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Abstract: Metagenomic next-generation sequencing has transformed the discovery and diagnosis of
infectious disease, with the power to characterise the complete ‘infectome’ (bacteria, viruses, fungi,
parasites) of an individual host organism. However, the identification of novel pathogens has been
complicated by widespread microbial contamination in commonly used laboratory reagents. Using
total RNA sequencing (“metatranscriptomics”) we documented the presence of contaminant viral
sequences in multiple ‘blank’ negative control sequencing libraries that comprise a sterile water
and reagent mix. Accordingly, we identified 14 viral sequences in 7 negative control sequencing
libraries. As in previous studies, several circular replication-associated protein encoding (CRESS)
DNA virus-like sequences were recovered in the blank control libraries, as well as contaminating
sequences from the Totiviridae, Tombusviridae and Lentiviridae families of RNA virus. These data
suggest that viral contamination of common laboratory reagents is likely commonplace and can
comprise a wide variety of viruses.

Keywords: reagent contamination; virology; metatranscriptomics; Circoviridae; Totiviridae;
Tombusviridae; Lentiviridae

1. Introduction

Culture-independent methods, particularly metagenomic next-generation sequencing
(mNGS), have revolutionised pathogen discovery, streamlined pathways of clinical diag-
nosis, and have enhanced our ability to track infectious disease outbreaks [1], including
the current COVID-19 pandemic [2,3]. These methods can reveal the complete profile of
pathogenic and commensal microorganisms within a host, comprising viruses, bacteria,
fungi and eukaryotic parasites. As mNGS, particularly total RNA sequencing (i.e., meta-
transcriptomics), enables the identification of diverse and divergent viral sequences, it has
been widely utilised for virus discovery [4-8].

Although the data generated by mNGS are bountiful and cost-effective, they come
with several inherent limitations, central of which is the possibility of reagent contamina-
tion [9]. Indeed, the contamination of mNGS data can be problematic when identifying
microbes in the context of disease association and creates issues when attempting to identify
the true host of a novel microbe. The experimental preparation of samples for sequencing
necessarily involves treatment with a variety of reagents, many of which have been shown
to carry contaminating nucleic acids, including viral sequences [10-15]. Previous work has
illuminated the extent of viral contamination in commonly used laboratory components,
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particularly those with small single-stranded (ss) DNA genomes [9,14,16-18]. Accord-
ingly, there is a clear need for appropriate controls when characterising novel viruses
from metagenomic data. For example, metagenomic analysis of human plasma samples
revealed the presence of sequences of Kadipiro virus, a double-stranded positive-sense
RNA virus [19], although these were later shown to likely reflect contamination [20]. An
additional complication is that reagent-associated viral sequences are often not shared nor
widespread across samples, only appearing intermittently [9].

Although mNGS has identified many novel viruses, diverse species of circular replication-
associated protein encoding (CRESS) ssDNA viruses have been particularly prominent [21-25].
However, as noted above, ssDNA viruses, particularly CRESS viruses and their relatives in-
cluding circoviruses, are common contaminants of reagents, leading to incorrect inferences
on host associations [9,26]. As well as DNA viruses, a variety of other microbial sequences
are present in laboratory reagents, including bacteria, RNA viruses, and eukaryotic para-
sites [9,20,27-30].

To further explore the diversity of contaminant sequences in laboratory components,
particularly those derived from viruses, we used metatranscriptomics to investigate seven
libraries of blank RNA sequencing samples that represent sterile water extractions and
library preparation reagents.

2. Materials and Methods
2.1. Generating ‘Blank’ Sequencing Libraries

When generating total RNA sequencing libraries, we regularly utilise negative or
‘blank’ samples as experimental controls to assess the extent of reagent contamination.
These controls are derived from extractions of the sterile water used at the elution step
and, importantly, are expected to contain no nucleic acid material. In theory, these negative
controls should generate no sequencing reads. However, they can capture contamination
during the DNA/RNA extraction or library preparation steps.

