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Abstract

The reuse of water, including for irrigation, cooling, and other non-potable applications, is an
emerging topic due to climate change and water scarcity. Irrigation water, fecal-contaminated
surfaces, and workers are potential transmission sources of human enteric viruses to produce,
SO ensuring irrigation water quality and minimizing human-fecal contamination are critical to
limiting produce-associated viral diseases. Fecal bacteria have traditionally been used as an
indicator for the presence of pathogenic microorganisms, but these indicators fail to detect the
presence of human pathogenic enteric viruses due to their higher environmental resistance.

Our project used state-of-the-art metagenomics approaches to study the wide diversity of
viruses, i.e., the virome, which is a diverse community of mainly eukaryotic RNA and DNA
viruses and bacteriophages, to identify a suitable viral indicator/s in irrigation water, produce
and fecal samples. We developed an optimized procedure to concentrate viruses from irrigation
water, produce and stool samples and a pipeline for the sequencing of RNA and DNA viruses.
Viral particles were enriched from sample concentrates using a filtration and nuclease digestion
procedure prior to total nucleic acid extraction and preparation of sequencing libraries for each
individual sample. Additionally, samples were also tested for the occurrence of different enteric
viruses (norovirus Gl, norovirus GllI, hepatitis A virus, rotavirus and astrovirus) using RT-gPCR
(reverse transcription—quantitative polymerase chain reaction). Overall, we have determined the
viral community composition of 254 samples that tested positive or negative for the presence of
human pathogenic viruses. After virome profile comparison between positive and negative
samples for enteric viruses detection, our results suggest cross-assembly phage (crAssphage)
as a potential indicator to assess the presence of human enteric viruses in irrigation water, stool
and produce samples, although 100% correlation was not achieved. Moreover, the ideal
indicator should be easily detected by simple, inexpensive laboratory testing in the shortest time
with accurate results. The detection of crAssphage is performed by molecular methods so far,
thus not inferring viral infectivity. Additionally, a few more phages of potential interest have been
identified and further studies are needed to assess their suitability to predict virus presence.

Background

The human health risks associated with consumption of produce containing human enteric
viruses are well recognized, with numerous foodborne outbreaks documented and frequently
linked with food-handling issues or presence of human viruses in irrigation water samples
(Machado-Moreira et al., 2019). A wide variety of viruses may be transmitted by food,
nevertheless the most frequently reported viruses are human noroviruses, causing 120 million
cases of gastroenteritis each year, and hepatitis A virus (HAV). In the United States, norovirus is
responsible for most produce-related outbreaks, followed by Salmonella (Bennett et al., 2018).

Irrigation water is one of the vehicles identified for the contamination of produce with pathogenic
microorganisms, including human pathogenic viruses, during primary production. Several
norovirus and HAV viral outbreaks have been ascribed to crops contaminated in the field,
suggesting contamination by irrigation (Dentinger et al., 2001; Ethelberg et al., 2010;
Falkenhorst et al., 2005). The presence of human enteric viruses in irrigation waters has been
extensively documented (Li et al., 2018; Lopez-Gélvez et al., 2016; Randazzo et al., 2016; Tian
et al., 2017). Among others, the viruses most commonly detected in irrigation waters include
human norovirus, astrovirus (HAstV), rotavirus A (RV), and HAV (Ashbolt, 2015).
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Moreover, several publications have reported the presence of human pathogenic viruses in
produce. Belgium, Canada and France have provided data on the prevalence of norovirus in
more than 1,000 samples of fresh produce, where norovirus genomes were frequently detected
(28.2, 33.3 and 50%, in samples from Canada, Belgium and France, respectively) (Baert et al.,
2011). Human pathogenic viruses have also been detected in market produce (Cheong et al.,
2009; El-Senousy et al., 2013; Hernandez et al., 1997; Monge and Arias, 1996). In salad
vegetables from European countries, samples were positive in 1.32, 3.42, 2 and 2.95% for HAV,
hepatitis E virus (HEV), norovirus Gl and Gll, respectively (Kokkinos et al., 2012). In Mexican
produce samples, HAV was found in 28.2% of the samples, norovirus in 32.6% and rotavirus in
13.0% (Felix-Valenzuela et al., 2012). Recently, norovirus prevalence in Australian leafy greens
at retail was reported at 2.2% (Torok et al., 2019).

Human pathogenic viruses can get on edible parts of the plants not only by direct contact with
irrigation water or feces but also by their internalization through the roots (Dicaprio et al., 2012;
Chandrasekaran and Jiang, 2018). Microbiological safety of irrigation water and produce is
currently assessed through the use of bacterial indicators. Despite the universal use of coliforms
and Escherichia coli as indicators to predict the risk of exposure to pathogens of fecal origin in
water and produce, bacteria have been shown to be poor indicators of human enteric viral
contamination (reviewed by Jofre et al., 2016). Structurally viruses are diverse and are quite
distinct from bacterial cells. They also display significantly different resistance and susceptibility
responses to environmental conditions such as UV irradiation, and water and sewage treatment
processes.

