
Human contamination in bacterial genomes
has created thousands of spurious proteins

Florian P. Breitwieser,1 Mihaela Pertea,1,2 Aleksey V. Zimin,1,3

and Steven L. Salzberg1,2,3,4

1Center for Computational Biology, McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins School of Medicine, Baltimore,
Maryland 21205, USA; 2Department of Computer Science, Whiting School of Engineering, Johns Hopkins University, Baltimore,
Maryland 21218, USA; 3Department of Biomedical Engineering, Johns Hopkins University, Baltimore, Maryland 21218, USA;
4Department of Biostatistics, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, Maryland 21205, USA

Contaminant sequences that appear in published genomes can cause numerous problems for downstream analyses, partic-

ularly for evolutionary studies andmetagenomics projects. Our large-scale scan of complete and draft bacterial and archaeal

genomes in the NCBI RefSeq database reveals that 2250 genomes are contaminated by human sequence. The contaminant

sequences derive primarily from high-copy human repeat regions, which themselves are not adequately represented in the

current human reference genome, GRCh38. The absence of the sequences from the human assembly offers a likely expla-

nation for their presence in bacterial assemblies. In some cases, the contaminating contigs have been erroneously annotated

as containing protein-coding sequences, which over time have propagated to create spurious protein “families” across mul-

tiple prokaryotic and eukaryotic genomes. As a result, 3437 spurious protein entries are currently present in the widely

used nr and TrEMBL protein databases. We report here an extensive list of contaminant sequences in bacterial genome as-

semblies and the proteins associated with them. We found that nearly all contaminants occurred in small contigs in draft

genomes, which suggests that filtering out small contigs from draft genome assemblies may mitigate the issue of contami-

nation while still keeping nearly all of the genuine genomic sequences.

[Supplemental material is available for this article.]

Over the past two decades, the number of publicly available ge-
nomes has grown from just a handful of species to well over
100,000 genomes today. These genomes are pivotal resources for
countless biomedical research questions, including microbiome
studies that use them to identify species in complex samples
(Breitwieser et al. 2017). Ideally, all genomes in reference databases
would be complete and accurate (Fraser et al. 2002), but for practi-
cal reasons, the vast majority of genomes available today are still
“drafts.” A draft genome consists of multiple contigs or scaffolds
that are typically unordered and not assigned into chromosomes
(Ghurye et al. 2016). A genome is not truly complete or “finished”
until every base pair has been determined for every chromosome
and organelle, end-to-end, with no gaps. Even the human ge-
nome, although far more complete than most other animal ge-
nomes, is still unfinished: The current human assembly,
GRCh38.p13 (released Feb. 28, 2019), has 473 scaffolds that con-
tain 875 internal gaps. While most of the human sequence has
been placed on chromosomes, some highly repetitive regions are
underrepresented (Altemose et al. 2014), leading to problems
that we discuss below. Draft genomes of other species vary widely
in quality as well as contiguity, with some having thousands of
contigs and others having a much smaller number.

Contamination of genome assemblies with sequences from
other species is not uncommon, especially in draft genomes
(Longo et al. 2011; Merchant et al. 2014; Delmont and Eren
2016; Kryukov and Imanishi 2016; Lu and Salzberg 2018). In
2011, researchers reported that over 10% of selected nonprimate

assemblies in the NCBI and UCSC Genome Browser databases
were contaminated with the primate-specific AluY repeats (Longo
et al. 2011). Although validation pipelines have improved substan-
tially since then (Tatusova et al. 2016; Haft et al. 2018), some con-
taminants still remain, as we describe below. Furthermore, when
open reading frames (ORFs) in the contaminated contigs get anno-
tated as protein-coding genes, their protein sequence may be add-
ed to other databases. Once in those databases, these spurious
proteins may in turn be used in future annotation, leading to the
so-called “transitive catastrophe” problem where errors are propa-
gated widely (Karp 1998; Salzberg 2007; Danchin et al. 2018).
Indeed, one study found that the percentage of misannotated en-
tries in the NCBI nonredundant (nr) protein collection, which is
used for thousands of BLAST searches every day, has been increas-
ing over time (Schnoes et al. 2009).

