potentially complete genome
or curated scaffold set if completion is not achieved). Failure to
identify perfect repeats can also lead to problems in isolate ge-
nomes, as we show above.

Scaffolds within a bin that do not overlap at the start of cura-
tion may be joined after one or more rounds of scaffold extension
(Supplemental Fig. S9). This process of extending, joining, and re-
mapping may continue until all fragments compose a single circu-
larized sequence. It should be noted that read-by-read scaffold
extension is very time consuming. If an extended scaffold cannot
be joined to another scaffold after a few rounds of extension it may
be worth testing for an additional scaffold (possibly small, thus
easily missed by binning) by searching the full metagenome for
overlaps (Fig. 5, steps 6 and 7). Sometimes, the failure of scaffold
extension is caused by missing paired reads, which may be found
at the end of another fragment. If they are pointing out but the se-
quences cannot be joined based on end overlap, a scaffolding gap
can be inserted in the joined sequence (reverse complementing
one of the scaffolds may be necessary). Closure of the new scaffold-
ing gap uses the approach described above.

During the attempt to obtain a circularized sequence, it is im-
portant to note that if the genome has a single pair of duplicated
sequences that are larger than can be spanned by paired reads, a
reasonable solution can be found if the genome bin is curated

into just two pieces. In this case, the only solutions are either res-
olution into two chromosomes or generation of a single genome
(Supplemental Fig. S10). This observation underlines the impor-
tance of curation from a high-quality bin, because curation from
a full metagenome would leave open the existence of other scaf-
folds that also bear that repeat.

Phage genomes present an additional challenge given the
complexity and variability in their genome structures and replica-
tion mechanisms (Lo Piano et al. 2011). For example, phages gen-
erally have linear genomes although most circularize during
replication. Circularization is an important criterion for genome
completion unless the case can be made that the genome is linear.
Genome linearity can be established based on reads that terminate
in a defined region, with all paired reads pointing inward from the
termini (Supplemental Fig. S11). When phage genomes have ter-
minal repeated sequences, the assembled genome will appear cir-
cular. If the phage was sampled during replication, the read
coverage will be consistent over the entire genome after trimming
one end to remove repeated sequence. If a genome with terminal
repeats was packaged when it was sampled, it will show doubled
coverage at one end after trimming of the repeated sequence.

Once the genome is circularized, it is important to check for
repeats larger than spanned by paired-end reads (as noted above)
(Fig. 5, step 8). Assuming a seemingly CMAG is achieved, several
steps to further verify the accuracy of the assembly path may be
warranted (Fig. 5, step 9). First, reads may be mapped to the se-
quence allowing no mismatch to confirm no coverage gap at-
tributable to base miscall and to verify that no region has
abnormal coverage. Tools that provide interactive visualization
and inspection of coverage patterns, such as anvi'o, Geneious
(Kearse et al. 2012), or Integrative Genomics Viewer (Robinson
et al. 2011), may be used for this task. Second, we advocate verifi-
cation of paired read placements over the entire assembly to check
for problem areas that may have been missed in automated proce-
dures. Abnormally low coverage may result from a subpopulation
variant, whereas higher than expected coverage could indicate the
existence of a block of sequence that was pinched out from the ge-
nome at a repeated region. Systematic decline of coverage from or-
igin to terminus of replication is expected if genome replication
was ongoing at the time of sampling (see below). Third, the pres-
ence of expected genes (e.g., universal SCGs) should be verified.
The genome can be classified using phylogenetic analyses (e.g.,
based on 16S rRNA gene or concatenated ribosomal proteins se-
quences) (Fig. 5, step 10). After the completion of MAG, the start
of the genome should be moved to the noncoding region near
the origin of replication (Fig. 5, steps 11 and 12). See below for de-
tails regarding how GC skew can be used to locate the origin.

An important consideration in genome curation to comple-
tion is knowing when to give up. In some cases, failure to circular-
ize after a few rounds of curation may be an indication that the
effort could be better invested in other activities. If alternative as-
sembly paths that cannot be distinguished by the unique place-
ment of paired reads are identified, failure may be on the
horizon. However, as noted above (Supplemental Fig. S10), it can
be appropriate to continue curation as a final unique solution
may be possible even in the presence of a repeat that cannot be
spanned by paired reads.

Case studies illustrating the curation of draft MAGs

Here, we illustrate how a draft MAG can be curated to completion
or into better quality status, with step-by-step procedures detailed
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in the Supplemental Methods. The genomes in cases one and two
are not published (for details, see Methods), and case three in-
cludes a published genome.