Herein, we analysed negative control sequencing libraries under different experimen-
tal conditions to identify likely contaminant sequences (Table 1). Total RNA was extracted
using either the RNeasy Plus Universal Kit (Qiagen, Hilden, Germany), RNeasy Plus Mini
Kit (Qiagen, Hilden, Germany) or the Total RNA purification Kit (Norgen BioTek Corp.,
Thorold, ON, Canada), as described in Table 1. RNA libraries were prepared with the
Trio RNA-seq + UDI Library Preparation Kit (NuGEN) or the SMARTer Stranded Total
RNA-Seq Kit v2-Pico Input Mammalian (Takara Bio, USA) and sequenced on the MiSeq,
NextSeq or NovaSeq Illumina platforms, producing between 0.63 Gb and 8.7 Gb of data
per library.

Table 1. Experimental conditions of each blank negative control sample utilised here.

Library Name Sequencing Platform RNA Extraction L1brary Data Generated SRA L1b.rary
Preparation Accession
. RNeasy Plus
L1 Illumir;g IC\TyOC\ll:iei? 6000 Universal Kits Trio RNA-seq + 11,940,824 paired SRR14737471
(Qiagen, Hilden, UDI (NuGEN) reads (1.8 Gb)
(2 x 75 nt reads)
Germany)
. RNeasy Plus
o mumﬁg ij‘l‘{gt‘tl 6000 Universal Kits Trio RNA-seq + 57606392 paired oo o
(Qiagen, Hilden, UDI (NuGEN) reads (8.7 Gb)
(2 x 75 nt reads)
Germany)
SMARTer Stranded
INlumina MiSeq, v3 RNeasy Plus Mini Total RNA-Seq Kit .
L3 150 cycle kit Kit (Qiagen, v2 -Pico Input ‘Lr'elfgf(((’)‘l g‘gﬁ? SRR10069984
(2 x 75 nt reads) Hilden, Germany) Mammalian ’

(Clontech)
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Table 1. Cont.
Library Name Sequencing Platform RNA Extraction L1brary Data Generated SRA L1b'rary
Preparation Accession
Total RNA SMARTer Stranded
Ilumina NextSeq 500, Purification Kit Total RNA-Seq Kit .
L4 mid-output 150 cycle (Norgen Biotek, v2-Pico Input 3?{;%95’249{’23‘1 SRR14737469
kit (2 x 75 nt reads) Thorold, ON, Mammalian ’
Canada) (Clontech)
Total RNA SMARTer Stranded
Mlumina MiSeq purification Kit Total RNA-Seq Kit 7,342,876 paired
L5 150 cycle kit (Norgen BioTek v2-Pico Input reads SRR15221433
(2 x 75 nt reads) Corp., Thorold, Mammalian (1.10 Gb)
ON, Canada) (Clontech)
Total RNA SMARTer Stranded
Ilumina MiSeq purification Kit Total RNA-Seq Kit 10,978,253
L6 150 cycle kit (Norgen BioTek v2-Pico Input paired reads SRR15221432
(2 x 75 nt reads) Corp., Thorold, Mammalian (1.65 Gb)
ON, Canada) (Clontech)
Total RNA SMARTer Stranded
Mlumina MiSeq purification Kit Total RNA-Seq Kit 8564269
L7 150 cycle kit (Norgen BioTek v2-Pico Input 1’ 28 ’Gb SRR14737466
(2 x 75 nt reads) Corp., Thorold, Mammalian ’
ON, Canada) (Clontech)

2.2. Analysis of Virus-Like Sequences in Laboratory Reagents

Each sequencing library underwent trimming and the de novo assembly of reads,
completed using the Trinity software with default settings [31] or MEGAHIT (L3) [32].
Sequence similarity searches using Diamond BLASTX were performed on the de novo
assembled contigs against the GenBank non-redundant (nr) database [33,34]. Specifically,
we used a combination of e-value, hit length, and percentage similarity to determine the
potential of a contig to be a viral sequence. The abundance of reagent-associated reads was
calculated by comparing the number of contig reads to the total number of library reads
(via mapping trimmed reads back to the contigs) as performed in previous studies [5,8].

After initial identification, all potential contaminant sequences were subjected to phy-
logenetic analysis. To ensure high quality amino acid sequence alignments, only conserved
sequence contigs that were >800 bp (>200 amino acids) in length were used in downstream
analysis. Sequences of reference proteins, including the highly conserved replicase, DNA
polymerase and RNA-dependent RNA polymerase (RdRp) protein domains, were down-
loaded from the NCBI RefSeq database (Table 2). Contig and reference proteins were
aligned using the L-INS-I algorithm in MAFFT v7 [35], with ambiguously aligned regions
removed using Gblocks [36]. This resulted in final sequence alignments of between 125
and 672 amino acids in length (Table 2). Phylogenetic trees of all alignments were then
estimated using the maximum likelihood method in IQ-TREE [37], using the model testing
option and bootstrap resampling with 500 replications.