Contamination of genomic sequences can be particularly
problematic for metagenomic studies. For example, if a genome la-
beled as species X contains fragments of the human genome, then
any sample containing human DNA might erroneously be identi-
fied as also containing species X. Since human DNA is virtually al-
ways present in the environment of sequencing laboratories,
human contamination is very common in sequencing experi-
ments of all types. Contamination of laboratory reagents with
DNA from other organisms can also lead to serious misinterpreta-
tions, such as the supposed detection of the novel virus NIH-CQV
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in hepatitis patients, whichwas ultimately determined to be a con-
taminant of nucleic acid extraction kits (Smuts et al. 2014).

In the process of assembling a nonhuman genome, any frag-
ments of humanDNA present in the data will typically remain un-
assembled or will form separate, relatively small contigs. These
contigs or the raw reads can be filtered out by alignment to the hu-
man genome, using fast methods such as Bowtie 2 (Langmead and
Salzberg 2012) or BWA (Li and Durbin 2009), or the slower but
more sensitive BLAST aligner (Camacho et al. 2009). This type of
filtering procedure is very effective, but it still fails when the hu-
man genome assembly does not contain the human sequence
that one is trying to remove.

In order to identify human contamination in publicly avail-
able microbial genomes, we undertook a systematic search of the
bacterial and archaeal sections of the NCBI RefSeq genome data-
base (O’Leary et al. 2016). By employing profile hidden Markov
models (HMMs) of human repeats, we were able to detect repeats
that weremore divergent than other alignersmight detect.We fur-
ther searched for and foundnumerous erroneous protein entries in
the NCBI nr database and in the TrEMBL protein database (The
UniProt Consortium 2017), the vast majority of them labeled as
bacterial or archaeal, that originated fromhumanrepeat sequences.

Results

Variants of high-copy number repeats are not fully represented

in the human reference genome

The current assembly of the human genome (currently GRCh38),
although far more complete and contiguous than earlier versions,
is still missing some sequences, particularly the repeat-rich centro-
meres and pericentromeric regions (Miga et al. 2015). Although
most of these high-copy repeats, such as HSATII (human satellite
II), have been well-characterized and widely studied (Prosser
et al. 1986; Garrido-Ramos 2017; Hall et al. 2017), the human ref-
erence genome contains only a limited number of copies of them
(Altemose et al. 2014). Due to variation among themany copies of

these repeats, some of which occur thousands of times, some re-
peats do not match the reference genome very well. This phenom-
enon appears to have contributed substantially to the ongoing
presence of human contamination in draft genomes.

As an illustration, consider Figure 1, which shows the align-
ment of a whole-genome shotgun data set from one of the Simons
Genome Diversity Project genomes (Mallick et al. 2016) to
GRCh38. The region shown is near the centromere of Chromo-
some 1 (Chr 1: 125,179,927–125,180,401), where GRCh38 con-
tains several tandemly repeated copies of HSATII. The average
depth of coverage of this sample was 100×, meaning that most lo-
cations on the genome have approximately 100 reads covering
them. In the region shown, though, the depth of coverage is over
157,000×. Because each readwas aligned to thebest-matching loca-
tion in GRCh38, this suggests that the reads fromover 1500 copies
of the HSATII sequence have aligned to this one location, because
other (better-matching) copies are simply not present in the ge-
nome assembly. As the figure shows, many of the reads have sub-
stantial numbers of differences, including 5- to 10-bp deletions,
with respect to the reference genome.

One consequence of the missing repeats in the human refer-
ence genome is that attempts to filter human reads from genome
sequencing projects of bacteria and other nonhuman organisms
may miss these repeats; e.g., if a read does not match the human
genome well enough, it will not be recognized as human. Thus,
reads that slip through these filters are disproportionately likely
to come from high-copy repeat regions such as the one shown in
Figure 1. Note that, because more than half of the human genome
is covered by repeats (de Koning et al. 2011), a randomhuman read
is more likely to originate from one of these regions than from a
nonrepetitive region.

Over 1000 bacterial and archaeal genomes in RefSeq contain

scaffolds mapping to human repeats

To identify human repeats in nonhuman genomes, we searched
profile HMMs from the Dfam database of eukaryotic repeats

Figure 1. Alignment of a human whole-genome shotgun sequencing data set to GRCh38 shown in the Integrated Genome Viewer. This region, which
contains a copy of the HSATII repeat, is covered extremely deeply, over 1500-fold deeper than the rest of the genome. The region at the top shows a sche-
matic of Chromosome 1, and below that is a histogram showing the depth of coverage, which peaks at 157,072. Individual reads in their aligned positions
are shown as gray rectangles in the bottom portion of the figure. Mismatches are shown by red, blue, green, or brownmarks, and gaps indicated by breaks
in the gray rectangles connected with a thin black line. The numerous gaps and mismatches suggest that GRCh38 is missing many other copies of the
HSATII repeat, some of which would provide a better match.
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(Hubley et al. 2016) against all archaeal and bacterial genomes in
RefSeq release v90 (Sept. 17, 2018). In addition, we also screened
the same genomes against the complete human reference genome
using KrakenUniq and MUMmer. In total, this release contains
749 archaeal and 129,090 bacterial genomes, of which 264 and
10,639, respectively, were labeled as complete and the remainder
were draft assemblies.