Case one: curation of a CPR genome to completion

ALT_04162018_0_2um_scaffold_13, length of 1,128,909 bp, was
the only scaffold in the binned MAG (i.e., bin.56) from MetaBAT
(Supplemental Methods). CheckM reported 70.1% completeness
without contamination, and preliminary analyses based on 16S
rRNA and rpS3 genes identified it as a Parcubacteria genome.
This genome was likely near complete based on the detection of
all CPR universal SCGs, although we did not identify overlap at
the ends of the scaffold that would circularize it. This scaffold
could be circularized after a single round of scaffold end extension,
with read pairs placed at the ends of the scaffold. In fact, we found
two very small assembled sequences that were variants of each oth-
er, and both could be used for circularization. The nonuniqueness
of this region terminated the original assembly. We chose the
dominant variant to represent the population genome. No repeat
sequence longer than the sequencing insert size was detected. A to-
tal of 13 local assembly errors were reported by ra2.py. All these er-
rors were manually fixed and validated, including a complicated
error in the sequence of a protein-coding gene that contains mul-
tiple repeat regions. The complete genome has a length of
1,133,667 bp, and encodes 1147 protein-coding genes, 47 tRNA,
and a copy each of 55/165/23S rRNA genes.

Case two: curation of a Betaproteobacteria genome without
completion

Bin.19 contained seven scaffolds (3.6 Mbp in size) and was eval-
uated by CheckM to be 98.42% complete with 0.12% contamina-
tion (Supplemental Methods). Analyses of the 16S rRNA gene
sequence indicated it was a Betaproteobacteria (92% similarity
to that of Sulfuricella denitrificans skB26). After the first round of
scaffold extension and assembly, only two scaffolds could be
combined (i.e., scaffolds 21 and 25). We searched for the pieces
that could be used to link the scaffolds together using the newly
extended parts of the scaffolds via BLASTN against the whole
scaffold set. This approach retrieved four short (584-1191 bp in
length) and one longer piece (15,678 bp in length) that encodes
several bacterial universal SCGs including rpS7, rpS12, rpL7/L12,
rpL10, rpL1, and rpL11 (which were absent from bin.19), and
whose two ends both encode elongation factor Tu (EF-Tu). Two
of the four short pieces could be perfectly joined in two possible
places to the extended scaffold set of Bin.19. Based on compari-
son with the Sulfuricella denitrificans skB26 genome, we hypothe-
sized the linkage patterns for these fragments and then
considered the two choices for how the resulting two large ge-
nome fragments could be arrayed. The linkage choices were sup-
ported based on the overall pattern of GC skew (see above;
Supplemental Methods). Technically, however, the bin remains
as two contigs with two internal joins unsupported by unique
paired read placement. Based on the GC skew of the pair of
contigs linked by Ns, the genome is near complete. After correct-
ing the local assembly errors, the genome has a total length of
3.72 Mbp, encodes 3544 protein-coding genes, 41 tRNA and
one copy of each of the 55/165/23S rRNA genes, and is clearly
of higher quality than the original bin owing to scaffold exten-
sion, new scaffold inclusion, and correction of local assembly
€ITOTS.

Case three: curation of a published incomplete genome
to completion

Here, we completed a published curated (for local assembly errors)
but incomplete genome belonging to the order Rickettsiales
(Kantor et al. 2017). This genome was assembled de novo into a
single circularizable 988 kbp scaffold, with two closely spaced
gaps (Supplemental Methods). Closing of these gaps required relo-
cation of unplaced paired reads.

In addition to the aforementioned case studies, we curated
three additional bacterial genomes to completion as part of our
methods refinement. These genomes are listed in Table 1.

