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Current metagenomic tools allow the recovery of microbial genomes directly from the environment.
This can be accomplished by binning metagenomic contigs according to their coverage and tetranu-
cleotide frequency, followed by an estimation of the bin quality. The public availability of bioinformatics
tools, together with the decreasing cost of next generation sequencing, are democratizing this powerful
approach that is spreading from specialized research groups to the general public. Using metagenomes
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approaches. Several scenarios have been analyzed in detail: (i) a good quality bin from a species highly
abundant in the environment; (ii) an intermediate quality bin with incongruences that can be solved by
further analyses and manual curation, and (iii) a low-quality bin to investigate the failure to recover a
very abundant microbial genome as well as some possible solutions. The latter can be considered the
“great metagenomics anomaly” and is mainly due to assembly problems derived from the microdiversity
of naturally co-existing populations in nature.
© 2018 Elsevier GmbH. All rights reserved.
Introduction only the phylogenetic identity of this uncultured majority but

also its metabolic capabilities and roles in biogeochemical cycles.

Metagenomics is the genomic analysis of microorganisms by
direct extraction and sequencing of DNA from a natural sample
[18]. Since its beginning, 20 years ago, it has spurred a revolution in
microbial ecology similar to that propelled by the rRNA approach
[3], which unveiled the widespread distribution and abundance
of so-called microbial dark matter [47]. This fraction of the bio-
sphere encompasses all the microbes that have not been brought
into pure culture and represents the overwhelming majority of
the microbes in nature [45,55]. Metagenomics is unveiling not
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Furthermore, the “judicious use of bioinformatics tools” [52] has
allowed the retrieval of (almost) complete microbial genomes
from metagenomes (known as MAGs or metagenomic assembled
genomes), which in turn allows linking specific microbes to their
metabolic capabilities and paves the way to evolutionary and
biogeography studies. The first reconstructed MAGs were Leptospir-
illum GII and Ferroplasma t.II from an acidophilic biofilm from acid
mine drainage [61]. In that case, not much sequence was necessary
as the biofilm was dominated by a small number of populations
and the genetic diversity was shown to be quite restricted. Since
then, the number of MAGs in databases has been growing expo-
nentially [8,41] and is now over 8445 (Genomes Online Database,
August 2018 [46]).

Although there are no strict guidelines on how to retrieve
MAGs from metagenomes, the Genomic Standards Consortium,
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which includes the world’s leading research scientists in the field,
has issued standards for reporting bacterial and archaeal genome
sequences assembled from metagenomes [8]. These MIMAG (min-
imum information about a MAG) include parameters related to the
quality of the assembly of the metagenome reads, and the comple-
tion and contamination of the retrieved genomes, determined by
comparison with a set of conserved marker genes (see below) that
should be present in single copy in the MAG. High quality MAGs
meeting the most strict quality criteria have been proposed to be
used as the basis of a “new taxonomy” [25,64] (or, at least, of new
ways of naming these prokaryotes), that would include the uncul-
tured majority, since indeed this is a highly relevant part of the
microbial biosphere.

The mandatory standards for considering a MAG as a high-
quality draft genome are completion over 90%, contamination
under 5%, and convincing proofs of the assembly quality (such as
the presence of rRNA genes and at least 18 tRNAs). Conversely, low
quality draft MAGs are composed of contigs than constitute less
than 50% of the genome and have less than 10% contamination,
with little or no review of the assembly, other than standard statis-
tics. Assemblages of sequences with contamination above 10% are
not considered as MAGs in [8]. Retrieval of MAGs is thus based
on two pillars: good assembly and good selection of the marker
genes used to define completion and contamination. In fact, in the
MIMAG proposal [8], these two aspects are mentioned as fields
for improvement in the future, as new methods of metagenomics
analysis appear, and new phylogenetic clades are discovered.

A powerful approach to recover (nearly) complete genomes
from metagenomes is the so-called binning approach in which
metagenomic contigs are binned into groups which likely corre-
spond to the same population in the original samples. Frequently,
this binning is based on coverage and tetranucleotide frequency
of the contigs, followed by an estimation of the quality of the bin.
Among the different tools available for binning and quality assess-
ment, MaxBin [65] and CheckM [40], respectively, stand out due to
their high performance [52,53]. Normally, binning requires further
manual inspection and curation as well as the downstream analysis
of recovered MAGs [52].

Initial works on recovery of MAGs from metagenomes focused
on the description of a few genomes per environment, as in
the acidic biofilm described above [61], or as in the first study
using a binning approach similar to the one described here, which
allowed the recovery of 31 MAGs from activated sludge samples
[1]. However, MAG recovery is currently used on a wider scale and
publications describing hundreds or even thousands of MAGs from
a given environment are becoming more common [4,9,57,60]. In
parallel, the public availability of the bioinformatic tools needed for
MAG recovery, together with the lowering of the costs of next gen-
eration sequencing (NGS), are democratizing this approach. Thus,
the approach is moving from the global tool developers’ hands [53]
to that of end-users, who can be more concerned about the ques-
tions than about the methods used to answer them. Therefore, it
seems likely that this approach will become widely used, much like
the use of high throughput sequencing to analyze 16S rRNA genes
(or other phylogenetic marker genes) PCR amplified from commu-
nity DNA [24]. This “metabarcoding” is a good example of how
technologies which were once only accessible to a few laboratories
have become almost routinely used in many labs worldwide.