Table 2. Reference proteins for each sequence alignment performed in this analysis.

Reference Protein Protein Virus Number of Sequences Alignment Length
Acronym Taxonomy in Analysis (Amino Acid, AA)
Viral replicase protein Rep CRESS 221 672 AA
Viral replicase protein Rep Circoviridae 69 161 AA
Polymerase peptide Pol Lentiviridae 11 478 AA
RNA-dependent RNA polymerase RdRp Totiviridae 95 125 AA
RNA-dependent RNA polymerase RdRp Tombusviridae 87 256 AA
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3. Results

In total, we identified 14 reagent-associated viral sequences in the negative (blank)
control samples, including seven CRESS-like viral sequences, four novel Tombusviridae-like
viral sequences, and single Lentivirus-like and Totiviridae-like viral sequences.

3.1. Abundance of Reagent-Associated Viral Reads

The abundance of reads in each library was calculated to compare the percentage of
reads associated with viruses (Figure 1). This revealed that the virus-associated contigs
identified were predominantly CRESS-like (Figure 1). The L5 library contained only one
virus-associated contig, associated with Escherichia coli phage PhiX 174 DNA: this was
intentionally added into the sequencing run to add complexity and improve signal in the
library. Both the L4 and L6 libraries did not contain long (>800 bp) virus-associated contigs.

S0 B L7 0.009
= CRESS-like 0,008 0007958977
= Parvo-like » = Caudo-like
Podo-like ©0.007 u Unidentified virus
Micro-like £0.006 " Parvo-like
= Asco-like 80,843 K] CRESS-like
= Unidentified virus reads, ] 0.005 = Podo-like
0.02% %5 0.004
X0.003
465,256 %
reads, %0.002 001570761
0.0006 0.1% S 001161202
- 0.0002 0.0001 0.0001 0.0002 ° 5 0.001 0.00043205) oo
0.12
CRESS-like

0.00039

= |enti-like 0.1 0.0966 0.0966 = unidentified virus
® picorna-like m picorna-like
= toti-like 0.08 tombus-like
odo-like
0.06 P s
= gemini-like

0.0282
.00005

0.000001

Percentage (%) of total reads

00109 ¢ 0084

W total viral reads
M viral reads >800bp

Figure 1. Abundance of viral reads in libraries L1, L2, L3, and L7. Visual representation of the virus-associated reads in

respective libraries, with pie charts depicting the total number reads mapped to long (>800 bp) virus-associated contigs

(orange) compared to all the virus-associated reads (blue). (A-D) Each bar chart denotes the proportion of contigs associated

with different virus families in the respective libraries.

Novel reagent-associated virus-like sequences were identified in four of the seven
libraries (Table 3). Seven novel circo-like viruses (termed Reagent-associated CRESS-like
virus 1-7), four novel tombusvirus-like viruses (termed Reagent-associated tombus-like
virus 1-4), and one totivirus-like and lentivirus-like sequence (termed Reagent-associated
toti-like virus and Reagent-associated lenti-like virus, respectively) were identified in
libraries L1, L2 and L3. The contigs ranged from 828 to 3878 bp in length and comprised
0.0001-1.27% of reads in their associated libraries.

Table 3. Novel reagent-associated viral sequences identified in this study.

Library Abundance (%) of

Virus name Accession Total Reads (rRNA Removed) Length (bp) Library
Reagent-associated tombus-like virus 1 MZ824229 1.28 1204 L3
Reagent-associated tombus-like virus 2 MZ824228 0.46 828 L3
Reagent-associated tombus-like virus 3 MZ824227 1.08 1574 L3
Reagent-associated tombus-like virus 4 MZ824226 1.29 1410 L3
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Table 3. Cont.

