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Abstract

Publicly available genomes are crucial for phylogenetic and metagenomic studies, in which
contaminating sequences can be the cause of major problems. This issue is expected to be
especially important for Cyanobacteria because axenic strains are notoriously difficult to obtain
and keep in culture. Yet, despite their great scientific interest, no data are currently available
concerning the quality of publicly available cyanobacterial genomes. As reliably detecting con-
taminants is a complex task, we designed a pipeline combining six methods in a consensus
strategy to assess the contamination level of 440 genome assemblies of Cyanobacteria. Two
methods are based on published reference databases of ribosomal genes (SSU rRNA 16S
and ribosomal proteins), one is indirectly based on a reference database of marker genes
(CheckM), and three are based on complete genome analysis. Among those genome-wide
methods, Kraken and DIAMOND blastx share the same reference database that we derived
from Ensembl Bacteria, whereas CONCOCT does not require any reference database, instead
relying on differences in DNA tetramer frequencies. Given that all the six methods appear to
have their own strengths and limitations, we used the consensus of their rankings to infer that
>5% of cyanobacterial genome assemblies are highly contaminated by foreign DNA (i.e., con-
taminants were detected by 5 or 6 methods). Our results will help researchers to check the
quality of publicly available genomic data before use in their own analyses. Moreover, we
argue that journals should make mandatory the submission of raw read data along with
genome assemblies in order to facilitate the detection of contaminants in sequence databases.

Introduction

Publicly available genomes are the basic ingredient of numerous studies, from single-gene func-
tional studies to multi-genome phylogenetic inferences. Their quality (e.g., completeness,
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structural and functional annotation, contamination level) is thus of primary importance. Com-
pleteness and annotation have attracted some attention [1-3] but, surprisingly, the issue of con-
taminating sequences has remained untackled at large scale (i.e., for a whole phylum), despite
the well known evidence that contaminants are frequently introduced during experiments [4,5]
or stem from natural associations and insufficient purification [6]. Overlooked contaminants
may have major detrimental effects on biological conclusions [5]. For instance, the disappear-
ance of two well-accepted monophyletic clades of charophycean green algae (Coleochaetales
and Zygnematales) was initially reported [7], but later revealed to be due to cross-contaminating
sequences in the dataset made of transcriptomes of green algae and plants [8]. Similarly, another
phylogenomic study [9] wrongly concluded to a basal emergence of bilaterian animals, owing
to a combination of contamination and taxonomic misidentification [10].

In practice, contaminants arise at different steps, from sampling to sequencing, and any-
where in between [5,11,12]. Yet, for many (microbial) organisms, an aggravating factor is the
difficulty to obtain and keep axenic (i.e., pure) cultures [13], explaining why a number of
sequenced microbial strains are not devoid of contaminants. While some tools can assess the
technical quality of genome assemblies (e.g., QUAST, [2]), or their completeness in terms of
gene content (e.g., BUSCO, [1], CheckM [14], ProDeGe [15], acdc [16]) or even their contami-
nation level (e.g., CheckM, [14]), bioinformatic procedures are still needed to recognize and
eliminate the contaminating sequences.

As their efficiency ultimately depends on the quality and representativity of the reference
databases used for taxonomic classification [3,17], the identification of the genome regions
contaminated by foreign sequences (and their elimination) is an important endeavor, both to
avoid wrong conclusions and to prevent such genomes from polluting the reference databases,
which would lead to misclassifying newly obtained (e.g., metagenomic) sequences.