Here, we present some examples of the use of the binning
approach to study hypersaline environments. The aim is to illus-
trate some issues we have encountered in retrieving ecologically
meaningful MAGs from systems that we know well. This is a sort of
benchmarking of MAG recovery in samples characterized by a high
cell density (around 107 cells/ml), a low diversity and a high strain
heterogeneity (or microdiversity) [12,39,42]. This high microdi-
versity is especially relevant since it may hamper good quality

assembly of the metagenomic reads [1,9,53,59,60] which, as men-
tioned above, is one of the key steps in the recovery of high quality
MAGs. The final goal of this work is to explore the binning approach
as end-users of the available tools and make suggestions that we
hope will help to make automatic pipelines more accessible for
microbial ecologists.

We have analyzed a range of situations that go from a perfect
recovery of specific MAGs with a straightforward identification to
the failure to recover highly abundant species. This last case offers,
however, many interesting points to address that we think will be
especially helpful to discuss (and maybe push forward) the lim-
its of the techniques and to understand the structure of microbial
communities in nature.

Materials and methods
Sampling and sequencing

Different water samples were collected from brines “Campos
Saltern” (CS; Mallorca, Spain), “Valle Salado de Afiana” (AV; Basque
Country, Spain) and “Bras del Port” (CR30; Alicante, Spain). One
liter from the brines in CS and CR30 and 41 from AV were first
centrifuged at 30,000g during 40 min and later filtered through
0.22 microns hydrophilic Durapore membranes (Millipore®). DNA
was extracted using the Ultraclean soil DNA isolation kit (Mobio®)
following the manufacturer’s instructions and purity was checked
by agarose gels. DNA was sequenced using the Illumina platform,
Miseq 250 bp (pair-end) Nextera XT. Table 1 shows details for each
of the three metagenome collections constructed (CS, CR30and AV).

Cell counts and FISH

Cells were recovered from Santa Pola saltern CR30 crystallizer as
follows: one milliliter of the sample was fixed overnight at 4 °C with
7% formaldehyde (final concentration) and diluted to 10 ml with
PBS buffer (1x). 500 ! were then filtered through 0.2 wm GTTP
filters (Millipore) to collect the cells. Fluorescence in situ hybridiza-
tions were performed at 46°C for 2 h in the hybridization buffer
(0.9 M Nacl, 20 mM Tris-HCl, 0.01% SDS and 35% formamide) with
5ng/wl of Archaea specific probe ARCH915 [3]. After hybridization
and DAPI staining [5], samples were examined with an Axioplan
microscope (Leica DMLA).

Assembly and binning

The pipeline followed in this work is summarized in Fig. 1.
The sequenced reads from each collection were quality trimmed
by PRINSEQ and assembled using two different assemblers, meta-
SPADES [6] and IDBA 1.1.1 [43]. Different K-mers were assayed
for both assemblers. The IDBA “hybrid-option” was also tested.
Finally, the sequences obtained with the assembler IDBA using
the pre_correction option were chosen as it offered the largest
number of big-contigs (>1kb) and the highest N50 parameter.
Details of each of the IDBA assemblies are in Table 1. Unless oth-
erwise indicated, only contigs larger than 1kb were considered
for the binning analysis. For each of the metagenomes, auto-
matic binning were performed using MaxBin program (v.2.2.1)
[65], based on the oligonucleotide frequencies, GC content, and
the differential coverage. Possible bin contamination and strain
heterogeneity was estimated with CheckM v.0.9.7 [40] and MiGA
platform [50] (“NCBI prok” mode). In parallel, ORFs contained in
the contigs were detected using Prodigal [22] and their taxonomy
and functional annotation was performed comparing the predicted
protein sequences against the NCBI-nr database using diamond
[10]. Megan (v.6.6.7) [21] was used to interactively analyze the
taxonomy of each of the bins. The CR30 contigs (>1 kb) were also
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Table 1

Metagenomes used in this study.
Metagenome ID  Saltern % Salinity  No. contigs Metagenome size (bp/reads) %GC No. N50 Max. contig

contigs >1000 bp length (bp)

CS_4h Campos, Mallorca (Spain) 324 223,802 195,589,618/1,053,686 56.4 43,284 1098 111,625
CS-10h Campos, Mallorca (Spain) 324 6681 11,528,608/793,286 58.5 2721 2523 126,394
AV Valle Salado de Afana, Araba (Spain) 23 24,950 34,657,252 [ 12,384,730 60.0 9629 1812 64,386
CR30 Bras del Port,  Alicante (Spain) 34.4 198,186 156,993,243 [ 14,993,022 55.9 20,414 466 42,846

[ Natural sample ]
DNA extraction
Illumina sequencing

[ Metagenomic reads ]

Quality check and trimming
Assembly process (IDBA)

Binning (MaxBin 2.0, BusyBee):
Contigs > 1 Kb

Quality check 1 (CheckM, MiGA):
1 v’ >80% completeness
v’ <5% contamination

[ Selected bins ]

Quality check 2 (manually):

v’ GC content distribution

v’ Sequencing depth

v’ Taxonomic affiliation (BLAST, DIAMOND, etc.)

Fig. 1. Pipeline used in this work.

uploaded to Busybee program [26] to compare the results with
those obtained with MaxBin (parameters used: minimum sequence
length 500, minimum sequence length for border points: 1000,
minimum sequence length for cluster points: 2000, K-mer length:
5, probability: 0, minimum points in neighborhood: 30, transfor-
mation: standard, compression: 0 and seed: 0). The bins obtained
with MaxBin2 and Busybee were submitted to DasTool [54] to try
to obtain better quality MAGs. Although DasTool is not itself an
ab-initio binner, it has been reported to enhance the quality of
the bins starting from previously bins obtained with other pro-
grams. Sub-binnings of the CR30 metagenome were performed
using FastA.subsampling.pl from the Enveomics package [49] with
the —r 10 option and using fractions of the library to be sampled
(as percentage, 0.5, 1, 2.5, 5, 10, 20, 25, 30, 40, 50, 60 and 80%).
Completeness of 2140 genomes (complete genomes downloaded
from the Genbank, March 2018) was estimated by the presence
of 35, 112 or 53 essential/core genes [1,35,44]| using HMMER. An
evalue<10~> and an alignment coverage >65% were used as cut-off

to define homolog genes. In parallel, evaluation with CheckM [40]
was also performed.