Library Abundance (%) of

Virus name Accession Total Reads (fRNA Removed) Length (bp) Library

Reagent-associated toti-like virus MZ824225 0.001 920 L2

Reagent-associated lenti-like virus MZ824230 0.004 962 L2
Reagent-associated CRESS-like virus 1 MZ824237 0.78 3878 L1
Reagent-associated CRESS-like virus 2 MZ824236 0.24 2377 L1
Reagent-associated CRESS-like virus 3 MZ824235 0.02 1592 L1
Reagent-associated CRESS-like virus 4 MZ824234 2.89 2663 L3
Reagent-associated CRESS-like virus 5 MZ824233 9.66 3027 L3
Reagent-associated CRESS-like virus 6 MZ824232 4.98 3517 L3
Reagent-associated CRESS-like virus 7 MZ824231 0.01 1124 L1

3.2. Characterisation of Reagent-Associated Circovirus-Like and CRESS-Like Viruses

Due to extensive genetic diversity within the Circoviridae we inferred two separate
sequence alignments and hence two phylogenetic trees, representing the (i) CRESS and
CRESS-like viruses and (ii) circoviruses taken independently, although both were based
on the Rep protein sequence (Figures 2 and 3). All seven of the novel reagent-associated
circovirus-like sequences exhibited greater sequence similarity to the CRESS viruses and
therefore were included in the CRESS virus phylogeny. These were termed Reagent-
associated CRESS-like viruses 1-7. These viruses occupied diverse locations across the
phylogeny, although they were closely related to some previously identified reagent-
associated viruses: Avon-Heathcote estuary associated circular viruses, Circoviridae sp. sub-
types, Dromedary stool-associated circular virus subtypes, and Sandworm circovirus [5,9]
(Figure 2). It is notable that the CRESS viruses analysed derive from a variety of environ-
ments, and there is no clear topological pattern according to the host species of sample
origin, which is anticipated in the case of contaminant sequences. The seven novel CRESS-
like viruses identified also varied in abundance in the L1 and L3 libraries (0.01-9.66%).
In contrast, a phylogenetic analysis of the Rep protein of other members of Circoviridae
(Table 2), containing what we hypothesise are bona fide viruses, reveals a pattern of host-
based clustering (Figure 3). In particular, this phylogeny was characterised by two distinct
clades of circoviruses: circoviruses, associated with vertebrate hosts, and cycloviruses
associated with invertebrates.

3.3. Characterisation of Reagent-Associated Lentivirus-Like, Tombusvirus-Like and
Totivirus-Like Sequences

Aside from ssDNA viruses, we identified an additional seven novel reagent-associated
viral sequences in the blank control libraries. The first of these was a novel lentivirus-
like sequence that we then used in an alignment of the retroviral Pol protein (Table 2).
A phylogenetic tree was inferred from the alignment and the novel Reagent-associated
lenti-like virus was shown to cluster closely with Equine infectious anaemia viruses (EIAV),
although occupying a relatively long branch within this clade (Figure 4).

Similarly, we identified four novel tombus-like sequences in the blank control samples:
these were termed Reagent-associated tombus-like virus 1-4. A sequence alignment of
the RdRp protein domain was used to infer a phylogenetic tree of these tombusvirus-
like sequences that are commonly associated with plants (Table 2). Three of the novel
tombus-like viruses cluster together in the same divergent clade that falls basal to a majority
of the tombus-like viruses (Figure 5). Only two previously described tombus-like virus
sequences fall in more divergent positions—Wenzhou tombus-like virus 11 and Sclerotinia
sclerotiorum umbra-like virus 1. As these were both identified in metatranscriptomic
studies [8,38] it is possible that they reflect reagent contamination, although Sclerotinia
sclerotiorum umbra-like virus 1 was found in two samples of Sclerotinia sclerotiorum (a
fungus) compatible with its status as a true mycovirus [38,39]. Interestingly, Plasmopara
viticola lesion associated tombus-like virus 2, also suggested to be a mycovirus, similarly
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falls into a relatively divergent clade (Figure 5). Finally, Reagent-associated tombus-like
virus 3 was identified in blank library L3 at a relatively high abundance (>1% of total
reads), although it had a shorter (1574 bp) and likely incomplete genome compared to
most tombusviruses (~4-5 kb). This sequence falls basal to a clade within the broader
tombusvirus tree that includes a variety of plant viruses, including Groundnut rosette
virus, Carrot mottle virus and Tobacco mottle virus.
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Figure 2. Phylogenetic relationships of CRESS (ssDNA) viruses, including the seven novel CRESS-like viruses identified here
and highlighted in red (Reagent-associated CRESS-like viruses 1-7). Reagent-associated sequences determined previously
are highlighted in blue. The clades that included the novel CRESS-like viruses identified here (A,B,G) are magnified on the
right. The tree and other clades (C-F) are shown in higher resolution in Supplementary Figure S1. The tree was mid-point
rooted for clarity purposes only. Bootstrap values greater than 70% are represented by asterisks next to nodes. All horizontal
branch lengths are scaled according to the number of amino acid substitutions per site.
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Figure 3. Phylogenetic relationships of the ssDNA virus family Circoviridae based on hypothesised
“host-associated” circoviruses. The tree has two major clades, comprising the circovirus clade
associated with vertebrate hosts (highlighted in blue) and the cyclovirus clade previously associated
with invertebrate hosts (highlighted in green). For clarity, the tree is mid-point rooted. Bootstrap
values greater than 70% are represented by asterisks next to nodes. All horizontal branch lengths are
scaled according to number of amino acid substitutions per site.
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Figure 4. Phylogenetic relationships of RNA virus family Lentiviridae including the novel virus

