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Abstract

Pathogen-agnostic diagnostics are crucial for the early detection of emerging viruses. Shotgun metagenomic
sequencing enables unbiased detection of viral genomes but is frequently constrained by the abundance of host and
microbial ribosomal RNA (rRNA), which reduces sensitivity and increases sequencing costs. CRISPR-Cas9–based
rRNA depletion has emerged as an alternative to enzymatic methods; however, its performance for the
characterization of zoonotic viruses across diverse animal hosts and tissues remains underexplored. We compared
CRISPR-Cas9 (Jumpcode CRISPRclean™ Plus) and RNase H–based enzymatic depletion (Ribo-Zero Plus, Illumina)
using 12 samples positive for rabies lyssavirus, influenza A virus, West Nile virus or norovirus, from multiple host
species and tissues, including both high-quality and degraded RNA. CRISPR-Cas9 efficiently reduced rRNA content
(14.5%) but recovered fewer viral reads than Ribo-Zero, which achieved up to 60.7× enrichment. Both methods
produced complete viral consensus genomes when RNA quality and viral load were sufficient. However, based on the
data generated here, enzymatic depletion currently remains more efficient and cost-effective for viral metagenomics.
Further optimization of CRISPR-Cas9 workflows could enhance its utility for viral surveillance and diagnostics.
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The recent COVID-19 pandemic underscored the critical need for readily accessible, pathogen-agnostic diagnostic
tools capable of controlling a novel viral disease prior to its developing into a global pandemic event (The White
House, 2021). Next generation sequencing (NGS)-based viral metagenomics -in particular shotgun metagenomics -
has proven to meet the agnostic requirement, as it enables sequencing of all the genetic material, both DNA and RNA,
without any prior knowledge of the sequence itself (Schlaberg et al., 2017). Despite its proven value for the detection
and characterization of both known and novel viruses (Babiker et al., 2020; Fischer et al., 2015; Rajagopala et al.,
2021; Schlaberg et al., 2017; Wilson et al., 2019), shotgun metagenomics still remains somehow inefficient because it
usually requires large sample input and subsequent high sequencing depth. These demands result in substantially
higher sequencing costs compared with other approaches, such as amplicon-based methods. To reduce costs while
improving viral detection sensitivity, it is necessary to deplete uninformative genetic material - primarily host- and
microbiota-derived sequences - before sequencing. Among these, ribosomal RNA (rRNA) is one of the most abundant
nucleic acid species in the majority of clinical and environmental samples and therefore represents an ideal target for
depletion strategies aimed at enriching viral nucleic acids.

For an adaptive immune response against phages, bacteria have evolved a CRISPR (clustered regularly interspaced
short palindromic repeats) and Cas (CRISPR-associated) system. Cas nucleases such as Cas9 use this molecular
machinery to eliminate phage DNA while sparing the bacteria’s own genetic material. This system can be
reprogrammed to target unwanted nucleic acid molecules, such as rRNA, through the use of specific pools of single-
guide RNAs that direct Cas9 to defined sequences, enabling selective cleavage and consequent removal of the
targeted molecules. Previous evaluations of this CRISPR–Cas9–based rRNA depletion system (e.g., Jumpcode
CRISPRclean™ Plus) have mainly examined human respiratory specimens for SARS-CoV-2 (Cerón et al., 2023), with
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limited evidence across diverse zoonotic RNA viruses, hosts, and tissue types. To address this gap, we performed a
head-to-head evaluation between a CRISPR–Cas9 rRNA depletion workflow (Jumpcode CRISPRclean™ Plus
Stranded Total RNA Prep) and an RNase H enzymatic depletion workflow (Illumina Stranded Total RNA Prep with
Ribo-Zero Plus). Our comparison used 12 clinically or experimentally positive samples representing four
epidemiologically relevant RNA viruses (i.e. rabies lyssavirus, influenza A virus, West Nile virus and norovirus) from
multiple host species (mammals: mouse, pig, ferret; birds: turkey, pigeon, collared dove) and diverse tissue matrices.
Notably, both kits are designed to deplete human, mouse, and rat rRNA, and their performance on non-target species
has not been previously evaluated.