Other bioinformatic analyses

Metagenome diversity index of the raw sequences for each
collection was estimated by nonpareil curves [51]. 16S rRNA
genes were extracted from each collection using RNAscan soft-
ware [27] and OTUs were calculated with pick_de_novo_otus.py
from Qiime [11]. Shannon diversity index was calculated with the
alpha_diversity.py (-m shannon) tool from Qiime. The presence of
tRNAs in each of the bin sequences were searched using t-RNAscan
program [29]. GC content of the contigs was calculated with GEECEE
tool from the EMBOSS package [47]. Abundance and sequencing
depth for each of the contigs was calculated with BLASTN com-
parisons [2] (cut-off: >70% coverage, —evalue 0.1 and besthit). The
BlastTab.seqdepth.pl script from the Enveomics package [49] was
used to calculate the sequencing depth of the contigs. Recruitment
plots were drawn with R (enveomics.R library).

“In-silico” binning

ART program was used to construct the “in-silico” short-reads
metagenomes (150 pb, pair-end) [19]. The art-illumina simulation
tool generated synthetic sequencing reads based on a reference
genome (parameters used: -ss HS25 -sam -p -1 150 -f 10 -m
200 -s X, where X is the coverage). For each reference genome
chosen, a metagenome was constructed to simulate a coverage
of 10X (in Supplementary Figs. S1 and S2 in the online version
at DOI: 10.1016/j.syapm.2018.11.001) or simulate the proportion
found in CR30 (in Supplementary Fig. S3 in the online version at
DOI: 10.1016/j.syapm.2018.11.001). For this purpose, the short-
reads of the CR30 metagenome were previously plotted against
each of the reference genomes through BLASTn comparisons.
The number of “reads per kilobase of genome per gigabase of
the collection” (rpkg) were calculated and used as the cover-
age in ART. Short-read metagenomes for each reference genome
were then joined as desired and introduced in the MaxBin2
program as one single pool of sequences. To simulate the assem-
bled contigs to be binned, each of the reference genomes were
fragmented in non-overlapping pieces of 1, 5 or 10kb. For the
experiment shown in Supplementary Fig. S1 in the online version
at DOI: 10.1016/j.syapm.2018.11.001, seven genomes of Salinibac-
ter plus seven of Halorubrum were mixed in the same proportion
(“equally mixed”). Also, equal amounts of sequences were mixed
from 1, 2, 3, 4 and 5 genomes of Haloquadratum for the exper-
iment shown in Supplementary Fig. S2 in the online version at
DOI: 10.1016/j.syapm.2018.11.001. In the experiment shown in
Supplementary Fig. S3 in the online version at DOI: 10.1016/j.
syapm.2018.11.001, a total of 51 genomes were used mimick-
ing the species proportion found in CR30. The reference genomes
used in this analysis were: Haloquadratum walsbyi DSM 16790,
Hqr. walsbyi C23, Hqr. walsbyi JO7HQX50, Hqr. walsbyi JO7HQW1,
Hqr. walsbyi JO7HQW?2, Salinibacter altiplanensis AN4, S. altipla-
nensis AN15, S. altiplanensis LL19, Salinibacter ruber DSM13855,
S. ruber SP273, S. ruber UBA968, Salinibacter sp. 10B, Halorubrum


http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001
http://doi.org/10.1016/j.syapm.2018.11.001

M.D. Ramos-Barbero et al. / Systematic and Applied Microbiology 42 (2019) 30-40 33