reagent-associated lenti-like virus sequence identified in this study. This virus is highlighted in red
and falls within the EIAV clade.
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Figure 5. Phylogenetic relationships of RNA virus family Tombusviridae including the seven novel viruses identified in this
study (highlighted in red). The phylogeny was mid-point rooted for clarity purposes only. Bootstrap values greater than
70% are represented by asterisks next to nodes. All horizontal branch lengths are scaled according to number of amino acid

substitutions per site.
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0o

08378651.1 Calibrachoa mottle virus | .
"YP_001039884.1 Nootka lupine vein clearing virus
619718.1 Maize chlorotic mottle virus
P _009333133.1 Bermuda grass latent virus
*_r YP_008219057.1 Thin paspalum asymptomatic virus
+ L NP_068342.1 Panicum mosaic virus |
YP 002117834.1 Cocksfoot mild mosaijc virus

NP 619671.1 Hibiscus chlorotic ringspot virus

1884.1 Cardamine chlorotic fleck virus
720.3 Turnip crinkle virus L .

NP 038453.1 Japanese iris necrotic ring virus

862835.2 Pea stem necrosis virus
041226.1 Melon necrotic spot virus L
2333476.1 Soybean yellow mottle mosaic virus
619521.1 Cowpea mottle virus

NP_043907.1 Olive latent virus 1
IFD’ 0'56812?.2 Tobacco necrosis virus A
4

- YP_009246408.1 Potato necrosis virus
—Iit YP 224015 1 Olive mild mosaic virus

174.1 Furcraea necrotic streak virus
iNnsoga mosaic virus

a
— NP 758810.3 Beet black scorch virus
45—_[\"3 608311.1 Tobacco necrosis virus D
NP_044740.1 Leek white stripe virus

YP_009037606.1 Moroccan pepper virus
NP~040953.2 Cucumber necrosis virus .
YP_002308429.1 Grapevine Algerian latent virus
:NP_062897.1 Tomato bushy stunt virus
NP945114.1 Pelargonium necrotic spot virus
NP 612580.2 Carnation ltalian ringspot virus
NP_039808.1 Artichoke maottled crinkle virus
Cymbidium ringspot virus .

1.1 Eggplant mottled crinkle virus

A
Cucumber Bulgarian latent virus
.2 Maize necrotic streak virus
3 RicevirusA o
* 001285474.1 Maize white line mosaic virus .
145128.1 Johnsongrass chlorotic stripe mosaic virus
YP_009032634.1 Pothos latent virus
YP_008828157.1 Yam spherical virus
P_009032639.1 Cucumber leaf spot virus

i’y
N
[o0]

Reagent-associated tombus-like virus 3
=~ YP_009162058.1 Groundnut rosette virus )
+ =YP 009056849.1 Ethiopian tobacco bushy top virus
— YP_009162614.2 Opium ﬁoppy mosaic virus
. NP 733848.2 Tobacco bushy top virus

0.3

YP_009352229.1 Ixeridium yellow mottle virus 2
YP_002302259.2 Carrot mottle virus
NP_054007.4 Carrot mottle mimic virus
YP_009665185.1 Tobacco mottle virus
NP 620846.3 Pea enation mosaic virus 2

Finally, the remaining novel sequence was related to the totiviruses, a family of double-
strand RNA viruses commonly associated with fungi. The novel totivirus-like sequence
was termed Reagent-associated toti-like virus. It was used in an alignment of the RdRp
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protein domain (Table 2), from which a phylogenetic tree was estimated (Figure 6). This
revealed that the sequence appears to be related to Scheffersomyces segobiensis virus

(83% amino acid identity) associated with the fungus Scheffersomyces segobiensis.