Recognizing contaminant sequences in genome assemblies, whether prior or after public
release, is not a trivial task. When such foreign sequences originate from expected sources
(e.g., bacterial cloning vectors, human contamination), they are easy to detect and remove, for
example by mapping raw sequencing reads against complete reference genomes of usual con-
taminant organisms, as part of read quality control before genome assembly (e.g., BBsplit avail-
able at https://sourceforge.net/projects/bbmap/). A complication arises with contamination
sources closely related to the organism(s) of interest (e.g., human diversity studies or ancient
DNA studies). These often require special precautions, both in the laboratory and in down-
stream analyses [18]. Similarly, parallel processing of multiple organisms, evolutionary related
or not, is expected to result in cross-contamination events. Yet, in this case, new sequences can
be attributed to their true source based on the comparison of their sequencing coverage across
the different samples (Simion et al., 2018, “in press”). With organisms belonging to taxonomic
groups for which (high-quality) representative genomes are already available, identifying the
genuinely homologous sequences is easy. In contrast, sequences for which there exists no close
counterpart in the corresponding reference genomes can be anything from divergent paralo-
gues to new genes, possibly acquired horizontally, or even foreign regions from co-sequenced
organisms. Finally, when both the genome under study and its potential contaminants belong
to new or scarcely sampled groups, as in the context of large-scale phylogenomic studies, sepa-
rating the wheat from the chaff can become very challenging [19].

Cyanobacteria, traditionally called blue-green algae, form a large and morphologically diverse
group of bacteria [13], which are of primary interest in ecological, palacobiogeology and evolu-
tionary studies. Hence, the appearance of oxygenic photosynthesis in this phylum had a critical
impact on early Earth, its evolution, and on the early biosphere by increasing the level of free oxy-
gen in the ocean and atmosphere, creating new ecological niches [20-22]. Today, they colonize a
wide range of illuminated ecosystems, from human-managed to extremophile, and from marine
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or freshwater habitats (as picoplankton or benthic mats) to hypersaline environments or hot
springs, in polar, temperate and tropical regions, with the exception of acidic waters [23]. Usually,
contaminants are organisms that live in close proximity to the sequenced organism (i.e., parasites,
symbionts, epiphytes) [6,10] or that are simultaneously studied [6,8]. It is for instance well known
that growth of picocyanobacteria (Synechococcus and Prochlorococcus) is improved by mutualistic
interactions with heterotrophic organisms, which notably remove toxic reactive oxygen species
from these phototroph/heterotroph systems [24-27]. Cyanobacteria are also known to excrete
different compounds, including polysaccharides, proteins, nucleic acids, osmolytes, in their
immediate environment [28,29]. Bacteria from other phyla, such as Bacteroidetes and Proteobac-
teria, feed on those extracellular productions and thus live in close relationship with Cyanobacte-
ria [28,30,31]. Because of this trophic coupling, the majority of available cyanobacterial strains are
not axenic, hence resulting in potential genome contamination. In this respect, we recently
noticed that six genome assemblies (GCA_000472885.1, GCA_000817745.1, GCA_000817775.1,
GCA_000817785.1, GCA_000817735.1, GCA_000828075.1) presented two or even three copies
of many proteins usually encoded by a single gene, one being the likely genuine cyanobacterial
protein and the other one(s) being closely related to non-cyanobacterial species (data not shown).

As these observations prompted us to investigate the issue thoroughly, we designed a novel
strategy, based on state-of-the-art tools, to evaluate the contamination level of publicly avail-
able genomes. Altogether, our analyses allowed us to establish a global ranking of 440 cyano-
bacterial genome assemblies, from the most contaminated to the least contaminated. These
results suggest that genome producers should strive to upload genomic sequences devoid of
contamination and that genome consumers should be cautious when analyzing such data in
downstream studies. Moreover, we advocate the stance that raw sequencing reads should be
released along with newly assembled genomes, so as to help genome scientists to evaluate the
quality of primary data.