ezzemoulense Ec15, Hrr. ezzemoulense Fb21, Hrr. ezzemoulense
G37, Hrr. ezzemoulense Ga2p, Hrr. ezzemoulense Ga36, Hrr. ezze-
moulense LD3, Hrr. ezzemoulense LG1, Hrr. ezzemoulense DSM 17463,
Halorubrum halophilum, Halorubrum hochstenium, Halorubrum
kocurii JCM14978, Halorubrum lacusprofundi DL18, Hrr. lacus-
profundi HLS1, Halorubrum lipolyticum DSM21995, Halorubrum
litoreum JCM13561, Halorubrum saccharovorum H3, Hrr. saccha-
rovorum DSM1137, Halorubrum aethiopicum SAH-A6, Halorubrum
aidingense JCM13560, Halorubrum arcis JCM13916, Halorubrum cal-
iforniensis DSM19288, Halorubrum coriense DSM10284, Halorubrum
distributum JCM9100 and JCM10118, Halorubrum tebenquichense
DSM14210, Halorubrum terrestre JCM10247, Halorubrum tropicale,
Halorubrum sp. A]J67, Halorubrum sp.BV1_EP28, Halorubrum sp. Ea8,
Halorubrum sp. Eb13, Halorubrum sp. Hd13, Halorubrum sp. 1b24,
Halorubrum sp. JO7HR59, Halorubrum sp. Br10_E2g5, Halorubrum
sp. SD612, Halorubrum sp. SD626R, Halorubrum sp.SD683 and
Halorubrum sp. T3. In order to analyze the hypervariable regions of
Salinibacter, 14 different genomes (Supplementary Table S2) were
fragmented in 5 Kb pieces and were submitted to Maxbin2 using
the CS_4h metagenome collection. ART program was used to con-
struct the “in-silico” short-reads metagenomes (150 pb, pair-end)
[19]. The art-illumina simulation tool generated synthetic sequenc-
ing reads based on a reference genome (parameters used: -ss HS25
-sam -p -1 150 -f 10 -m 200 -s X, where X is the coverage). For
each reference genome chosen, a metagenome was constructed to
simulate a coverage of 10X (in Supplementary Figs. S1 and S2) or
simulate the proportion found in CR30 (in Supplementary Fig. S3).
For this purpose, the short-reads of the CR30 metagenome were
previously plotted against each of the reference genomes through
BLASTn comparisons. The number of “reads per kilobase of genome
per gigabase of the collection” (rpkg) were calculated and used
as the coverage in ART. Short-read metagenomes for each refer-
ence genome were then joined as desired and introduced in the
MaxBin2 program as one single pool of sequences. To simulate the
assembled contigs to be binned, each of the reference genomes
were fragmented in non-overlapping pieces of 1, 5 or 10kb. For
the experiment shown in Supplementary Fig. S1, seven genomes of
Salinibacter plus seven of Halorubrum were mixed in the same pro-
portion (“equally mixed”). Also, equal amounts of sequences were
mixed from 1, 2, 3,4 and 5 genomes of Haloquadratum for the exper-
iment shown in Supplementary Fig. S2. In the experiment shown
in Supplementary Fig. S3, a total of 51 genomes were used mimick-
ing the species proportion found in CR30. The reference genomes
used in this analysis were: Haloquadratum walsbyi DSM 16790,
Hqgr. walsbyi C23, Hqr. walsbyi J07HQX50, Hgr. walsbyi JO7HQW1,
Hgr. walsbyi JO7HQW?2, Salinibacter altiplanensis AN4, S. altipla-
nensis AN15, S. altiplanensis LL19, Salinibacter ruber DSM13855,
S. ruber SP273, S. ruber UBA968, Salinibacter sp. 10B, Halorubrum
ezzemoulense Ec15, Hrr. ezzemoulense Fb21, Hrr. ezzemoulense
G37, Hrr. ezzemoulense Ga2p, Hrr. ezzemoulense Ga36, Hrr. ezze-
moulense LD3, Hrr. ezzemoulense LG1, Hrr. ezzemoulense DSM 17463,
Halorubrum halophilum, Halorubrum hochstenium, Halorubrum
kocurii JCM14978, Halorubrum lacusprofundi DL18, Hrr. lacus-
profundi HLS1, Halorubrum lipolyticum DSM21995, Halorubrum
litoreum JCM13561, Halorubrum saccharovorum H3, Hrr. saccha-
rovorum DSM1137, Halorubrum aethiopicum SAH-A6, Halorubrum
aidingense JCM13560, Halorubrum arcis JCM13916, Halorubrum cal-
iforniensis DSM 19288, Halorubrum coriense DSM 10284, Halorubrum
distributum JCM9100 and JCM10118, Halorubrum tebenquichense
DSM14210, Halorubrum terrestre JCM10247, Halorubrum tropicale,
Halorubrum sp. AJ67, Halorubrum sp. BV1_EP28, Halorubrum sp. Ea8,
Halorubrum sp. Eb13, Halorubrum sp. Hd13, Halorubrum sp. 1b24,
Halorubrum sp. JO7HR59, Halorubrum sp. Br10_E2g5, Halorubrum
sp. SD612, Halorubrum sp. SD626R, Halorubrum sp.SD683 and
Halorubrum sp. T3. In order to analyze the hypervariable regions of
Salinibacter, 14 different genomes (Supplementary Table S2) were

fragmented in 5 Kb pieces and were submitted to Maxbin2 using
the CS_4h metagenome collection.

Nucleotide sequence accession number

The raw sequences of the metagenomics datasets have been
deposited in the repository data of Discovery Environment in the
Cyverse structure platform and are publicly available through the
following link:

https://de.cyverse.org/dl/d/36DABF23-D12E-4CA9-BOA3-
F2529C204E3C/Ramos-Barbero.zip

Results and discussion

We have analyzed the metagenomes of three hypersaline envi-
ronments whose characteristics are shown in Table 1. As a general
rule, this kind of system is dominated by Euryarchaeota fol-
lowed by different groups of Bacteria, with Bacteroidetes as the
most frequently retrieved phylum [17]. The recently described
Nanohaloarchaeota [15,35] can be also numerically relevant mem-
bers of the community [34]; however, their ubiquity and abundance
is very variable among different saline environments.

Bins (Table 2) have been chosen to cover different scenarios:
(i) a good quality bin from a species highly abundant in the envi-
ronment (“the good”, CS_4h BIN1); (ii) an intermediate quality bin
with incongruences (“the ugly”, CS_.10h BIN1) that can be easily
solved, and (iii) a low quality bin (“the bad”, CR30 BIN4) to illus-
trate the failure to recover a very abundant microbial genome. This
last phenomenon, which has been widely discussed [15,36,48], can
be considered as the “great metagenomics anomaly”, by compar-
ison to the “great plate count anomaly” or the failure of culturing
to retrieve the most abundant microbes in nature [56]. In addition,
several mock metagenomes were also analyzed with the binning
pipeline to address the issues derived from the analysis of the nat-
ural samples.