In total, 2250 bacterial and archaeal assemblies in RefSeq
have scaffolds that align to human repeat profiles or the human
reference genome (see Table 1). All but six of the contaminated as-
semblies were draft genomes, and 99.7% of thematching scaffolds
were shorter than 10 kilobases (kbp) (see next section). Forty-nine
of the contaminated draft genomes are in the category “represen-
tative genome,” which indicates that they are considered high-
quality representatives of specific species or strains (O’Leary et al.
2016). Supplemental Tables S1 and S2 contain details on all con-
taminating scaffolds, the bacterial and archaeal assemblies in
which they appear, the human repeat profile they match, and
the best matching sequence in the human genome.

In the set of all prokaryotic genomes, 1068 contain sequences
thatmatch repeats of the long interspersed nuclear element (LINE)
group, which also account for about one-sixth of the human ge-
nome overall (Sheen et al. 2000). The short interspersed nuclear el-
ement (SINE) family of Alu repeats, which accounts for about 10%
of the human genome (Batzer andDeininger 2002), appears in 746
draft and three complete genomes. Note that a previous study
found AluY contamination in 11 of 94 NCBI assemblies and 11
of 42 UCSC assemblies (Longo et al. 2011). In the family of repeats
of the satellite regions of the human DNA, we found 910 assem-
blies that matched either ACRO1, ALR, BSR, or HSATII (Prosser
et al. 1986; Vissel and Choo 1987). In addition, 228 genomes con-
tained a long terminal repeat (LTR) retrotransposon sequence.

Over half of the contaminated bacterial and archaeal genome
assemblies contain two or more scaffolds mapping to human re-
peats (see Supplemental Fig. S1). Twenty-six assemblies have
more than50 contaminating contigswith up to 798 scaffoldsmap-
ping to the human genome or repeats (see Supplemental Table S3).
The majority of contigs or scaffolds that map to a repeat only map
toone copyof ahumanrepeat element (see Supplemental Fig. S2B).
Some contigs and scaffolds, however,map tomultiple copies of the
same or different repeat profiles. For example, a 4.4-kbp sequence
(accession NZ_CMHF01000052.1) in the Streptococcus pneumoniae
assembly GCF_001116085.1, which was isolated from a human
nasopharynx, contains 26 copies of the human ALR repeat, and a
6.8-kbp sequence (NZ_FTZV01000200.1) in the Shigella sonnei as-
sembly GCF_900159525.1, which was isolated from human stool,

contains 26 copies of the HSATII repeat. There is some relationship
between the number of repeats per sequence and the sequence
length (see Supplemental Fig. S2A). ALR andHSATII are theonly re-
peats that are found more than 10 times in a single contig (see
Supplemental Fig. S2B,C).

We investigated whether the date or the type of sequencing
technology was associated with contamination in assemblies.
We found a steady increase in the proportion of contaminated
assemblies over the last four years, from 0.7% in 2015 to 2.8%
in 2018 (Supplemental Fig. S5A). In the same time frame, there
has been an increase in the number of assemblies using Oxford
Nanopore and Pacific Biosciences technology (from 2.9% in
2015 to 8.4% in 2018); however, over 99% of the contaminated
assemblies were generated using exclusively short-read Illumina
sequences (Supplemental Fig. S5B). Genome assemblies that em-
ployedmultiple sequencing technologies also had less contamina-
tion (Supplemental Fig. S6).

Human contamination is found almost exclusively in small, low-

coverage contigs

We expected that contigs resulting from human contamination
would be short, for several reasons. First, because reads from bacte-
ria and humans do not overlap, assembly algorithms should not
integrate contaminants into the bacterial genome sequence.
Second, assuming the amount of contaminating human DNA is
small, the coverage of the human genome will be very low, which
in turn means that only high-copy repeats are likely to assemble
into contigs. For the same reason, any human reads that do assem-
ble are likely to form relatively small contigs.