Other approaches, future opportunities
and challenges

Single-cell genomics

Microbial single-cell sequencing is a family of strategies that typi-
cally uses microfluidics and whole-genome amplification to phys-
ically isolate individual cells and sequence their genomes without
cultivation (Stepanauskas 2012). The resulting single-amplified ge-
nomes (SAGs) can offer critical insights into microbial lifestyles
(Swan et al. 2011) and shed light on intra-population structures
of complex microbial consortia (Kashtan et al. 2014) or naturally
occurring host-virus interactions (Labonté et al. 2015), where
short-read and assembly-based strategies may not be effective.
However, state-of-the-art single-cell sequencing strategies typically
generate highly fragmented and incomplete genomes because of
the need for random amplification arising from small quantities
of DNA present in a single cell (Kalisky and Quake 2011). In
some cases, sequences from other organisms may contaminate in-
dividual wells (Rinke et al. 2013), in other cases combining se-
quences from different cells into single draft genomes based on
sequence identity thresholds of phylogenetic markers (i.e. >97%
16S rRNA identity) (Rinke et al. 2013), may result in hybrid ge-
nomes. In fact these hybrids are potentially from different species,
given that many consider 97.9% 16S rRNA sequence divergence as
a proxy for the species boundary (Newton et al. 2007; Garcia et al.
2018). Probst et al. (2018) indicate that although the cells are often
chosen for single-cell sequencing based on their amplified 16S
rRNA genes, the sequences recovered do not always match the am-
plified genes. Some of these problems may be ameliorated with ad-
ditional steps of binning and refinement, and similar to MAGs,
SAGs can also be curated to completion as shown by at least one
study that used long (Sanger) reads in conjunction with short-
read assemblies (Woyke et al. 2010). Given the fast pace of
improvements in microfluidics technologies as well as whole-ge-
nome amplification and sequencing chemistry (Woyke et al.
2017), we anticipate that single-cell genomics will continue to
gain popularity, and its joint use with other genome-resolved
metagenomics strategies will become increasingly frequent.

Complete genomes from long-reads

Among the published CMAGs, four were obtained by assemb-
ly of PacBio reads, including three proteobacterial and one
Bacteroidetes genome (White et al. 2016; Driscoll et al. 2017).
Especially Oxford Nanopore Technologies offers affordable, easy-
to-operate, and portable sequencers for long-read sequencing.
Although improving, errors from nanopore sequencing can exceed
state-of-the-art short-read sequencing (Laver et al. 2015); however,
new approaches for long-read correction (Rang et al. 2018;
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Arumugam et al. 2019), hybrid assembly (Wick et al. 2017), and
mock community standards (Nicholls et al. 2019) are emerging.
Short-read-based assembly strategies often report fragmented con-
tigs caused by repeat elements that exceed short-read lengths,
which is an issue long-read sequencing overcomes, improving
the quality of genomes from metagenomics (Arumugam et al.
2019). We anticipate that the combination of short reads and
long-reads sequencing will be an increasingly common strategy
for recovery of highly curated and complete genomes from micro-
bial community samples.

Chromosome conformation capture method

The chromosome conformation capture (i.e., 3C) is a method
that enables the determination of physical contacts between dif-
ferent regions of a chromosome and between the different chro-
mosomes of a cell (Dekker et al. 2002). The initial applications of
this strategy focused on eukaryotic genomes and revealed, for ex-
ample, the folding principles (Lieberman-Aiden et al. 2009) and
the chromatin looping (Rao et al. 2014) of the human genome.
The 3C approach has recently been developed into multiple de-
rivative proximity ligation methods, such as Hi-C (Lieber-
man-Aiden et al. 2009) and meta3C (Marbouty et al. 2014),
and applied to individual microbial populations (Le et al. 2013)
as well as complex assemblages of environmental microbes
(Marbouty et al. 2014). As these approaches offer physical linkage
between DNA fragments that are proximal to each other, they
can improve metagenomic binning (Baudry et al. 2019; DeMaere
and Darling 2019). Although promising, the additional complex-
ity of library preparations and additional cost because of the
need for separate metagenomic libraries (Liu and Darling
2015) prevent their routine application to metagenomic studies.
In addition, distinct populations that are in close proximity in
the input sample and repeat sequences may yield misleading
contact signals and result in chimeric assemblies (Marbouty
and Koszul 2015). Nevertheless, the application of proximity liga-
tion strategies to naturally occurring complex microbial consortia
can provide important insights (Bickhart et al. 2019; Stalder et al.
2019).

Eukaryotes and even macroorganisms

The assembly of draft eukaryotic genomes from shotgun metage-
nomes is possible, despite the large genome sizes of most eukary-
otes. However, eukaryotic MAGs can be readily contaminated by
fragments of genomes from coexisting bacteria and archaea
(Boothby et al. 2015; Arakawa 2016), so careful evaluation is need-
ed to avoid misleading conclusions (Delmont and Eren 2016). We
have found that phylogenetic profiling of contigs based on best
matches in reference databases can be an effective way to identify
contaminating bacterial and archaeal sequences.