The Good and the Ugly: Salinibacter ruber added to a pond

The first system under analysis was a crystallizer pond in Cam-
pos salterns (Mallorca, Spain) in August 2014. As part of a set
of experiments to be described elsewhere, a pure culture of the
extremely halophilic bacteroidetes Salinibacter ruber strain M8
(with a genomic GC content of 66.12%) was added to the pond to a
final concentration of around 15% of the total cells. Before the addi-
tion, S. ruber was present in the pond but the specific strain M8 was
below the detection limit, as indicated by the failure to recover the
strain specific hypervariable regions [42] from the metagenome.
The community was monitored by temporal sampling and metage-
nomic analysis before and after the addition of the strain. From
these analyses, we have selected two MAGs, obtained immediately
after the addition of M8 (CS_4h) and 6 h later (CS_10h).

Right after the addition of S. ruber M8 (CS_4h), an estimate based
on the abundance of M8 specific islands in the pond indicated
that the strain accounted for 13.7% of the metagenomic reads. By
using the bioinformatic tools described in the material and meth-
ods Section, S. ruber M8 reads were recovered by binning from the
metagenome CS_4h (Fig. 2a). The MAG meets all the requirements,
with high completeness (95.34%) and low contamination (4.35%),
but it still includes a contig containing a 16S rRNA gene of the
archaeon Halorubrum. Besides, MyTaxa scan tool (implemented in
MiGA) suggested that there were some other contigs, 10%, that were
not S. ruber. However, BLASTp of the ORFs in the bin indicated that
the contamination with microbes other than Salinibacter was low
(3.4%).In this case, the “contamination” with the external 16S rRNA
gene containing contig was easy to detect since (i) MiGA retrieved
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Table 2

General characteristics of bins obtained from hypersaline samples.
Bin ID No. contigs Sequence N50 (bp) %GC No. essential Predicted % of metagenome Closest relative in %AAI

size (bp) genes proteins recruited database (MiGA
NCBI PROK)

CS-4h BINOO1 285 3,903,183 30,751 65.8 106/111 3490 55.97 Salinibacter ruber M8 NC 014032 96.34
CS_10h BINOO1 655 4,257,022 15,325 65.8 106/111 4141 4417 Salinibacter ruber M8 NC 014032 99.77
AV BINO21 1016 2,926,965 3761 55.7 87/111 3605 1.00 Thiohalobacter thiocyanaticus NZ AP018052 48.68
CR30 BINO04 4385 8,718,229 2083 62.2 92/111 11,424 3.86 Salinibacter ruber DSM 13855 NC 007677 64.84

Bin ID MG / Bin metrics Seq. depth and GC content ORFs affiliation Contigs taxonomy in bin
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Fig. 2. Bins from extremely halophilic microorganisms obtained from different salterns in Spain: Campos salterns in panels (a) (CS-4h) and (b) (CS-10h), (c) “Valle Salado
de Afiana” and (d) Bras del Port salterns (CR30 crystallizer). For each panel, from left to right, the following information is shown: (i) bin ID, (ii) metagenome (MG) metrics
(nonpareil diversity indexes and Shannon indexes inferred from 16S rRNA gene sequences), and bin metrics (N50 for the obtained bins, bin completeness and degree of
contamination), (iii) sequencing depth (filled area) and GC content (solid line) distribution of contigs within the bins, and (iv) taxonomic affiliation of detected ORFs and
contigs. N50 values and taxonomic affiliation of contigs were obtained from MiGA platform. Percentages of completeness and contamination were extracted from CheckM.

two 16S rRNA genes from different domains, and (ii) the system
under study was dominated by an organism whose genome was
previously known. However, this is not the case with most ecolog-
ical studies where the detection of contaminating contigs is likely
more challenging. Therefore, it would be helpful (see Box 1) to get
some warning signs when 16S rRNA genes incongruent with the
taxonomic environment of the binned contigs are detected.

The binning process was repeated with the metagenome
retrieved 6 h after the addition of the strain S. ruber M8 (CS_10h),
when it accounted for 7.8% of the metagenomic reads. A MAG
with a fair quality corresponding to S. ruber was again retrieved,
with a sharp GC content profile (Fig. 2b) and including again an
Halorubrum 16S rRNA gene, in addition to that of S. ruber. In this
case, however, the coverage plot differs markedly from the S. ruber
bin recovered from the CS_4h sample, taken only 6 h before from
the same pond (Fig. 2a). BLASTp analyses indicated that 96% of the

genes of the high coverage fraction had hits (identity above 99%) to
S. ruber M8 genome; however, only 11% of the genes in the low
coverage peak had their best match with this genome (with an
average identity of 93.8%). A more detailed inspection indicated
that the low coverage peak was heavily contaminated with the
archaeon Halorubrum spp. sequences, which have a high GC con-
tent (67.4%) similar to that of Salinibacter (Table 2). Halorubrum spp.
are extremely halophilic euryarchaea frequently present in hyper-
saline environments, which generally harbor a high intraspecific
diversity due to frequent recombination [39].

Finally, the manual curation of the bin CS_10h, by removing the
low coverage contigs, allowed the recovery of S. ruber M8 genome
(99.98% ANI with the reference genome) with a completeness of
95.06% and a contamination of 1.13%, thus improving considerably
the quality of the initial CS_10h bin shown in Fig. 2b. Thus, manual
inspection and, if needed, curation of different coverage contigs
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Warnings/Problems

Two (or more) 16S rRNA gene-
containing contigs, with different
affiliations, in same bin

Significant discrepancies in the GC

content and/or coverage of the bin =P
contigs

the bin contigs

Splitting of genomes into different
bins (only for “known” microbes)

Flexible (or accesory) genome in a
different bin than the core genome

Short reads preclude the assembly
of high microdiverse genomic regions

(and longer contigs)

Box 1: Detected warnings after binning process and proposal to be implemented in automatic binning pipelines.