Consistent with this expectation, we found that 99.7% of
contaminated contigs and scaffolds are shorter than 10 kbp,
99.3% are below 5 kbp, and 92% are below 1 kbp (Fig. 2A). Theme-
dian length of contigs containing human repeat sequences is 356
bp. At the same time, only 0.34% of the total sequence of those as-
semblies is in scaffolds smaller than 1 kbp, 1.8% of sequence is in
scaffolds smaller than 5 kbp, and 3.6% of the total bacterial and ar-
chaeal sequence in RefSeq is in contigs that are less than 10 kbp in
size (Supplemental Fig. S3). Just 19 genomes had scaffolds longer
than 100 kbp with matches to human repeats (see Supplemental
Table S4). We examined all of these and found that most are prob-
ably misassembled (though only five assemblies provide sequenc-
ing data); see Supplemental Materials for details. For several strains
of Neisseria gonorrhoeae, however, a human repeat appears in the
middle of a correctly assembled genomic sequence which seems
to represent a genuine case of horizontal gene transfer from

Table 1. Summary of human repeat elements found in bacterial and archaeal genomes

Profile Description Profile length (bp)

Genomes

Complete Draft Total

LINEs Long interspersed nuclear elements, >15% of human genome ∼6000 2 1066 1068
Alu family Most abundant SINEs, about 10% of human genome ∼300 3 746 749
Satellites Satellite repeats ALR, BSR, HSATII ∼170 0 910 910
LTRs Long terminal repeats from endogenous retroviruses ∼200–5000 0 228 228
DNA transposon Tigger1 DNA transposon 2418 1 20 21
Other Matching the human reference genome – 0 373 373
Total 5 2245 2250

The last three columns show the number of distinct RefSeq genomes (complete, draft, and total) containing each of the different human repeat types.
As some genomes match more than one type of repeat, the total number of distinct genomes containing human sequences (last row) is not simply the
sum of the cell values.
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humans to bacteria. This extremely unusual casewas previously re-
ported (Anderson and Seifert 2011), and our results confirm and
extend that finding to include 11 sequenced genomes of N. gonor-
rhoeae (see Supplemental Materials; Supplemental Fig. S7 for fur-
ther details).

We further explored whether sequence coverage may be used
in the assemblyprocess to filter out contaminant sequences.When
sequencing reads are available, they can be mapped back to the as-
sembled scaffolds, and the average coverage of the scaffolds can be
computed. Assuming that only a small amount of human contam-
ination is present, we would expect that any assembled contami-
nants would have lower coverage than the target genome. We
retrieved the raw Illumina sequencing data for 427 contaminated
assemblies from the Sequence Read Archive (SRA) (Leinonen
et al. 2011) and aligned the reads back to their assemblies (see
Methods).We selected 219 high-quality samples for further analy-
sis, choosing those with at least 20× coverage (see Supplemental
Fig. S4), and found that contaminated scaffolds had significantly
lower coverage than the genome-wide average (Fig. 2B, red box).
To ensure that this difference was not an artifact of the small size
of the contaminating scaffolds, we also compared the coverage of
noncontaminant scaffolds that were similar in size (Fig. 2B, gray
box). We found that even compared to scaffolds of the same size,
contaminated scaffolds have significantly lower coverage.

‘Bacterial proteins’ that derive from human repeat contamination

are found in protein databases

Some human repeats contain open-reading frames that are long
enough to be considered as possible protein-coding genes. When
automated annotation methods erroneously identify these ORFs

as proteins, they may subsequently be
stored in databases as bacterial proteins.
To identify proteins in the nr and
TrEMBL protein databases that derive
from human repeat sequences, we ex-
tracted all the nucleotide regions identi-
fied in the previous section and
matched them against those databases
using the fast translated search imple-
mented in PLAST (Nguyen and Lavenier
2009).

In total, we found 3473 distinct pro-
tein entries in nr and TrEMBL that derive
from human repeats (see Supplemental
Tables S5, S6 for the query results and
Supplemental Files S1, S2 for the protein
sequences). These 3437 entries contain
2245 unique protein sequences, 2009 of
which were found in nr (1866 bacterial,

five archaeal, and 138 eukaryotic, including 10 entries that have
been very recently suppressed), and 888 of which were found in
TrEMBL (530 bacterial, two archaeal, and 264 eukaryotic, includ-
ing 92 since deleted). Merging these two sets and removing identi-
cal matches yielded 2245 unique proteins. Note that we only
identified eukaryotic proteins as spurious if they were found in
nonvertebrates and were near-identical to human repeat sequenc-
es. A large fraction (113) of the spurious eukaryotic proteins were
found in a single genome, Plasmodium ovale wallikeri.