Both depletion strategies were applied using commercial kits (https://emea.illumina.com/products/by-type/sequencing-
kits/library-prep-kits/stranded-total-rna-prep.html; https://www.jumpcodegenomics.com/products/crisprclean-plus-rna-
prep) prior to sequencing on an Illumina MiSeq (Figure 1) and were evaluated against an un-depleted shotgun
approach. In the first experimental round (round I), we analyzed samples with high viral loads and good RNA integrity
(RIN > 4.6), testing two input amounts (10 ng and 100 ng) for each workflow. In addition, the turkey was selected for
evaluating rRNA depletion on a non-target species. Sequencing depth was sufficient to generate the consensus
genomes of the target virus, which were used to compare the two protocols. In the second round (round II), the
depletion workflows were challenged with highly degraded samples (RIN 2.0–3.2) from non-target host species,
collected from multiple tissues/matrices and containing low viral loads. These samples were processed using 100 ng
of total RNA and sequenced at a depth sufficient only to assess viral enrichment. Reconstructing full viral consensus
sequences was not the goal at this stage.

Figure  1. Experimental design of the study. In Round I, brain tissues from mouse and turkey were chosen as the target and non-target species for
the rRNA depletion kits, respectively. Round II extended the evaluation to additional mammalian and avian species and to lower-quality tissue types
and sample matrices compared with Round I.

For round I of analyses, total RNA was extracted from brains of mouse (Mus musculus, N = 3) and turkey (Meleagris
gallopavo, N = 2) with known viral loads of rabies lyssavirus and avian influenza virus, respectively. For round II, total
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RNA was extracted from organ pools (brain, heart, spleen, kidney) of wild avian species (Columba palumbus, N = 2,
Streptopelia decaocto N = 1), pig (Sus domesticus, N = 2) faeces and ferret (Mustela furo, N = 2) pancreas. All
samples had previously tested positive by quantitative real-time PCR for West Nile virus, norovirus, and avian
influenza virus, respectively. RNA extraction was performed with NucleoSpin RNA Mini kit for RNA purification
(MACHEREY-NAGEL GmbH & Co, Germany). RNA integrity number (RIN) of the samples was determined using the
Agilent RNA 6000 Nano Kit on the 2100 Bioanalyzer Instrument (Agilent, CA, USA). In the shotgun approach, cDNA
was synthesised using the NEBNext® Ultra™ II RNA First and Second Strand Synthesis Modules (New England
Biolabs, MA, USA) and libraries were produced using the Illumina DNA Prep kit (Illumina, CA, USA) according to the
manufacturer’s instructions. Ribosomal RNA depletion was performed using the CRISPRclean™ Plus Stranded Total
RNA Prep with rRNA Depletion-HMRPB (Jumcode Genomics Inc., CA, USA) and the Illumina Stranded Total RNA
Prep with Ribo-Zero Plus (Illumina, CA, USA) according to the manufacturer’s instructions. Sequencing was
performed in 300 bp paired-end mode on a MiSeq instrument, assigning approximately 2 million reads per sample.

Raw data were filtered by removing: (a) reads with more than 10% of undetermined (“N”) bases; (b) reads with more
than 100 bases with a Q score below 7; (c) duplicated paired-end reads. The remaining reads were clipped from
Illumina adaptors with Scythe v0.991 (https://github.com/vsbuffalo/scythe) and trimmed with Sickle v1.33
(https://github.com/najoshi/sickle). Reads shorter than 80 bases or unpaired after previous filters were discarded. For
rRNA content estimation, we aligned high-quality reads using Bowtie2 v2.5.4 (Langmead et al., 2009, 2019;
Langmead and Salzberg, 2012) with standard parameters against a database built from the rRNA sequences
collected from the NCBI nucleotide database using the following query: “biomol_rrna[PROP]” (as of August 13, 2025).
Paired-end reads in which at least one read aligned were classified as ribosomal, while the remaining reads were
extracted for metagenomic analysis. Taxonomic assignment of high-quality rRNA-free reads was carried out using
Kraken2 v2.1.5 (Wood et al., 2019) with standard parameters against "core_nt" database (as of June 09, 2025). For
computing target viral read fraction and reference-based assembly, for each sample we selected and extracted all
reads classified as belonging to the target virus (as reported in Table I) at the taxonomical level of species. High-
quality rRNA-free viral reads were aligned against the corresponding reference genome (Table I) using BWA v0.7.12
(Li and Durbin, 2010) and standard parameters. Alignments were processed with SAMtools v1.6 (Li et al., 2009) to
convert them in BAM format and sort them by position. SNPs were called using LoFreq v2.1.2 (Wilm et al., 2012).

Table  I. Metadata information for the samples investigated in the present study.