An important step for recovery of reasonable quality eukary-
otic genomes from metagenomes is to separate assembled eukary-
otic from prokaryotic genome fragments before binning. Then,
eukaryote-specific gene predictions can be established and gene
annotations used to estimate genome completeness. The k-mer-
based classifier, EukRep, was developed to accomplish this separa-
tion (West et al. 2018). Although eukaryote genome recovery from
metagenomes is increasingly reported (Quandt et al. 2015; Mosier
etal. 2016; Olm et al. 2019), to our knowledge, none have been ex-
tensively curated or completed.

High fragmentation of metagenomic scaffolds

A major limitation on the quality of MAGs relates to genome
fragmentation. Fragmentation is doubly problematic because
small fragments are hard to bin accurately, and gaps result in in-
complete gene inventories. Fragmentation can arise as a result of
the presence of duplicated sequences (e.g., transposases, TRNA
operons), but the most pronounced problems usually are the re-
sult of coexisting closely related strains that confuse de Bruijn
graph-based assemblers (Olson et al. 2017). For example, al-
though Prochlorococcus and SAR11 are among the most abundant
bacteria in ocean habitats, the co-occurrence of closely related
strains (Giovannoni 2017) leads to very fragmented MAGs and
poor representation in the final data sets (Delmont et al. 2018;
Tully et al. 2018). Of the three commonly used metagenomic as-
semblers, IDBA-UD, MEGAHIT, and metaSPAdes (Greenwald
et al. 2017), metaSPAdes was best designed to handle microvaria-
tions between fragments from related strains to generate longer
composite sequences (Olson et al. 2017). However, care should
be taken when undertaking detailed analyses (e.g., biochemical
testing) of open reading frames generated in this way because
they may be chimeric.

Practically, another approach that can sometimes address the
problem of assembly fragmentation caused by strain variety is col-
lections of sequences from related samples (e.g., along a geochem-
ical gradient) to identify communities in which there is much
reduced complexity of related strains. For example, opportunities
can arise because of the recent proliferation of one strain over
the background of numerous closely related strains following
changes in environmental conditions. In other words, if a genome
cannot be recovered from one sample, look for it in related sam-
ples. We anticipate that this approach will be most effective for ge-
nome recovery from soil environments, where strain diversity can
be extreme and environmental heterogeneity provides access to
different strain mixtures.

Conclusions

Genomes derived from metagenomes have advanced our under-
standing of microbial diversity (Anantharaman et al. 2016; Hug
et al. 2016; Parks et al. 2017) and metabolism (e.g., van Kessel
et al. 2015; Anantharaman et al. 2018). These genomes are readily
adopted by the scientific community for a wide variety of investi-
gations, and errors will propagate. In fact, the proposal of a new
nomenclature for large swaths of the Tree of Life based largely
on MAGs (Parks et al. 2018) brings a potential crisis into focus.
We conclude that it is imperative that complete, curated genomes
are recovered for all major lineages (including those that lack any
isolated representative). The increased span of phylogenetic cover-
age by complete genomes will provide a valuable reference set
against which newly recovered genomes can be confidently com-
pared and augment what has been achieved by the isolate-based
Genome Encyclopedia of Bacteria and Archaea program (Wu
etal. 2009). New complete sequences from previously genomically
undescribed lineages will also improve understanding of how pro-
tein families and functions are distributed, facilitate more powerful
analyses of evolutionary processes such as lateral gene transfer,
and enable more accurate phylogenetic representations of life’s
diversity. Finally, we advocate for the development of methods
to routinely curate assemblies and draft genomes (if not to comple-
tion) at scale to ensure the accuracy of evolutionary and ecosystem
insights.
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Methods

Preparation of MAGs as examples for genome curation

This study includes two MAGs that were not previously published
as examples for genome curation. These genomes were assembled
from samples collected in a mine tailings impoundment
(Manitoba, Canada). The raw reads of metagenomic sequencing
were filtered to remove Illumina adapters, PhiX and other
Mlumina trace contaminants with BBTools (https://sourceforge
.net/projects/bbmap/), and low-quality bases and reads using
Sickle (version 1.33; https://github.com/najoshi/sickle). The
high-quality reads were assembled using both IDBA-UD (Peng
et al. 2012) and metaSPades (Nurk et al. 2017). For a given sample,
the quality trimmed reads were mapped to the assembled scaffolds
using Bowtie 2 with default parameters (Langmead and Salzberg
2012). The coverage of each scaffold was calculated as the total
number of bases mapped to it divided by its length. The protein-
coding genes were predicted from the scaffolds using Prodigal
(Hyatt et al. 2010) and searched against KEGG, UniRef100, and
UniProt for annotation. The 16S rRNA gene was predicted using
a HMM model, as previously described (Brown et al. 2015). The
tRNAs were predicted using tRNAscan-SE 2.0 (Lowe and Chan
2016). For each sample, scaffolds with a minimum length of 2.5
kbp were assigned to preliminary draft genome bins using
MetaBAT with default parameters (Kang et al. 2015), with both tet-
ranucleotide frequencies (TNF) and coverage profile of scaffolds
(from multiple samples) considered. The scaffolds from the ob-
tained bins and the unbinned scaffolds with a minimum length
of 1 kbp were uploaded to ggKbase (http://ggkbase.berkeley.edu/).
The genome bins were evaluated based on the consistency of
GC content, coverage, and taxonomic information, and scaffolds
were identified as contaminants were removed.