Spurious proteins that derive from the same human re-
peat sequence are, as expected, nearly identical; see Figure 3 for
an alignment of spurious HSATII-derived proteins annotated in
bacteria. Because RefSeq combines redundant protein sequences
into “Identical Protein Groups” (Haft et al. 2018), some of the
matches in nr cover many species. For example, accession
WP_016831114.1, which hits HSATII, contains 21 assemblies
and 14 proteins from various bacteria. NCBI assigns a taxonomic
class to these identical protein groups using the lowest common
ancestor; in this case, the assigned taxon is Bacteria because the
group contains organisms across diverse bacterial phyla including
Proteobacteria, Firmicutes, and Actinobacteria. The largest such
group we found was accession WP_021666093.1, which contains
62 different coding regions in 59 different assemblies. Because
identical proteins have been collapsed into these groups, the
2009 spurious nonredundant protein entries that we identified
in nr encompass a total of 3473 distinct proteins.

Whilemostof thehuman-derived “proteins” thatwe found in
bacterial genomes were annotated as “hypothetical protein” or
“uncharacterized protein,” some were assigned other names. For
example, we found 183 proteins that were annotated as “Nef at-
tachable domain protein,” most of them in the bacterium

A B

Scaffold type

Alu

Figure 2. Lengths of scaffolds in prokaryotic genomes that contain or consist entirely of human re-
peats. (A) Histogram showing the number of scaffolds of a given length that contain human repeats.
(B) The coverage depth of contaminant scaffolds is on average 30 times lower than the average genome
coverage (red box). Similar-sized scaffolds in the same assemblies do not show the same trend (gray box).
Wilcoxon signed-rank test, P<2.2 × 10−16.

Figure 3. Human repeat element HSATII-derived proteins annotated in bacteria are nearly identical to one another, as shown in this multiple alignment,
despite the large evolutionary distances separating the species in which they were reported. Visualized with SeaView (Gouy et al. 2010).
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Chlamydia psittaci. Theoriginof this annotation is ahumanprotein
entry for “Nef attachable protein” (GenBank accessions
BAA95214.1 and AB015434.1; UniProtKB accession Q9P2Y3),
which in turn derives from the 172-bp-long ALRa repeat (see
Supplemental Fig. S8). The entry for the human protein-coding
gene has been removed: The NCBI database contains a note that
“LocusID 55866 was defined by AB015434.1 and NM_018483.1
which do not appear to represent a protein-coding gene.”
However, both the human protein and mRNA entries, as well as
the Chlamydia psittaci entries, are still present in GenBank, nr,
and TrEMBL. Another example is a 10,174-bp contig (accession
FPIH01000010.1) in a Chlamydia abortus assembly that is a mouse
contaminant (and that also matches the human LINE-1 element).
The seven genes annotated on this contig, all of which derive from
contamination,havenames that include “Exodeoxyribonuclease,”
“exonuclease III,” and “L1 transposable element.”

We also identified a handful of additional spurious proteins
that fell below our 95% identity threshold but that are nonetheless
clearly human contaminants. Two examples are the “putative sul-
furtransferase” and a “centlein-like protein (CNTLN)” (protein IDs
AIF19795 and AIF19796) in an assembly of a marine archaeon.
Both proteins are part of amisassembly that was created by errone-
ously concatenating a human Alu sequence onto the end of a 35-
kbp contig (KF901147.1). Protein AIF19795 is a false chimera,
spanning the point in themisassembly where bacteria and human
DNAwere concatenated together, and its first 100 amino acids (out
of 139) represent a genuine bacterial sulfurtransferase, while the
remaining amino acids are a translation of the human Alu repeat.
The following and final protein on the contig, AIF19796, is a trans-
lation of an entirely human repeat sequence.