According to LoFreq usage recommendations, the alignment was first processed with Picard-tools v2.1.0
(http://broadinstitute.github.io/picard/) and GATK v3.5 (McKenna et al., 2010) in order to correct potential errors,
realign reads around indels and recalibrate base quality. LoFreq was then run on fixed alignment with option “--call-
indels” to produce a vcf file containing both SNPs and indels. From the final set of variants, indels with a frequency
lower than 50% and SNPs with a frequency lower than 25% were discarded. To produce the consensus sequence, we
changed the reference genome in agreement with the following rules: (a) for a position j, if coverage was not enough
(<10X) to reliably call variants, we added an “N” base; (b) for a position j, if coverage was enough (>=10X) to reliably
call variants but no SNP were called, we added a reference genome base at position j; (c) for a position j, if coverage
was enough (>=10X) to reliably call variants and at least one SNP were called, we added the nucleotide using the
IUPAC nucleotide code (http://www.bioinformatics.org/sms/iupac.html) according to the bases present. Consensus
sequences belonging to the same sample were compared using Mafft v7.526 (Katoh and Standley, 2013) and “--auto”
parameter. Degenerated bases at corresponding positions were treated as identical if at least one of the nucleotides
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composing the degenerated code matched between consensus sequences.

In Round I, samples processed without any enrichment strategy showed, on average, 84.0% of reads classified as
rRNA (Figure 2, round I), ranging from 74.3% to 90.2%. In contrast, samples treated with the CRISPR-Cas9 depletion
kit exhibited a marked reduction in rRNA content, with an average of 22.5% of reads (ranging from 7.3% to 37.7%),
demonstrating the effectiveness of this approach in removing the majority of ribosomal RNA. The most efficient rRNA
removal, however, was achieved with the Ribo-Zero depletion kit, where the average rRNA fraction dropped to 1.1%,
with values ranging between 0.2% and 2.4%. Regarding target viral reads, both depletion strategies enhanced viral
RNA recovery compared to sequencing without any depletion (Figure 3). On average, the viral read fraction reached
9.98% and 16.02% for CRISPR-Cas9– and Ribo-Zero–treated samples, respectively, while untreated samples
showed only 2.21%. The Ribo-Zero method recovered, on average, 14.4 times more viral reads than untreated
samples, whereas CRISPR-Cas9–based depletion achieved an 8.2-fold enrichment (Figure 4, round I). Furthermore,
differences in input material during Round I had no significant effect on rRNA depletion efficiency or viral read
recovery. Since the primary objective of Round I sequencing was to generate sufficient viral data for downstream
analyses, we also compared the two depletion methods based on their capacity to assemble high-quality consensus
sequences of the target virus, characterized by uniform and complete coverage. Both methods successfully achieved
this outcome (Table II): all consensus sequences generated corresponded to complete coding genomes. Moreover,
consensus sequences derived from both depletion-treated and untreated samples were 100% identical within coding
regions at positions with a coverage greater than 10×.

Figure  2. Average rRNA content calculated per round and across all samples.
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Figure  3. Target viral content detected in samples analyzed in Round I.

Figure  4. Average enrichment of target viral content calculated per round and across all samples.
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Table  II. Horizontal coverage of viral consensus sequences in Round I samples. *For segmented viruses, such as influenza A virus, the reported
genome coverage represents the combined coverage across all genomic segments composing the viral genome.

Assessment of rRNA removal efficiency in samples selected for Round II revealed that the CRISPR-Cas9 depletion kit
reduced rRNA content to an average of 3.1%, whereas the Ribo-Zero approach yielded an average of 12.7%
ribosomal material, compared with 71.2% in untreated samples (Figure 2, Round II). However, the greater rRNA
depletion achieved with the CRISPR-Cas9 method compared to the Ribo-Zero one was not reflected in viral content
metrics, the most relevant measure of epidemiological utility, defined here as the fraction of reads taxonomically
classified as belonging to the viruses of interest (West Nile virus, norovirus, and influenza A virus) at species level.
Consistent with observations from Round I, both depletion strategies increased viral RNA recovery compared to
sequencing without any depletion (Figure 5). On average, the target viral read fraction was 0.08% for CRISPR-
Cas9–treated samples and 1.8% for Ribo-Zero–treated samples, while untreated samples showed only 0.01%. Across
all rounds, the fraction of viral reads was consistently higher in Ribo-Zero–treated samples than in those processed
with CRISPR-Cas9, indicating that Ribo-Zero ultimately provides more virologically relevant data at equivalent
sequencing depth, despite its comparatively lower rRNA removal efficiency, particularly in Round II experiments. The
Ribo-Zero depletion approach enriched viral reads by 60.7-fold in Round II compared to untreated samples, whereas
CRISPR-Cas9 achieved an 8.5-fold increase (Figure 4, Round II). Together with Round I data, these results
underscore the superior performance and cost-effectiveness of the RNase H–based Ribo-Zero method, which
generated up to sevenfold more viral reads than the CRISPR-Cas9 approach at comparable sequencing depth.