Suggestions (pipeline implementation)
- @ Warning signal (and go to suggestion 3)

Plot GC content/coverage profiles of bin
contigs and inspect that the distribution
is unimodal. If not, go to suggestion 3

Incoherent taxonomic affiliation of - @ Show the taxonomic affiliation of all the
ORFs contained in the bin contigs

N @ Inspect the taxonomic affiliation of
contigs contained in different bins

H @ Long-Read Sequencing Technologies

within a bin can help to recover ecologically meaningful genomes.
For this purpose, the automatic implementation in the pipeline of
the display of a coverage plot would certainly help researchers to
evaluate the quality of their results (Box 1).

Here, it is worth mentioning that, in spite of the high AAI of the
manually cured bins in Fig. 2a-b with the genome of the strain M8,
strictly speaking, we cannot state that the strain was recovered
since the hypervariable regions (belonging to the species acces-
sory genome [32]), were only partially assembled. For instance,
among the CS_4h contigs, the hypervariable region 2 (HVR2) was
not assembled while in the CS_10 h collection, a partial region with
only 83% identity to HVR2 was identified (Supplementary Fig. S4d
in the online version at DOI: 10.1016/j.syapm.2018.11.001). Obvi-
ously, this is expected since binning is based on tetranucleotide
frequencies and coverages, which are also ways of distinguishing
accessory from core genome [42]. As stated in Ref. [25], bins from
metagenomes represent consensus population genomes, which
may lack the strain-specific accessory genome. In this context
it is interesting to recall that completeness refers mainly to the
“core-genome”, not taking into account that the flexible (or “acces-
sory”) genome may represent about 20% of a complete genome
[12,13,58]. These areas of the genomes may confer slightly different
phenotypes among microbial lineages within the same microbial
species sharing the same habitat. Normally, the low recruitment
(lower coverage) of these genome regions impede their assem-
bly from metagenomes and therefore MAGs lack these interesting
microbial regions (see for example, Ref. [23]). In any case, their
different GC content or oligonucleotide frequency is likely to place
them in a different bin than the rest of the genome, as shown below.

To explore how strain-specific regions would be binned in the
case of Salinibacter, we performed an in silico experiment where all
the available Salinibacter genomes were fragmented in 5 kb pieces
and submitted to binning using the CS_4h metagenome to mimic
the real coverage of Salinibacter (Supplementary Fig. S4e in the
online version at DOI: 10.1016/j.syapm.2018.11.001). Only strains
S. ruber 10B and M8 showed more than 90% of the genome classi-
fied in bins (Supplementary Table S2 in the online version at DOI:
10.1016/j.syapm.2018.11.001). Plotting of S. ruber M8 bins along
the reference genome showed that the two HRVs clustered in a
bin (BIN1) different from those harboring the rest of the genome
(BIN2 and 3). In the same way, when the Hqr. walsbyi HSBQOO1
genome was submitted to a similar “artificial” binning experiment
(see below), the genomic islands were found in a different bin than

the rest of the genome (Supplementary Fig. S2a in the online ver-
sion at DOI: 10.1016/j.syapm.2018.11.001). This is intriguing since
the binning together of the different hypervariable regions indi-
cates that they share some genomic traits which in turn could be
pointing to some kind of co-evolution. With the available data, this
remains an open question.

The binning of the so-called S. ruber conserved region, CR, is
also worth mentioning. This is a 376 kb region with a high degree
of sequence conservation (99.5% between strains M8 and M31, with
no nonsynonymous mutations) which contains the “hypersalin-
ity island” harboring a cluster of 19 genes coding for transporters
of crucial importance to life in hypersaline systems [33]. Unex-
pectedly, fragments of this conserved region were found dispersed
among 12 bins or were not classified. This heterogeneous distri-
bution among so many different bins may be explained by the
mosaicism found in this area of the core genome. Many of the genes
coded in this region could have been acquired by lateral gene trans-
fer from other members of the microbial community [33] and thus
could have different coverages in the metagenome. However, these
transfers, essential for life in high salt systems, are likely to be old
enough to have allowed the homogenization of codon adaptation
indexes and GC with the rest of the core genome.

In order to further explore the performance of the binning tools
with microbes with very similar GC contents, we analyzed several
mock metagenomes composed of mixtures of 14 genomes from
three different species of Halorubrum and Salinibacter with an equal
coverage of 10X. Contigs of 1, 5 and 10 kb were obtained from those
genomes and binned in independent analysis (see methods) (Sup-
plementary Fig. S1 in the online version at DOI: 10.1016/j.syapm.
2018.11.001). Although, as expected, the number of retrieved bins
decreased for longer contigs, in no case was a bin containing a single
species nor a bin above the quality threshold recovered. However,
for contigs above 5kb, only species from the same genus were
binned together. These results highlight two important issues: the
relevance of assembly quality and thus of contig length (widely dis-
cussed previously [1,9,53,60,61]) and the challenges posed by the
analysis of communities composed of members of similar GC con-
tents and abundances, which is a common scenario in hypersaline
environments [15].

Another aspect that has been pointed out as a way of improv-
ing MAG recovery is to co-assemble metagenomes from different
samples containing identical target community members [1]. As
shown above, this has not been necessary in the above-mentioned
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examples (in fact, sub-sampling can be a way of improving MAG
detection with our samples, as discussed below) although this is
not needed in all the hypersaline environments we have analyzed,
as illustrated by the MAG recovered from Afiana salterns, shown in
Fig. 2c.