To quantify the impact of protein database contamination on
metagenomics searches, we conducted translated searches of
genuine human sequences against the nr protein database. In se-
quencing experiments, methods like PLAST (Nguyen and
Lavenier 2009), DIAMOND (Buchfink et al. 2015), or MMseqs2
(Steinegger and Söding 2017) may be used to map sequencing
reads to proteins and compute a taxonomic profile of the results.
When all the reads are human, the taxonomic profile should
show only human or primate entries. We generated 19 million
simulated reads that covered the human genome (see Methods),
of which ∼411,000 mapped to nr proteins with an e-value below
10−7 (see Supplemental Fig. S9). As expected, the majority of these
high-scoring reads matched primates (56.78%). However, >21% of
the reads matched to various bacteria including Mycobacterium tu-
berculosis (2.42%), Bacillus cereus (1.15%), and Klebsiella pneumo-
niae (0.65%). A portion of reads also went to the eukaryotic
human pathogen Plasmodium ovale (2.36%) and various nema-
todes (0.72%). Our searches of human repeats, described above,
found 2029 spurious bacterial proteins in the nr database; these
new searches identified 1050 spurious bacterial proteins, of which
28% were not found by the earlier repeat-based searches.

Discussion

We demonstrated that human contamination has made its way
into 2250 publicly availablemicrobial genomes, primarily bacteria
but also archaea and some eukaryotes. In turn, erroneous transla-
tions of these contaminants have generatedmore than 3000 anno-
tated proteins, which now form highly conserved but spurious
protein families spanning a broad range of bacterial phyla and
some eukaryotic species. All of these genomes and proteins appear
in at least one if not several widely used sequence databases. It is

possible that additional contaminants might be present, because
we did not screen for all possible sources of contamination,
such as other human genomic regions, fragments of DNA from
nonhuman host organisms, environmental sources, and laborato-
ry vectors.

This widespread contamination creates serious problems for
many types of scientific analyses that depend on genome and pro-
tein databases. One example where this problem is most acute is
the use of metagenomic sequencing to diagnose infections, a rap-
idly growing clinical application in which human tissues are se-
quenced to identify a potential pathogen (Wilson et al. 2014;
Naccache et al. 2015; Berger and Wilson 2016; Salzberg et al.
2016). In these samples, where the dominant species is human,
contamination of even a small fraction of the bacterial genomes
in the databasewill cause numerous false positives, as human reads
may appear, incorrectly, to represent bacterial organisms.

Another issue that is confounded by contamination is hori-
zontal gene transfer. When fragments of the wrong species appear
in a genome, they can be mistaken for genuine horizontal gene
transfer, leading to claims (e.g., Boothby et al. 2015; Crisp et al.
2015) thatmay later be shown to be incorrect once the contamina-
tion is discovered (Arakawa 2016; Salzberg 2017).

Simply cleaning up the existing contaminated genomes will
not be sufficient to correct this problem, because many proteins
now exist as entries in separate databases, as we have described
here. Both genome and protein databases need to be corrected,
and new controls need to be established to avoid recontamination
in the future. As was pointed out more than 15 years ago, one sol-
ution is to finish as many genomes as possible; i.e., to fill in all
the gaps and ensure that each chromosome is correctly assembled
in one piece (Fraser et al. 2002). Admittedly, finishing every ge-
nome remains costly. A simpler alternative strategy, taking advan-
tage of the fact that most contamination appears in small, low-
coverage contigs, is to exclude those contigswhenbuilding anyda-
tabase containingdraft genomes. Prior to releasing a genome to the
public, we also recommend running sensitive searches against hu-
man repeat profiles, aswehave donehere. In addition, if amicrobi-
al genome was isolated from a host whose genome is available, the
microbial assembly should be carefully screened against that ge-
nome as well.