Bacteriophages (including F-specific RNA, somatic coliphages and Bacteroides spp. phages)
are generally better predictors due to similarities in morphology and survival dynamics. In
addition to their value as indicators of fecal contamination, indicator bacteriophages have been
viewed as potential surrogates of human pathogenic viruses for inactivation studies. However,
correlations between the presence and levels of bacteriophages and human enteric viruses in
water have been studied with disparate results (Jofre et al., 2016). Moreover, other viral
indicators have also received significant attention, and adenovirus, human polyomavirus, cross-
assembly phage (crAssphage) and pepper mild mottle virus (PMMoV) have been proposed as
indicators of human pathogenic viruses (McQuaig et al., 2012; Rosario et al., 2009; Rusifiol et
al., 2014).

Main goal of the project:

The goal of the study was to use next-generation sequencing (NGS) to characterize the virome
(a diverse community of mainly eukaryotic RNA and DNA viruses and bacteriophages) from
archived and newly collected irrigation water samples, produce and feces in order to identify a
more significant indicator/s of the presence or absence of human pathogenic viruses.

Research Methods and Results
During the current project, a total of 254 samples—192 irrigation water, 40 produce and 22 stool

samples—were analyzed. Irrigation water and produce samples were collected from two
Mediterranean fresh produce growing regions in Spain (i.e., Valencia and Murcia).
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Objective 1: Optimization of sample preparation procedure for viral metagenomics from
irrigation water samples

Methods
Virus strains and irrigation water samples

Stool samples positive for norovirus Gl, norovirus Gll and astroviruses (HAstV, courtesy of Dr.
Buesa, University of Valencia, Spain) and hepatitis E virus (HEV, courtesy of Dr. Alcaraz,
Hospital Clinico Universitario, Valencia, Spain) were diluted to 10% wt/vol, in phosphate-
buffered saline (PBS) containing 2M NaNOs (Fisher Scientific), 1% beef extract (Conda), and
0.1% Triton X-100 (Fisher Scientific) (pH 7.2), vortexed and centrifuged at 1000 x g for 5 min.
The supernatants were stored at —80°C. The cytopathogenic HM-175 strain (ATCC VR-140) of
HAV, the human rotavirus (RV) strain Wa (ATCC VR-2018) and the MCO strain (CECT 100000)
of Mengovirus (MgV) were propagated in FRhK-4, MA-104 and HelLa cell monolayers,
respectively. When cytopathic effects (CPE) were complete, cultures were frozen (-80°C) and
then thawed three times, and cell debris removed by centrifugation at 3000 x g for 20 min. The
supernatant, which contained viral particles, was stored at —80°C in aliquots. Seven archived
irrigation water samples, originally collected from Balsicas (Murcia, Spain), positive for norovirus
were used for the validation of the optimized procedure.

Sample processing and nucleic acid extraction

Initially, a mock sample (referred as mock-PBS) was prepared by artificially inoculating 6.0 log
international units (IU)/ml norovirus Gl, 5.7 log 1U/ml norovirus GlI, 5.3 log IU/ml HAV, 6.5 log
PCR units (PCRU)/mlI RV, 6.7 log PCRU/mI MgV, 5.8 log PCRU/mI HAstrV and, 5.2 log IU/ml
HEV in PBS. An irrigation water sample positive for norovirus Gl (3.83 log IU/ml) and GlI (3.92
log IU/ml) was also included. Both samples were processed using five different protocols for the
enrichment of viral reads (Figure 1). Firstly, the NetoVIR procedure (P0) was evaluated as
described by Conceicéo-Neto et al. (2015) with some modifications. Briefly, 500 ul of the sample
was homogenized with MP Fast Prep24 5G equipment (MP Biomedicals) for 40 s at speed 6.0
(as according to “Waste Water” program procedure available into the device) and centrifuged at
16,000 for 3 min. Then, 200 ul of supernatant was filtered with 0.8 um PES filters (Sartorius).
After filtration, samples were treated with benzonase and micrococcal nuclease. Total
DNA/RNA was extracted using the NucleoSpin®RNA virus kit (Macherey-Nagel GmbH & Co.)
without carrier RNA.