Afiana salterns are located in inland Northern Spain and are
used to obtain salt from underground brine that emerges at dif-
ferent points and is stored in wells before feeding the crystallizer
ponds. Overall, although microbial communities in these salterns
harbor a remarkable diversity, they are not dominated by a few
species as in most coastal salterns studies, and harbor lower con-
centrations of cells and viruses (Ramos-Barbero et al.; unpublished
results). We sampled the spring and three wells and analyzed their
corresponding metagenomes. In this case, the co-assembly of the
four metagenomes was necessary to retrieve MAGs meeting the
quality criteria. One example is shown in Fig. 2c. This MAG contains
an unclassified 16S rRNA gene sequence based on RDP and SILVA
platforms, and therefore its taxonomic affiliation poses many more
challenges than in the previous examples, given that its AAI to the
closest relative (Table 2) is below the threshold for assigning MAGs
to genera, which is 45-65% [25].

The BAD: “The great metagenomics anomaly”

The hypersaline system used in this case study is the crystal-
lizer pond CR30 from the Alicante salterns “Bras del Port”, which
has been characterized for years using a whole suit of techniques
from culture to metagenomics [63]. FISH (Fig. 3a) indicated that
in the analyzed sample, taken in November 2014, Archaea consti-
tuted 56% of the total cell counts (1.35 x 107 cells/ml). Archaea (see
Fig. 3a) frequently displayed the square morphology characteristic
of Hgr. walsbyi. This euryarchaeon (with a 47.9% GC in its genome
[7]) dominates the microbial communities in many close to sat-
uration systems over the world, albeit with relevant exceptions
[38,62]. Metagenomic analysis of this sample showed that indeed
Hgr. walsbyi was the most abundant species in CR30, as indicated
by recruitment of the Hqr. walsbyi available genomes (see below).
In terms of abundance of 16S rRNA gene reads in the metagenome,
Hgqr. walsbyi accounted for 48.5% of the reads followed by Salinibac-
ter spp.(7.2%),and the high GC euryarchaeal Halobellus, Halorubrum
and Halonotius (between 1.7 and 0.5%). These data are in good
agreement with previous reports on the community of CR30 [15].

However, when the metagenome was launched to the binning
pipeline, 11 bins (Fig. 3b) were obtained, none of which met the
quality criteria for completeness and contamination. The “best” of
them, which still has a high contamination (51.1%), is shown in
Fig. 2d. Furthermore, Hqr. walsbyi genome was split into 4 different
bins. The binning was repeated with the program BusyBee [26] and
the recently published DasTool approach [54]. Both of them failed
to recover Haloquadratum bins.

This was unexpected given (i) the distinctive GC content of Hgr.
walsbyi and (ii) its high abundance and sequencing depth in the
CR30 metagenome (328.6X and 223.35X, for strains C23 and DSM
16790, isolated from an Australian saltern and the same pond ana-
lyzed here, respectively). Again, the assembly was likely the cause,
as previously shown for the SS37 metagenome obtained from the
same pond, CR30, by Ghai et al. [15]. These authors analyzed a 454
metagenome of 309 Mb that was highly enriched in Hqr. walsbyi
(64% of the reads, as determined by comparison with genomes from
cultured strains) but the largest fragments assembled of this organ-
ism were shorter than 11 kb. This illustrates how metagenomics
assemblies can fail to recover the most abundant microbes, which
has been widely documented not only for bacteria and archaea
[15,36,48] but also for viruses [31]. This phenomenon could be
called the “great metagenomics anomaly” (much like the “great
plate count anomaly”). To be more precise, it is an anomaly of

short-read metagenomics, not of metagenomics itself, since longer
sequencing reads allow longer contig recovery [14]. Besides tech-
nical issues, microdiversity is at the heart of the assembly problem
since it hampers the assembly of heterogeneous genetic sequences
and repeats [1,9,53,60].

In order to improve the recovery of Hqr. walsbyi MAGs from
our CR30 sample, the binning process was repeated after differ-
ent sub-sampling (0.5%, 1%, 2.5%, 5%, 10%, 15%, 20%, 25%, 30%,
40%, 50%, 60%, and 80% of total reads in metagenome), as previ-
ously described [20]. The best bin corresponding to Hqr. walsbyi
genome was recovered in subsamples containing only 1% of the
metagenome, with a median of 91.3% completeness and no con-
tamination (n=10; Supplementary Fig. S5d in the online version at
DOI: 10.1016/j.syapm.2018.11.001). The best of these sub-binnings
(with a 100% completeness) contained 892 contigs. A total of 797
(89.34%) had a match with some of the Haloquadratum genomes
published with a coverage > 70%. The metagenomics reads from this
bin were recovered and recruited against Hqr. walsbyi DSM 16790
genome (Supplementary Fig. S5 in the online version at DOI: 10.
1016/j.syapm.2018.11.001). As expected, the recovered bin did not
include the hypervariable regions of the species [12,28], but also
failed to recover core genome regions, as shown in Supplemen-
tary Fig. S5 in the online version at DOI: 10.1016/j.syapm.2018.11.
001. Besides, the calculated size of the bin (2.7 Mb) was still far
from the 3.1-3.2 Mb of the reference genomes. Obviously, here the
amount of “unrecovered” genome can be ascertained but would go
unnoticed for previously unknown genomes.