Methods

We downloaded the archaeal and bacterial sequences from the
NCBI RefSeq database (O’Leary et al. 2016) release 90 (Oct. 9,
2018). For bacteria, this included 10,639 complete assemblies,
1651 chromosome-level assemblies, 53,057 scaffold-level assem-
blies, and 63,627 contig-level assemblies. The archaea comprised
264 complete genomes, 14 chromosome-level assemblies, 164
scaffold-level assemblies, and 304 contig-level assemblies. Note
that NCBI characterizes assemblies that include chromosomes,
scaffolds and contigs as “chromosome-level,” assemblies that in-
clude scaffolds and contigs as “scaffold-level,” and assemblies
that only contain contigs as “contig-level.” Except for those la-
beled as “complete,” all other genomes are considered drafts. We
downloaded the nr database, a nonredundant collection of protein
sequences frommultiple sources, as well as the SWISS-PROT data-
base fromNCBI on July 16, 2018 (ftp://ftp.ncbi.nlm.nih.gov/blast/
db/). We downloaded the TrEMBL sequences from UniProt on
Sept. 27, 2018. Using HMMer 3.1b2 (Eddy 2011), we mapped the
entire Dfam database of eukaryotic repeats (release 2.0, Sept. 23,
2015) (Hubley et al. 2016) against a random subset of 5000
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prokaryotic genomes to find repeats that occur in multiple incom-
plete genomes. We then mapped selected human repeats (LINE
family: L1HS_3end, L1HS_5end, L1MC4_3end, L1P1_orf2,
L1PBa_5end, L2; Alu family: AluJo, AluSg, AluSx, AluSz, AluY,
BC200, FRAM; Satellites: ACRO1, ALR, BSR, HSATII; LTR EVRs:
ERVL, MER5A, MIR, MIRb, MST-int, MSTB, THE1-int; DNA trans-
posons: Tigger1) against all prokaryotic genomes. Only mappings
with an e-value below 10−10 were analyzed further. For the whole-
genome mappings, we matched all prokaryotic genomes against
the human reference genome using first KrakenUniq (Breitwieser
et al. 2018) and then NUCmer (Delcher et al. 2002). We only con-
sidered scaffolds that were >95% identical to the reference genome
over at least ≥90% of their lengths. We extracted the matching re-
gions of the genomic sequences using seqtk subseq and mapped
them to the human genome GRCh38.p12 (GCF_000001405.38)
with BLASTN v2.7.1+ (Camacho et al. 2009) (parameters
-max_hsps 1 -max_target_seqs 100 -dust no -soft_masking false)
and to the nr, SWISS-PROT, and TREMBL protein sequence data-
bases with PLASTX (Nguyen and Lavenier 2009). For the translated
PLASTX search, we kept all results with an e-value below 10−7 and
minimum percent identity of 95%.We queried protein and nucle-
otide information using NCBI’s e-utilities.

The whole-genome shotgun data used in Figure 1 was from a
collection of publicly available human genomes collected by
the Simons Genome Diversity Project (Mallick et al. 2016). We
aligned the reads to GRCh38 with Bowtie 2 v2.3.4.3 (Langmead
and Salzberg 2012) using default settings. The alignments were
processed with SAMtools (Li et al. 2009) and visualized with
the Integrative Genomics Viewer (IGV) (Thorvaldsdottir et al.
2013).

To compare the coverage depth of spurious scaffolds with the
coverage of the rest of the genome, we downloaded and aligned
the raw sequencing data from 413 out of the 1731 assemblies
with spurious contigs. The assembly records do not directly link
to raw sequencing data. Instead, NCBI assembly records link to
Biosamples, which may have a link to an SRA record, which is
not guaranteed to be the data used for the assembly. Using the
Entrez API, we found 731 assemblies had Biosamples with a link
to an SRA record. Of these, 413 had publicly accessible Illumina
data, which we downloaded using fasterq-dump and aligned to
the assembled genomes using Bowtie 2 v2.3.4.3 (Langmead and
Salzberg 2012) using default settings. The median sample in this
set had 2.5 million read pairs, 96.6% overall alignment rate, and
122.04× average coverage. For further analyses, we selected the
217 samples that had at least 1 million reads, 90% overall align-
ment rate, and 20× average coverage (see Supplemental Fig. S4).
We calculated the average genome coverage, as well as the
coverage of the contaminated contig and the coverage of a
noncontaminated contig that was closest in size to the contami-
nated contig using bamcov (https://github.com/fbreitwieser/
bamcov).

The multiple alignment shown in Figure 3 was created with
MUSCLE (Edgar 2004) and visualized in SeaView (Gouy et al.
2010). Additional data analysis and validation was done with the
R statistical software (R Core Team 2017) and ggplot2 (Wickham
2016).

To perform the translated search of human sequences
against the nr database, we split the human reference genome
GRCh38.p12 into 19million160-bp synthetic reads, and ran trans-
lated searches usingMMseqs2 (Steinegger and Söding 2017). In to-
tal, 411,340 of the “reads”matched proteinswith an e-value below
10−7. In case of identical bitscores acrossmultiple proteins, the low-
est common taxonomic ancestor of the proteins was assigned. The
taxonomic profile of the hits was computed and visualized using
Pavian (Breitwieser and Salzberg 2016).
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