Then, four different enzymatic treatments were evaluated. In particular, 1U Turbo DNase
(Invitrogen), 7U RNase A (Qiagen), 52.54U benzonase (Millipore) and 2,000U microccocal
nuclease (New England Biolabs) were applied to the samples as detailed herein. Procedure
number 1 (P1) consisted of applying all the enzymes at once for 2 hours at 37°C, and, final
inactivation with 0.5 nM EDTA. Procedure number 3 (P3) consisted of treating the samples with
52.54U benzonase and 2,000U nuclease for 2 hours at 37°C, then 14 ul of TURBO DNase
buffer, 1U of Turbo DNase and 7U of RNase A were added and incubated for 1 hour at 37°C.
To stop enzymatic activities, 28 ul of DNase Inactivation Reagent (Invitrogen) were added to
each sample. Procedures number 2 (P2) and number 4 (P4) included the enzymatic treatments
as described for P1 and P3, respectively, followed by a further concentration step with the
Amicon® Ultra-0.5 filters (Merck KGaA). Finally, total RNA and DNA were extracted
concomitantly using the NucleoSpin®RNA virus kit (Macherey-Nagel) without carrier RNA.

For comparative purposes, viral mock-PBS and irrigation water samples were directly extracted
using the NucleoSpin RNA virus kit (Macherey-Nagel) following manufacturer’s instructions,
including the use of the RNA carrier, and quantified as described below.
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RT-gPCR quantification

Primers, probes and RT-gPCR conditions for norovirus Gl, norovirus Gll, RV, HAV, HEV,
mengovirus and, HAstV quantification have previously been reported (Randazzo et al., 2019).
Reverse transcription—quantitative polymerase chain reaction (RT-gPCR) assays were carried
out in the LightCycler® 480 System (Roche, Switzerland) and analyzed by LightCycler® 480
software v1.5.0 (Roche). Standard curves were determined by the use of the Public Health
England (PHE) reference materials for microbiology for norovirus Gl (batch number 0122-17),
norovirus GllI (batch number 0247-17) and HAV (batch number 0261-2017), and by the first
WHO international standard for HEV nucleic acid amplification technique (NAT)-based assays
for HEV (code 6329/10; Paul-Ehrlich-Institut). HAstrV, RV and MgV standard curves were
generated by amplifying 10-fold serial end-point dilutions of stool (HAstrV and RV) and cell-
culture (MgV) suspensions in quintuplicates and calculating the numbers of PCRU/mL.

Library preparation and sequencing

Three different library preparation protocols for random sequencing were also compared
(Figure 1). Two libraries were generated from 1 to 50 ng of DNA-RNA sample using the
ScriptSeq v2 RNA-Seq Library Preparation Kit technology (lllumina) with slight modifications. In
detail, the reverse transcriptase enzyme from the kit was substituted by the Reverse
Transcriptase AMV of Thermo Scientific, an initial 5-min denaturation step at 95°C was
included, and the number of PCR cycles was increased up to 18 (L18) or 20 (L20) (instead of
10-15 cycles as suggested by manufacturer) to boost library concentration. A third library
(WTA) was prepared by Complete Whole Transcriptome Amplification kit (Sigma-Aldrich)
combined with Nextera XT library preparation kit (Illumina), as described in the NetoVIR
protocol (Conceicdo-Neto et al., 2015). Libraries were normalized, pooled and sequenced using
the NextSeq™ 500 system (lllumina), following the manufacturer’s protocol, with a configuration
of 150 bp paired-end reads. Library preparation and genome sequencing were performed by
Lifesequencing S.L. (Valencia, Spain).

Data analysis

Raw sequences were cleaned for adaptors with cutadapt (Martin, 2011) with a minimum overlap
length between read and adapter of five nucleotides and a maximum error rate allowed of 0.1.
Quiality filtering of sequences was carried out with the reformat.sh script from BBMap software
(https://sourceforge.net/projects/bbmap/) using a Phred score of 20 as minimal quality for
nucleotides of both ends and 50 bp as minimum length. Cleaned paired-end reads were merged
in single reads using FLASH v1.2.11 (Mago¢ and Salzberg, 2011) allowing outies. Merged
sequences were taxonomically annotated with BLASTn with an e-value of 1e-5 using the
‘Reference Viruses Representative Genomes’ database (henceforth ‘RefGenomes’ database)
from the National Center for Biotechnology Information (NCBI)
(ftp://fftp.ncbi.nih.gov/blast/db/ref_viruses_rep_genomes.tar.gz, released on February 08, 2019).
Richness values were calculated using the improved non-parametric Chao index (Chao and
Chiu, 2016) with SpadeR software (https://chao.shinyapps.io/SpadeR/). Only taxonomic
affiliations that covered more than 50% of the query sequence and the percentage of similarity
higher than 70% were used for virome analyses.