Results and discussion

Case study strategy developed for the assessment of the contamination
level of cyanobacteria

To evaluate the contamination status of public cyanobacterial genome assemblies, we imple-
mented a strategy based on combining evidence across multiple independent methods (Fig 1).
The rationale was that, given the complexity of the task, no single method would be expected
to reach both maximal sensitivity and specificity. Moreover, we were interested not only in
quantifying the overall contamination level of cyanobacterial genomes, but also in recognizing
and eliminating foreign regions or scaffolds, so as to generate “decontaminated” assemblies.
Hence, we first considered a few reliable loci, i.e., genes that have an extremely low probability
of horizontal gene transfer (HGT), such as SSU rRNA (16S) and ribosomal proteins. We used
RNAmmer/SINA [32,33], an approach based on a reference SSU rRNA (16S) database, and
“42”, a BLASTX-based program coupled with a reference ribosomal protein database to detect
sequences in cyanobacterial genomes that are phylogenetically related to non-cyanobacterial
organisms. Second, we used CheckM [14], a comprehensive package based on the phylogenetic
labelling of lineage-specific marker genes, thereby allowing us to probe a larger part of the cya-
nobacterial assemblies. Third, we explored three genome-wide methods to maximize our
detection power. We investigated their parameterization by comparing their results with those
based on ribosomal genes, considered as the gold standard. Hence, we tested Kraken [34], a
widely used metagenomic classifier based on long (signature) DNA kmers (21-31 nt), against
a curated reference database derived from Ensembl Bacteria, and CONCOCT [35], a short
DNA kmer (4-6 nt) metagenomic binning package that does not require a reference database,
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but designed to take advantage of sequencing coverage. As a third genome-wide method, we
turned to DIAMOND blastx [36], using the same reference database as with Kraken. Alto-
gether, our analyses allowed us to establish a global ranking of the 440 publicly available cyano-
bacterial genome assemblies, from the most contaminated to the least contaminated. We
conclude that about 20 assemblies are highly contaminated by sequences from foreign phyla,
whereas >200 additional assemblies are likely to be at least slightly contaminated. Finally, we
provide download links to alternative versions of these assemblies, in which contaminating
regions (or whole scaffolds) have been masked.

Properties of the cyanobacterial genome assemblies

We downloaded 440 cyanobacterial genome assemblies, altogether representing the eight
orders defined in Komarek et al. [37], as well as the newly erected Gloeomargaritales [38].
These genomes correspond to 421 different organisms, the remaining 19 assemblies being
updated versions of existing genomes or independent assemblies (or sequencing plus assem-
bly) of the same strain (S1 Table). An overview of the morphology, the habitat and the taxon-
omy of the strains composing our dataset is given in S1 Fig.

QUAST analyses allowed us to probe the size and the fragmentation level of the assemblies
(Fig 2). While many unicellular Cyanobacteria have a genome size around 2 Mbp, filamentous,
and especially heterocystous, Cyanobacteria are among the bacterial organisms featuring the
largest genomes (Fig 2A). However, these analyses also revealed that 11 assemblies were <500
kbp, which strongly suggests that they do not correspond to complete genomes, whereas some
others are suspiciously large for Cyanobacteria (5 assemblies >15 Mbp, including 2 >68 Mbp
but with >90% “N” nucleotides). Regarding the fragmentation level, even if some genomes are
assembled into a low number of scaffolds (e.g., one chromosome and a few plasmids), a large
part of our dataset consists in genomes represented by more fragmented assemblies, with 57%
of the genomes having >20 scaffolds (Fig 2B and S1 Table).

Ribosomal genes as a first estimator of the contamination level

Since C. Woese and co-workers [39], the SSU rRNA (16S) gene is considered the “gold stan-
dard” taxonomic marker. Consequently, large, broadly-sampled and trustworthy reference
databases have been available for a long time [40], as well as specialized software to predict
(e.g., RNAmmer, [32]) and classify (e.g., SINA, [33]) rRNA genes of unknown origin with
both high sensitivity and specificity. Strikingly, 85 assemblies of our dataset appeared devoid
of any SSU rRNA (16S) sequence, including 6 of the 13 ultrasmall “genomes” (S1 Table).
Moreover, 4 assemblies contained only unclassified sequences and 1 assembly only one non-
cyanobacterial sequence. Among the 350 assemblies featuring at least one cyanobacterial
sequence, 15 contained at least one sequence of non-cyanobacterial origin (7 assemblies had 1,
5had 2, and 3 had 3).