NP 620494.1 Saccharomyces cerevisiae virus L-A
YP,003934934.1 Aimigeres subalbatus virus SaX06-AK20
2.1 Culex tritaeniorhynchus totivirus

YP 003239293 1 Drosophila melanogaster totivirus SW-2009a
YP 0054542511 Tianjin totivirus
YP 529549.2 Penaeid shrimp m'edvous myonecrosis virus
YP 0092562091 Golden shiner totivir

 YP 0005527261 Sogatelia furcifera totivirus 1

r: 3182.1 Sogatella furcifera totivirus 2
VP 009143319. ¢ Camponotusyamaokax virus
YP_009551937.1 Panax notoginseng virus B
P 009225665,

1 Red clover powrdofc mildew-associated totivirus 1
YD 0005504861 m‘.i‘;:“,:.‘é?;“:‘a'\‘;'.‘.:’msi . YP_009551937.1 Panax notoginseng virus B
YP_009225665.1 Panax notoginseng virus A
YP_001497151.1 Black raspberry virus F

YP_009182174.1 Red clover powdery mildew-associated totivirus 1
YP_009448194.1 Maize-associated totivirus 3
"YP_009259486.1 Maize-associated totivirus 2
NP 620495.1 Saccharomyces cerevisiae virus L-A
YP_009507835.1 Xanthophyllomyces dendrorhous virus L1B
- YP_007697651.1 Xanthophyllomyces dendrorhous virus L1A
YP_009182181.1 Red clover powdery mildew-associated totivirus 3

YP_009182195.1 Red clover powdery mildew-associated totivirus 7
YP_009182190.1 Red clover powdery mildew-associated totivirus 6
YP_009182188.1 Red clover powdery mildew-associated totivirus 5
YP_009507831.1 Scheffersomyces segobiensis virus L
“YP_009507829.1 Scheffersomyces segobiensis virus L
Reagent-associated toti-like virus
NP_042581.1 Saccharomyces cerevisiae virus L-BC La
YP_009182176.1 Red clover powdery mildew-associated totivirus 2

5 yces oevevnsaaa virus L-A
1 Xanlhoﬁ ces dendrorhous virus L1B

YP 007697651 1 Xanthophyl omyoes e o koD s Vi LA
YP. 009182181 1 Red clover powdery mlldew associated totivirus 3

msmz 95.1 Red cl mildew-associated totivirus 7

009182190.1 Red clover powdery mvldew -associated totivirus 6
YP leBZ‘SB 1 Red clover powdery mildew-associated totivirus 5
YV 009507831 1 Scheffersomyces segobiensis virus IE
virus

Rcwqcr! assoc iated toti-like virus
NP _042581.1 Saccharomyces cerevisiae virus L-BC La
YP_009182176.1 Red clover g dery mildew-associated totivirus 2
b YP_003541123.1 Phlebiopsis gigantea mycovitus dsRNA 1
pr— NP 620728.1 Ustilago maydis virus
YP_009551559.1 Diatom colony associated dsRNA virus 8
_t YP. (x)965|58| 1 Diatom colony associated dsRNA virus 13
009551684.1 Eimeria stiedai RNA virus 1
VP 009\ 15500 1 Eimeria teneila RNA virus 1
NP 1 1 Eimeria brunetti RNA virus 1
YP. 009552778 | Fusarium asiaticum victorivirus 1
VP w8|30308 1 Rosellinia necatrix victorivirus 1
89630, 1 olypoc\adxum cylindrosporum virus 1
VP 00‘ 09580.1 Botryotinia fuckeliana lohwus 1
YP_024728.1 Chalara elegans RNA Virus
YP 122352 1 M: porthe oryzae virus 1
009072433 ;’%olryosphaena dothidea victorivirus 1
NP 619670.2 Helmlnlhosponum victoriae virus 190S
YP 009508249.1 Aspergillus foetidus slow virus 1
VP 009259368.1 Sclerotinia nivalis victorivirus 1
633.1 Beauveria bassiana vlc(ovwwus NZL 1980
NP 047558.1 Sphaerops:s sapinea RNA vi
898833.1 Helicobasidium mompa lommus 1-17
YP 009182‘67 1 Ustilaginoidea virens RNA virus
P_009553478.1 Alternaria arborescens vlc(onvwrus 1
YP 392467.1 Coniothyrium minitans RNA vi
YP_009272905.1 Fusarium poae vnclonvwlus 1
YP 0092547361 Nigrospora oryzae victorivirus 1
'P_009004156.1 Ustilaginoidea virens RNA virus 3

