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Viruses are the most abundant and diverse genetic entities on Earth. Uncovering such
enormous diversity is the key to understanding the origins and evolution of viruses. To
collect diverse viral genomes, metagenomics has been utilized in numerous studies.
From a given environmental sample, nucleic acids are extracted and sequenced. These
sequences presumably include all genetic information of cellular and non-cellular
entities existing in the sample. From them, one can computationally filter and extract
genetic information of viruses that could not be sequenced otherwise. Such approaches
are often referred to as “viral mining”, and have been applied to diverse environmental
samples which led to extract tens of thousands of novel viral genomes.

Viral mining is a computational method to extract viral genomic sequences from
metagenomes. The viral signature genes such as capsids, RNA-dependent RNA
polymerase, and DNA packaging genes are commonly used criteria to detect viral
genomes from metagenomic sequences. From a given metagenomic contig, predicted
amino acid sequences are searched to reference viral protein databases and if a contig
is enriched with the viral signatures genes, one could argue that the contig is positively
viral. This implementation has proven highly successful by increasing the known viral
genome diversity by orders of magnitudes throughout the multiple studies. However,
such a protein homology-based method highly relies on the availability of well-
annotated viral protein sequences in the database, and arguably reference viral genomes
recorded in the database are highly biased. For example, there are currently 14,073
Caudovirales genomes recorded in the NCBI database. In contrast, only 90

Tubularvirales, also known as filamentous phages, species genomes are recorded in the



NCBI database. This discrepancy is even notable for RNA bacteriophages. Currently,
there are only two RNA bacteriophage families; Cystoviridae and Fiersviridae, which
comprise 27 species are recorded in the NCBI database. Therefore, the viral mining
methods that relied on reference genomes might fail to capture entire viral diversity,
especially for the least characterized viral lineages. Furthermore, even for the well-
characterized viral clade such as Caudovirales, it was shown that the detection of viral
signature genes such as capsid can be challenging due to their extreme sequence
diversity.

Thus, I sought to develop a non-reference-based analytical pipeline to detect
viral sequences from metagenomes; however, I was tasked with the question “What
information could be used for this purpose?” The underlying biology of the clustered
regularly interspaced short palindromic repeats (CRISPR) system, a prokaryotic form
of adaptive immunological memory, provides a potential resource in this context. After
viral infection or horizontal plasmid transfer, some archaeal and bacterial cells
incorporate fragments of “nonself” genetic materials in specialized genomic loci
between CRISPR direct repeats (DRs). The incorporated sequences, called “spacers,”
are identical to part of the previously infecting mobile genetic element. Thus, the
genetic information encoded in CRISPR spacers can be inferred as likely viral and
distinguishable from the genetic material of the organism encoding CRISPR, which is
most often cellular, but potentially also viral.

CRISPR spacers have previously been extracted from assembled bacterial
genomes to assess CRISPR “dark matter”, revealing that 80%—-90% of identifiable
material matches known viral genomes. In the current study, I extended this conceptual
approach to the enormous amount of unassembled short-read metagenomic data publicly
available from the sequence repositories.

By analyzing publicly available human gut metagenome reads and the contigs

assembled from them, I extracted 11,391 terminally redundant (TR) CRISPR-targeted



sequences ranging from 894 to 292,414 bases. These sequences are expected to be
complete or near-complete circular genomes that can be linked to their CRISPR-
targeting hosts. The discovered sequences include 2,154 tailed-phage genomes, together
with 257 complete crAssphage genomes, 11 genomes larger than 200 kilobases (kb),
766 Microviridae genomes, 56 Inoviridae genomes, 5,658 plasmid-like genomes, and
2,757 uncharacterized genomes. Although the majority of the discovered sequences that
were larger than 20 kb were mostly characterized by viral or plasmid genomes, a
substantial portion of sequences smaller than 20 kb was not recorded in either plasmid
or viral databases. Furthermore, some previously uncharacterized small genomes had
notably low coding ratios, which indicates that these elements might have unknown
non-coding genetic features.

Additionally, I investigated CRISPR-targeted RNA sequences in the human gut.
Using publicly available human intestine microbe omics data, I extracted non-
transcribed RNA sequences by comparing metagenome and metatranscriptome
sequences. From them, I searched for CRISPR-targeted RARP coding sequences.
Interestingly, I found some Picobirnaviridae species, which host is currently
controversial, are being targeted by the CRISPR-Cas system.

These results demonstrate that our pipeline can discover CRISPR-targeted

mobile genetic elements (MGEs) either previously characterized or uncharacterized.
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