Albeit the presence of one or more foreign SSU rRNA (16S) gene(s) almost certainly reveals
a contaminated genome assembly, it only represents a single gene [41], even if it can be found
in multiple copies (up to four loci) in Cyanobacteria [42]. To increase the odds of identifying
sequences of non-cyanobacterial sources, we turned to a reference database of ribosomal pro-
tein genes [43]. While the latter are much less sampled than SSU rRNA (16S) genes, they have
the advantage of representing about 50 loci spread over about 10 operons [44]. However, they
are not totally immune to HGT (e.g., rps14 [45]). That is why we first inferred phylogenetic
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trees for all alignments built from the database to identify and remove xenologous reference
sequences. Mining of the cyanobacterial genome assemblies against ribosomal protein align-
ments with our own software “42” (which controls for orthology relationships; available at
https://bitbucket.org/dbaurain/42/) showed that 21 assemblies contained at least one ribo-
somal protein gene of foreign origin (8 assemblies between 1 and 8 proteins, 9 assemblies
between 16 and 41, and 4 assemblies between 56 and 80; S2 Table). As expected, almost all
assemblies featuring at least one foreign SSU rRNA (16S) gene also showed at least one foreign
ribosomal protein gene (14 out of 16 assemblies). This allowed us to classify assemblies into
three categories, based on the number of ribosomal gene methods identifying contaminating
sequences in each assembly: 2 (14 assemblies), 1 (9 assemblies) and 0 (417 assemblies).

Lineage-specific marker genes as an extended estimator of the
contamination level

Even if ribosomal gene methods are sensitive, their power is limited because ribosomal genes
represent a small fraction of a cyanobacterial genome (about 0.4-1.0%). Indeed, should ribo-
somal genes be partially or completely missing from the contaminating fraction of an assem-
bly, it would lead to an underestimation of the contamination level. To mitigate this risk, we
turned to CheckM [14], a two-step contamination detection tool based on lineage-specific
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marker genes, 104 bacterial genes and 150 archeal genes (both including ribosomal proteins,
as with “42”).

According to the classification used by Parks et al. [14], CheckM results indicated that 12
cyanobacterial genome assemblies were very highly contaminated (>15%), 2 highly contami-
nated (>10% to <15%), 7 moderately contaminated (>5% to <10%), 301 lowly contaminated
(<5%), whereas only 118 assemblies were not contaminated (= 0%). Interestingly, three assem-
blies (GCA_000472885.1, GCA_000828085.1, GCA_000817785.1) showed a level of contamina-
tion >100%, along with a completeness of 100%, thereby suggesting the presence of more than
two contaminant organisms in each of them (multiple occurrences of the same markers;

Table 1). All the 29 assemblies flagged as contaminated by at least one of the two ribosomal
gene methods were all also tagged by CheckM. However, 4 assemblies (GCF_000828075.2,
GCA_000341585.1, PRINA165539, GCA_000775285.1) contaminated at >10% in terms of
ribosomal proteins were only tagged as lowly contaminated by CheckM (3.41%, 1.96%, 0.88%,
0.84%, respectively). The reason for this discrepancy is likely that CheckM organizes marker
genes into sets of collocated genes for estimating contamination. Indeed, genes that reside in
close proximity to each other do not provide independent information regarding the overall
level of contamination within a genome.