P 009508253.1 Epichloe festucae virus 1
VP 001649206.1 Magnaporthe oryzae virus 2
.YP_044807.1 Gremmeniella abietina RNA virus L2
NP 624332 2 Gremmeniella abietina RNA vnvus L1
YP 009249475.1 Penicillium digitatum virus 1
'P_009212848.1 Penicillium aurantiogriseum totivirus 1
YP 143307.1 Magnaporthe oryzae vius: 3
NP_047560.1 Sphaeropsis sapinea RNA vi
YP 009552793.1 Diatom colony associated sRNA virus 10
P 009552795 1 Diatom colony associated dsRNA virus 11
09553338. 1 Diatom colony associated asRNA virus 7
— VP 007761589 1 Ustilaginoidea virens RNA virus
09030005.1 Leishmania sethiopica A virus

s 1-
01 Datom. colony associated dsRNA virus 12
YP_009507836.1 Trichomonas vaginalis virus 4
mL. NP 659390.1 Trichomonas vaginalis virus 3
< NP 6243232 Trchomonas vaginals virus 2
009162330.1 Trichomonas vaginalis virus 1

NP 620730.2 Trichomonas vaginalis virus
09552 Diatom colony associated dsRNA virus 5

009553336.1 Diatom colony associated dsRNA virus 3
YP oogsswen 1 Diatom colony associated dsRNA vius 9 genome type A
P 009551600.1 Diatom colony associated dsRNA virus & genome type B
VB 0005507511 Dt oo asocates SSANA WIS

P
YP 0092209151 Piscine myocar tis-like virus
581250.1 Piscine myocarditis virus AL V-708
YP_009552275.1 Pythium polare RNA vius 1
009552725.1 Gigaspora margarita giardia-like virus 1
YP_009072448.1 Leplopl!ma boulardi Toti-like virus

0.4

NP. 041‘91 1 Leishmania RNA vi
00955334

Figure 6. Phylogenetic relationships of RNA virus family Totiviridae, including the novel virus identified in this
study—Reagent-associated toti-like virus (highlighted in red). For clarity, the tree was mid-point rooted. Bootstrap
values greater than 70% are represented by asterisks next to nodes. All horizontal branch lengths are scaled according to

number of amino acid substitutions per site.

4. Discussion
Viral sequences, particularly those with single-stranded DNA genomes, have previ-

ously been associated with common laboratory components [9], and these contaminant
viral sequences have sometimes led to erroneous disease associations [14,17,18,20,40].
Herein, using a series of blank controls comprising sterile water and commonly used
laboratory reagents, we identified a diverse range of viral sequences.

Few laboratory reagents appear to be entirely free from contamination, particularly by
ssDNA viruses and predominantly circoviruses [5,9,26]. Indeed, approximately half of the
viral sequences identified here were CRESS-like members of the Circoviridae. Unfortunately,
high levels of sequence diversity prevented us from obtaining a meaningful alignment
of the Rep protein for the novel CRESS-like virus sequences obtained here and known
Circoviridae. Accordingly, we divided the family into sub-groups, denoted here as “host-
associated circoviruses” (Figure 3) and “CRESS and CRESS-like viruses” and performed
phylogenetic analyses on each (Figure 2). Notably, in the “host-associated circovirus” phy-
logeny viruses generally clustered according to the broad host species of origin. In contrast,
within the CRESS and CRESS-like phylogeny, clades could not be defined based on specific
hosts or environments, and while many samples were originally derived from marine- or
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faeces-associated environments, these sequences did not cluster together. Interestingly,
however, one of viruses identified in this study, Reagent-associated CRESS-like virus 4,
was most closely related to Avon—-Heathcote Estuary associated circular virus 3, previously
identified as a reagent-associated virus [41]. In addition, the seven novel CRESS-like se-
quences identified here were related to previously identified reagent-associated viruses,
including those identified by Asplund et al. (highlighted in blue, Figure 2) [9], as well as
Sandworm circovirus similarly proposed to be a reagent contaminant [42]. This strongly
suggests that these sequences are likely associated with laboratory reagents.