6

How to cite: Zamperin et al. Metagenomic sequencing of zoonotic viruses: evaluation of a CRISPR-Cas–based rRNA depletion system. Veterinaria Italiana, Vol. 62
No. 2 (2026) DOI: 10.12834/VetIt.3908.38985.2



Figure  5. Target viral content detected in samples analyzed in Round II.

Finally, we compared hands-on time, overall turnaround time and per-sample costs for the three workflows (Table III).
Ribo-Zero and the no-depletion workflow showed comparable overall turnaround times (8:30), whereas the
CRISPR–Cas9 workflow required a longer turnaround time (10:30). Compared with CRISPR–Cas9, Ribo-Zero was
slightly faster and less expensive (€400 vs €450 per sample).

Table  III. Time and cost assessment of the evaluated approaches tested in the study. *Cost estimates are based on 2 million
reads per sample (N = 24) using two MiSeq Reagent Kits v3.

Owing to its inherent molecular flexibility, CRISPR-Cas9 is a highly adaptable technology for a range of molecular
applications. In this study, we employed it to deplete host- and bacterial rRNA from viral samples in order to enhance
metagenomic sequencing for the detection and characterization of RNA viruses in diverse samples of animal origin.
Our results show that CRISPR-Cas9 efficiently removes targeted sequences, such as rRNA, in shotgun
metagenomics applications, although its overall depletion efficiency remains lower than that of the Ribo-Zero kit.
Importantly, genome reconstruction was unaffected and remained unbiased, producing results comparable to those
obtained with both the enzymatic depletion method and unenriched shotgun sequencing. At present, cost is a limiting
factor for the CRISPR-Cas9 depletion method. This approach requires greater sequencing depth to achieve results
similar to those of Ribo-Zero, and the CRISPRclean kit itself is approximately 10% more expensive than the Ribo-Zero
kit used in this study. A potential advantage of the CRISPR-Cas9 depletion method is the timing of the depletion step,
which occurs after library preparation, in contrast to the Ribo-Zero protocol that acts directly on the input RNA. This
distinction may be particularly relevant for low-input samples, as performing rRNA depletion post-library preparation
may help to maximize library yield. However, CRISPR-Cas9 depletion is generally more sensitive to RNA quality than
the Ribo-Zero kit, particularly at low viral loads. This aspect was deliberately evaluated in Round II, which included
samples with degraded material- a common scenario in veterinary diagnostics, where carcasses of wildlife species at
various stages of decomposition, collected for passive surveillance, are frequently submitted to the laboratory. It is
therefore likely that low sample quality contributed to the reduced viral read recovery observed with the CRISPRclean
kit in Round II, despite efficient rRNA removal. Viral read percentages were consistent with the viral loads. Among the
Influenza A virus–positive samples, the viral copy numbers in Round I were 100—1000 fold higher than those in
Round II (Table I), a difference that was reflected in the NGS results. The correlation (R² = 0.997) between viral copy
number and viral read percentage confirmed the reliability of NGS data for quantitative assessment. Overall,
enrichment of target viral reads—critical for veterinary applications—demonstrated that Ribo-Zero outperformed
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CRISPR-Cas9 across all tested conditions, particularly under challenging scenarios such as those in Round II.

In conclusion, CRISPR-Cas9–based depletion shows promising potential for viral metagenomic sequencing, although
it currently remains less efficient and more costly than enzymatic methods. To our knowledge, this is the first study to
evaluate its performance in rRNA-rich tissues, extending previous work largely limited to low-rRNA respiratory human
samples (Cerón et al., 2023; Chan et al., 2023; Gu et al., 2016). Improvements in efficiency and specificity for rRNA
depletion in veterinary-relevant species, along with reduced cost and improved tolerance to degraded samples, could
establish CRISPR-Cas9 as a powerful tool for untargeted surveillance of animal pathogens.
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