GC skew evaluation of RefSeq genomes

We analyzed all the NCBI RefSeq genomes downloaded on May
10, 2017, for GC skew. Both skew and cumulative skew were calcu-
lated, and patterns were displayed using the publicly available pro-
gram gc_skew.py (https://github.com/christophertbrown/iRep)
(Brown et al. 2016).

Refinement of the CPR genome from blood

For initial characterization of the CPR bin, we used the contigs
made publicly available as the “Dataset S6” in the original study
(Kowarsky et al. 2017). These contigs represent what remained af-
ter the removal of contigs with matches to sequences in any exist-
ing public databases (Kowarsky et al. 2017); we will refer to these
contigs as “novel contigs.” In our study we also had access to the
remaining contigs, and we will refer to this data set as “all contigs.”

For binning and refinement of the CPR genome, and metage-
nomic read recruitment analyses, we used anvi’o v5.5 to generate a
contigs database from the novel contigs using the program “anvi-
gen-contigs-database,” which recovered the tetranucleotide fre-
quencies for each contig; we used Prodigal v2.6.3 (Hyatt et al.
2010) with default settings to identify open reading frames; and
HMMER v3.2.1 (Eddy 2011) was used to identify matching genes
in our contigs to bacterial single-copy core genes by (Campbell
et al. 2013). To visualize all novel contigs, we used the program
“anvi-interactive,” which computed a hierarchical clustering den-
drogram for contigs using Euclidean distance and Ward linkage
based on their tetranucleotide frequency (TNF), and displayed ad-
ditional data layers of contig cohort origin; HMM hits we supplied
to the program as a TAB-delimited additional data file. We manu-
ally selected a branch of contigs that created a coherent cluster

based on the TNF data and the occurrence of bacterial single-
copy core genes. Although this procedure allowed us to identify
an initial genome bin with modest completion, its comprehen-
siveness and purity was questionable because our binning effort
(1) used only the novel contigs from Kowarsky et al. (2017), which
were a subset of all contigs assembled, and (2) only used tetranu-
cleotide signatures to identify the genome bin, which can intro-
duce contamination as the sequence signatures of short
fragments of DNA can be noisy. To address these issues, we first ac-
quired the remaining 3002 contigs that were not included in the
original study (Kowarsky et al. 2017) and that might be derived
from the same blood-associated CPR population. Then, we used
all blood metagenomes for a read recruitment analysis. This anal-
ysis allowed us to identify contigs from the non-novel contig col-
lection that match to the distribution patterns of the initial CPR
bin. Because the coverage of this population was extremely low,
we used a special clustering configuration for anvi’o to use “differ-
ential detection” rather than “differential coverage” (see the repro-
ducible workflow for details). This analysis resulted in contigs with
similar detection patterns across all metagenomes. We summa-
rized this final collection of contigs using “anvi-summarize,”
which gave access to the FASTA file for the bin. Anvi’o automated
workflows  (http://merenlab.org/2018/07/09/anvio-snakemake-
workflows/) that use Snakemake (Koster and Rahmann 2012) per-
formed all read recruitment analyses with Bowtie 2 (Langmead and
Salzberg 2012). We profiled all mapping results using anvi’o fol-
lowing the analysis steps outlined in Eren et al. (2015).