Along these lines, it is worth mentioning that some published
complete prokaryotic genomes may present completeness values
<80% (calculated by four different approximations, see methods)
when, due to the high divergence, they do not provide reliable
matches with some of the universal protein-coding genes (Supple-
mentary Fig. S6 in the online version at DOI: 10.1016/j.syapm.2018.
11.001). As shown in Supplementary Table S1 in the online ver-
sion at DOI: 10.1016/j.syapm.2018.11.001, most of them are small
genomes from symbionts (for example, genomes of Hodgkiniaq,
Portiera, Sulcia or Carsonella spp.) or not very well described taxa
such as Nanoarchaeota (Nanoarchaeum equitans and Nanopusillus
acidilobi) or Candidatus Wolfebacteria. The lack of complete refer-
ence genomes might most directly influence completion estimates.

In parallel to the analysis of Hqr. walsbyii in the CR30
metagenome, the Mallorca metagenome used for recovering the
MAG shown in Fig. 2a (“the good”) was searched for Haloquadratum
related bins. In this case, a bin of a fair quality was readily recovered.
The reason for this discrepancy can be found in the different lev-
els of intraspecific diversity of Hqr. walsbyi in the metagenomes of
CR30 and CS, as shown in Fig. 4a-b. This microdiversity is inversely
correlated to the average of the identity found (96 and 99%) in the
distribution identity percentages graphs (Fig. 4d). In both systems,
the abundance of Hqr. walsbyi was high (35.37% and 21.2%, as per-
centage of total nucleotides recruited by the reference genome of
the cultured strain DSM 16790, Fig. 4c), although the population in
Campos salterns was very homogeneous in contrast to that in CR30
(Fig. 4d). In addition, the sequencing depth of the genome was very
different in both systems, with only 4.7X in Campos salterns, as
opposed to 223X in CR30. However, a sequencing depth of 50X has
been recommended as a threshold to successfully recover MAGs
[1], which is in apparent contradiction to our results.

To further explore the effect of the intraspecific diversity of Hqr.
walsbyi (that can be estimated on the performance of the binning
tools used here), we constructed mock metagenomes containing
one to five strains of this archaeon, with ANI values ranging from
98.6% to 70.70%. Results are shown in Supplementary Fig. S2 in
the online version at DOI: 10.1016/j.syapm.2018.11.001. When the
binning was performed with one single genome, two bins were
retrieved that were enriched, respectively, in the core genome and
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Fig. 3. Presence of Haloquadratum walsbyi in a hypersaline water sample from CR30 crystallizer (Bras del Port salterns). (a) Total cells by DAPI staining (left) and fluorescence
in situ hybridization (FISH) of Archaea with probe ARCH915 (right). Arrows point to Hqr. walsbyi cells. (b) Binning of CR30 metagenome. Hqr. walsbyi genome fragments were

split and distributed in four mixed bins.

the islands (i.e. accessory genome) of Hqr. walsbyi, as shown in
Supplementary Fig. S2a in the online version at DOI: 10.1016/j.
syapm.2018.11.001. This is to be expected since core and acces-
sory genomes differ in their tetranucleotide frequency [30], one of
the traits considered for binning.

The addition of more strains to the mock metagenome yielded
an increasing number of bins. The high proportion of sequences
not classified into bins (Supplementary Fig. S2b-c in the online
version at DOI: 10.1016/j.syapm.2018.11.001) is especially note-
worthy. This phenomenon has been previously described in a
benchmarking study of metagenomics tools [53]. Finally, a complex
mock metagenome mimicking the composition of a sample from
CR30 [15] was analyzed. In this mock metagenome, reads corre-
sponding to species of Haloquadratum, Halorubrum and Salinibacter,
accounted for 71.52, 8.29 and 20.18% of the total reads, respectively.
Again, a high proportion of sequences (64%) could not be classi-
fied and the genome of Hqr. walsbyi could not be recovered from
this dataset (Supplementary Fig. S3 in the online version at DOI:
10.1016/j.syapm.2018.11.001), nor could the genome of the other
components of the community. It thus seems that the particulari-
ties of each environment is a key factor determining the feasibility
of recovering a given MAG from different metagenomes.

Conclusions

Our examples underline the relevance of population microdi-
versity in the retrieval of high quality genomes from metagenomic
sets, even for very abundant microbes such as Haloquadratum
and Salinibacter in hypersaline environments (as depicted in
Fig. 5). Microdiversity negatively affects the quality of metagenome
assembly, which is a critical step in the overall binning process.
This phenomenon is likely not restricted to extreme environments
but could be affecting other natural systems like SAR11 in the
marine environment and freshwater low GC Actinobacteria [16,37].
In hypersaline systems other issues arise derived from the similar
GC content and abundance of otherwise very distant microbes, like
high GC Euryarchaea and Bacteroidetes, which hinder the binning of
their genomes (Fig. 5).

As mentioned in the introduction, the binning approach will
soon become a standard tool. In this study, we highlight critical
issues in the process of binning that we have encountered when
targeting well-known components of the community. This study-
obviously not feasible when dealing with previously undescribed
systems- has allowed us to evaluate the limits of the approach in
our hands. Based on our results, we have detected some points
in the process of binning that should be made more obvious or
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implemented in the pipelines (such as the plotting of the coverage
profiles in the bins, the presence of phylogenetically incongruent
genes, or the splitting of known genomes into different bins, among
others, see Box 1). These minor modifications could be of great help
for microbial ecologists. Standardization of the binning process,
although could be regarded in principle as a good solution, could
also derive in systematic biases. Furthermore, different microbial
assemblages may require different binning approaches, as shown
above. Therefore, in order to understand their limitations and for
reproducibility purposes, papers describing MAG recovery should
provide a careful description of the methods and the rationale of
the criteria included in the “manual curation” process. This will cer-
tainly contribute to the unveiling of a meaningful classification of
the uncultured majority.
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