Genome-wide estimation of the contamination level using long DNA kmers

To confirm marker-based results and improve our detection power, we looked for a genome-
wide method and used a metagenomic software package relying on the classification of long
(21-31 nt) signature DNA kmers, Kraken [34]. Kraken splits genomes into kmers that it orga-
nizes in a taxonomic tree that is then queried to classify raw sequencing reads to taxa of
increasing ranks, depending on the conservation of their component kmers (see [34] for
details). In this work, we “simulated” raw sequencing reads by splitting the cyanobacterial scaf-
folds into pseudo-reads of 250 nt and fed them to Kraken in order to analyze the taxonomic
composition of each assembly. To minimize potential issues due to incomplete or aberrant
genomes, we limited the genome-wide analyses reported in this section to the 343 assemblies
that were not too small (>500 kbp) nor too large (<15,000 kbp) and that contained at least
one cyanobacterial SSU rRNA (16S) gene(s). However, all 440 assemblies were eventually ana-
lyzed and the corresponding results are shown in S2 Table, in which those 97 atypical assem-
blies are denoted by various symbols.

Three variables affect Kraken ability to classify sequences: the kmer size, the reference
genome database, and the confidence parameter. To maximize the fraction of classified
sequences (including those from evolutionarily isolated assemblies containing many unique
kmers), we used a kmer size of 21 nt and built a curated database (27,762 genomes) from the
release 30 of Ensembl Bacteria [46]. These important methodological choices are discussed in
S1 Appendix (see also S2 and S3A and S3B Figs).

The confidence threshold is a parameter meant to adjust the trade-off between specificity
and precision (in terms of taxonomic ranks). Because it has a large impact on Kraken behavior,
fine-tuning this parameter is a crucial step. To this end, we compared Kraken results obtained
on the 343 typical assemblies at three different confidence thresholds (0.02, 0.04 and 0.06) to
the results obtained on the same assemblies with the ribosomal gene methods (categories 0, 1
and 2), here considered as the gold standard (Fig 3A). We derived a contamination level from
Kraken results for each assembly by summing the classifications that corresponded to non-
cyanobacterial sources. For some assemblies, a non-negligible pool of classified sequences
were actually classified to the high-ranking “Bacteria” taxon (or to the lower “Terrabacteria”
taxon). While these sequences were genuinely part of the total (100%), we did not include
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Table 1. Global ranking of cyanobacterial genome assemblies.

Genome assembly Assembly propreties Ranking results
Accession Organism name Scaffolds. Total.length. |rRNA |rprot | CheckM |Kraken | DIAMOND | CONCOCT |rank. rank.6.
ge.1000.nt ge.1000.nt avg.6.na na

*+GCA_000472885.1 | Mastigocoleus testarum 974 15866152 66.67 | 62.5 | 200 31.84 35.15 44.27 8.83 1
BC008

GCF_001482745.1 Oscillatoriales 68 7647882 50 40 80.53 44.93 32.99 50.41 10.25 2
cyanobacterium MTP1

GCA_000817745.1 Aphanocapsa montana 296 11500044 50 28.17 | 32.76 25.16 21.4 47.55 13.42 3
BDHKU210001

GCA_000817785.1 Hassallia byssoidea 62 13096531 40 41.86 | 104.63 | NA 20.35 38.95 16.10 4
VB512170

GCA_000963755.2 Trichodesmium 1320 7900996 50 53.33 | 85.48 6.49 17.75 49.8 16.67 5
erythraeum 21-75

GCF_000963755.1 Trichodesmium 1320 7900996 50 53.33 | 85.48 6.49 17.76 49.13 16.83 6
erythraeum 21-75

GCA_001458455.1 Chrysosporum 336 4815140 50 61.21 | 22.19 11.45 27.1 39.3 17.08 7
ovalisporum strain
UAM-MAO

GCA_000817775.1 | Lyngbya confervoides 298 8799693 50 13.73 | 23.11 2124 | 1594 36.71 18.00 8
BDU141951

GCA_000817735.1 Scytonema millei 118 11627246 33.33 | 44.57 | 44.54 NA 18.07 34.98 19.00 9
VB511283

GCA_000828085.1 Scytonema 214 10008488 50 435 | 104.63 | NA 551 25.69 32.90 10
tolypothrichoides VB-
61278