To put our CPR bin into the phylogenetic context of the other
available CPR genomes, we used the 797 metagenome-assembled
CPR genomes (Brown et al. 2015). We used the anvi'o program
“anvi-get-sequences-for-hmm-hits” to (1) collect the 21 amino-
acid sequences found in the CPR bin (Ribosomal L10,
Ribosomal_L11, Ribosomal_L11_N, Ribosomal_L13, Ribosomal_
L14, Ribosomal_L17, Ribosomal_L20, Ribosomal_L21p,
Ribosomal_L27, Ribosomal_L32p, Ribosomal _L5_C, Ribosomal
L9_C, Ribosomal_L9_N, Ribosomal_S11, Ribosomal_S13,
Ribosomal_S16, Ribosomal_S2, Ribosomal_S20p, Ribosomal_S$4,
Ribosomal_S7, Ribosomal_S9) from all genomes, (2) align them in-
dividually, (3) concatenate genes that belong to the same genome,
and (4) report them as a FASTA file. Some of the key parameters we
used with this program included “--hmm-source Campbell_et_al”
to use the single-copy core gene collection defined by Campbell
et al. (2013), “--align-with famsa” to use FAMSA (Deorowicz et al.
2016) to align sequences for each ribosomal protein, “--return-
best-hit” to get only the most significant HMM hit if a given ribo-
somal protein found in multiple copies in a given genome, and
“--max-num-genes-missing-from-bin 3” to omit genomes that
miss more than three of the 21 genes listed. We used trimAl
vl.4.rev22 (Capella-Gutiérrez et al. 2009) to remove positions
that were gaps in >50% of the genes in the alignment (-gt 0.50),
IQ-TREE v1.5.5 (Nguyen et al. 2015) with the “WAG” general ma-
trix model (Whelan and Goldman 2001) to infer the maximum
likelihood tree, and anvi’o was used to visualize the output.

Refinement of the Pasolli MAG

We downloaded the Pasolli MAG (“HMP_2012__SRS023938__
bin_39”; https://opendata.lifebit.ai/table/SGB) and the 481 HMP
oral metagenomes from the HMP FTP server (ftp://public-
ftp.hmpdacc.org/Illumina/). We used anvi'o v6 and the
Snakemake-based (Koster and Rahmann 2012) program “anvi-
run-workflow” to run the anvi’'o metagenomics workflow (Eren
et al. 20195). Briefly, we generated a contigs database from the
Pasolli MAG FASTA file by running “anvi-gen-contigs-database,”
during which anvi’'o calculates tetranucleotide frequencies for
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each contig, and Prodigal (Hyatt et al. 2010) to identify genes. In
order to estimate the completion and redundancy of the Pasolli
MAG based on SCGs, we used the program “anvi-run-hmms”
with the default HMM profiles, which include 71 bacterial SCGs
(HMMs described in anvi’o v6), and annotated genes with func-
tions using “anvi-run-ncbi-cogs,” which searches amino-acid se-
quences using BLASTP v2.7.1+ (Altschul et al. 1990) against the
December 2014 release of the COG database (Tatusov et al.
2000). We mapped the paired-end reads from the 481 HMP meta-
genomes to the Pasolli MAG using Bowtie 2 with default parame-
ters (Langmead and Salzberg 2012) and converted the mapping
output to BAM files using SAMtools v1.9 (Li et al. 2009). We
used “anvi-profile” to generate profile databases from BAM files,
in which coverage and detection statistics for contigs in each meta-
genome were stored. We used “anvi-merge” to merge the anvi’o
profile databases of (1) only the three plaque metagenomes of
HMP individual 159268001, which includes the sample from
which the Pasolli MAG was constructed (sample accession
SRS023938), and (2) all 481 HMP oral metagenomes. In order to
manually refine the Pasolli MAG, we ran the anvi’o interactive in-
terface using “anvi-interactive” with the merged anvi’o profile da-
tabase that included only the three plaque metagenomes of HMP
individual 159268001. Refinement was done using hierarchical
clustering of the contigs based on sequence composition and dif-
ferential coverage using Euclidean distance and Ward’s method.
To estimate the taxonomic assignment, we blasted the protein se-
quences of genes in the 11 contigs identified as contamination
against the NCBI's nonredundant protein sequences database.
To visualize the detection values of the contigs of the Pasolli
MAG across all 481 HMP oral metagenomes, we used the full
merged profile database and the program “anvi-interactive.” We
used “anvi-summarize” to generate tabular summaries of detec-
tion and coverage information of the refined Saccharibacteria
bin and the 11 contigs of contamination across the 481
metagenomes.

Data access

All the five complete genomes reconstructed in this study have
been submitted to the European Nucleotide Archive (ENA; https
://www.ebi.ac.uk/ena) under accession numbers ERS4269018,
ERS4269226, ERS4270539, ERS4266120, and ERS4267492.
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