It is therefore clear that CRESS-like viruses are common experimental reagent contam-
inants, with widespread reagent-associated sequences dispersed throughout the CRESS
phylogeny. This, along with the range of CRESS viruses of undetermined host origin,
create major difficulties in determining the origin of novel CRESS viruses. Although there
have been many new members of Circoviridae characterised in recent years, particularly cy-
cloviruses [5,43,44], we suggest that current and future characterisations of novel circovirus-
and CRESS-like genomes should be completed cautiously with additional confirmation
steps. A review of the current members of Circoviridae is also advisable as these likely
include viruses with contaminant origins but incorrectly assigned to a specific host or-
ganism. As a case in point, multiple cycloviruses are listed as having vertebrate hosts
(such as Human cyclovirus V55700009) even though these viruses are normally associated
with invertebrates.

We also identified several tombusvirus-like sequences in this study, as well as a
totivirus- and lentivirus-like sequence. The Tombusviridae are a family of single-strand
positive-sense RNA viruses which are usually associated with mosaic diseases in plants.
We identified four novel tombusvirus-like sequences associated with laboratory reagents,
calling into question the provenance of other novel tombusviruses identified in some
meta-transcriptomic studies [45]. The identification of reagent-associated tombusvirus-
like sequences suggests that additional care should be taken when characterising novel
tombusvirus sequences, particularly when associating novel or previously identified
tombusviruses with a host or disease. Similarly, although the natural hosts of the Totiviridae
are fungi, other Totiviridae are associated with human-infecting protozoa, such as
Trichomonasvirus associated with Trichomonas vaginalis [46] and Giardiavirus that likely
infects Giardia lamblia protozoa [47,48]. The novel Reagent-associated totivirus identified
in this study is distantly related to known totiviruses. We recommend that caution be
taken when identifying novel totiviruses, especially if they are related to reagent-associated
toti-like virus.

Lentiviruses are a genus within the Retroviridae and are well documented in a wide
range of vertebrate species. The novel sequence identified in this study—reagent-associated
lenti-like virus—is closely related to several known sequences of equine infectious anemia
virus (EIAV) that cause the chronic disease, equine infectious anaemia (EIA) in horses.
EIAV is transmissible through bodily secretions [49,50], and has been suggested to be
vector-borne through biting flies [51]. Although the novel reagent-associated lenti-like
virus was genetically distinct from known EIAV sequences, care should obviously be taken
to ensure that any EIAV-like virus is a true viral infection rather than a reagent contaminant.

5. Conclusions

This study further highlights the extent of viral sequences in commonly used labo-
ratory reagents [9] and the power of mNGS to monitor contamination in microbiological
laboratories [52]. Although the source of these contaminants is unknown and needs further
scrutiny, we tentatively suggest that viral vectors (for example, in the Lentiviridae) represent
a likely source. Factors to consider when assessing the presence of reagent contaminants
include genome coverage, read depth and distribution of read alignments across genomes,
and that potential contaminant sequences are often only present at low abundance and
in multiple libraries. Importantly, reagent-associated viruses are often more prevalent in
sequencing reads than assembled contigs, emphasising the importance of careful assess-
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ment when relying on read data alone for characterising novel viruses and other microbial
genomes [9,20]. Interestingly, most viral reads identified were in L1-L3, all of which were
generated using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany).

Finally, our work highlights the importance of employing additional steps such as
PCR or cell culture to confirm the presence of the pathogen after initial metagenomic
identification [9,26]. Clearly, sequencing negative controls, such as that using sterile water
and reagent mix as performed here, should become normal procedure in quality control.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/v13112122/s1, Figure S1: Phylogenetic relationships of CRESS viruses, including the seven
novel CRESS-like viruses identified in this study.
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