"GCA_000634395.1 | Prochlorococcus sp. 76 1282892 100 | 3556 1196 | 1136 | 4155 21.74 3300 11
scB245a_518D8

*GCF_001637395.1 | Leptolyngbya valderiana 420 6991351 0 11.94 | 54.29 34.21 15.13 49.63 49.92 12
BDU 20041

GCA_000828075.1 | Tolypothrix 135 10627177 |75 | 4444 539  |NA | 1295 14.19 5100 |13
campylonemoides
VB511288

*GCF_001637315.1 | Phormidium willei BDU 171 4600567 0 27.87 | 5.42 11.28 6.66 85.01 55.58 14
130791

GCF_000828075.2 | Tolypothrix 61 9468441 75 4079 341 |0 6.23 9228 5700 |15
campylonemoides
VB511288

GCA_000341585.2 | Prochlorothrix hollandica | 10 5525469 75 435 (439 645 375 1091 5858 |16
PCC 9006

*GCA_000934435.1 | Mastigocladus laminosus 174 8560182 0 38.46 | 5.53 12.63 11.15 16.43 81.42 17
UU774

GCF_000346485.2 Scytonema hofmannii 27 12284271 20 0 2.77 0.69 1.35 86.56 93.17 18
PCC7110

*-PRJNA165539 Cyanobacteria bacterium | 59 327995 0 10 0.88 4.45 18.13 24.59 93.83 19
JGI 0000014-E08

GCF_001904775.1 Phormidium tenue NIES- | 44 5821893 0 0 1.45 13.12 2.38 96.83 98.67 20
30

GCA_000341585.1 | Prochlorothrix hollandica | 1354 2669044 0 1L11 196 602 | 3.32 8.65 10208 | 21
PCC 9006

(*) indicates assemblies for which raw read data are in principle available for download from NCBI SRA;

() indicates assemblies that are devoid of SSU rRNA (16S) classified as Cyanobacteria;

(+) indicates assemblies that are too large (>15,000 kbp);

(-) indicates assemblies that are too small (<500 kbp).

https://doi.org/10.1371/journal.pone.0200323.t001
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them in our contaminating fraction, nor in our cyanobacterial fraction and labelled them as
“unknown”. For our purposes, lowering Kraken precision thus affects its sensitivity, since a
reduced precision increases the share of these classified-yet-unknown sequences.

Based on Fig 3A, and with the aim of minimizing the fraction of unclassified/unknown
sequences (sensitivity) without wrongly tagging as contaminated too many apparently clean
genomes (specificity), we chose to work with the 0.04 confidence threshold to analyze our
dataset (S2 Table). Overall, Kraken analyses provided an independent confirmation that 137
cyanobacterial genome assemblies are contaminated at a level >1% (255 at a level >0%). How-
ever, a number of these assemblies appear to have contaminating fractions well above the
median, despite the SSU rRNA (16S) and ribosomal protein analyses suggesting these genomes
are free of contamination (outliers in Fig 3A).

Contaminated fractions of the 343 cyanobacterial genome assemblies (expressed in %) were
estimated with Kraken using three different confidence thresholds (a), or with DIAMOND
blastx using three different hit number thresholds (b), or with CONCOCT using three differ-
ent kmer sizes (c), then partitioned into three sets of assemblies, based on the number of ribo-
somal gene methods (SSU rRNA (16S) and ribosomal proteins) identifying contaminating
sequences in each assembly (0, 1 or 2). Upper and lower whiskers extend from the hinge to the
largest and lowest value no further than 1.5 * IQR from the hinge, respectively. Data points
beyond the end of the whiskers are outliers and are plotted individually. The values given on
top of each series in panels a and b are the median and IQR for the unclassified fractions across
the 343 cyanobacterial assemblies, independently of the ribosomal category.

Genome-wide estimation of the contamination level using whole
proteomes

Our thorough optimization of Kraken analyses led us to conclude that it is of limited use f