For comparative purposes, samples were also taxonomically annotated by using two additional
tools: (i) an in-house database constructed with the depurated nucleotide sequences together
with the viral genomes available at NCBI database
(https:/iwww.ncbi.nim.nih.gov/nuccore/?term=viruses%5Borganism%5D) applying a BLASTn
analysis, and (ii) the ViromeScan software (Rampelli et al., 2016) exploiting default parameters
(Figure 1).
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Results — Objective 1

We initially focused on the enrichment of viral particles in irrigation water and mock-PBS
samples applying the NetoVir protocol (Conceicéo-Neto et al., 2015). Performance of the
procedure was determined by RT-gPCR and metagenomics sequencing. Additionally, we tested
and compared different methodologies of sample preprocessing, sequencing library
construction and data analysis (Figure 1). A total of five preprocessing methods and three
sequencing libraries were tested on the mock-PBS and irrigation water samples. The
percentage of annotated viral sequences from the total reads obtained after quality trimming
and read merging with the RefGenomes Viral database are shown in Figure 2. The
percentages of viral reads for the viral mock-PBS sample ranged from 0.47% in the PO-L20
sample to 3.08% in P3-L20. The highest percentages of viral reads were obtained with libraries
of 20 cycles in the samples where the four enzymes were added in two steps (3.08% in P3-L20
and 1.51% in P4-L20), being higher when filtering with the Amicon® Ultra-0.5 filters was not
performed (P3). The percentages of viral reads identified by the RefGenomes database in
irrigation water samples ranged from 0.02 to 0.28%, for P4-WTA and P2-WTA, respectively.
The highest percentages of viral reads were obtained in samples P1-L20 (0.08%), P2-L20
(0.11%) and P2-WTA (0.28%). However, the high percentages found in these samples
corresponded mostly to reads identified as rotavirus in P1-L20 (55.38%) and P2-L20 (60.37%)),
and to Escherichia phages Lambda (29.40%) and M13 (35.41%) in P2-WTA.

To further evaluate the selected procedures for irrigation water samples, seven irrigation water
samples were analyzed using the following protocols: extraction procedures PO, P3 and P4 with
the ScriptSeq v2 RNA-Seq Library Preparation Kit at 18 PCR cycles and the procedure PO with
the same library kit at 20 PCR cycles. Additionally, the concentration of enteric viruses present
in each sample was quantified by RT-gPCR. After the analysis of the results obtained, the work-
flow PO-L20 (the NetoVir preprocessing which includes a filtration and nuclease digestion
procedure prior to DNA/RNA extraction followed by the preparation of sequencing libraries for
each individual sample) combined with an in-house database was selected because of the
higher percentage of identified sequences and the better detection of relevant human enteric
viruses (Figure 3).

Objectives 2 & 3: Determination of the viral community composition of samples previously
analyzed that tested positive or negative for the presence of human pathogenic viruses &
Identification of specific viral species or groups whose presence/abundance correlates with the
occurrence of human pathogenic viruses in stools, irrigation waters and produce.

Methods
Newly collected irrigation water and produce samples

Two-hundred ml samples of irrigation water were collected in Valencia (Spain) and each sample
was inoculated with mengovirus vMCO (CECT 100000), used as a process control. Water
samples were processed using the aluminum-based precipitation protocol described elsewhere
(Randazzo et al., 2019). Water concentrates were resuspended in 1 ml of PBS (pH 7.4) and
stored at —80°C. Lettuce samples were collected and processed using the virus concentration
procedure described in the 1ISO15216-1:2017 standard; mengovirus was used as a process
control.

Sample processing and analysis

Viral particles from archived and newly collected samples were enriched from water and
produce concentrates following the NetoVIR protocol. Capsid protected viral nucleic acids were
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extracted with the NucleoSpin®RNA virus kit (Macherey-Nagel GmbH & Co.), according to the
manufacturer’s instructions, without adding carrier RNA. Nucleic acids were eluted in 100 ul of
RNase-free water. Libraries were generated from 1 to 50 ng of a DNA-RNA sample using the
ScriptSeq v2 RNA-Seq Library Preparation Kit (lllumina, USA). Libraries were normalized,
pooled, and sequenced using the NextSeq™ 500 platform (lllumina), following the
manufacturer’s protocol, with a configuration of 150 cycles paired-end reads. Sequencing was
performed by Lifesequencing S.L. (Valencia, Spain). Library preparation and sequencing and
data analysis was performed as described above.

Virus quantification

For virus quantification an optimized viability RT-gPCR was applied as previously described
(Randazzo et al., 2019). In brief, 150-pl water concentrates were added to 50 yM PMAXxx
(Biotium, USA) and 0.5% Triton 100-X (Thermo Fisher Scientific) and incubated in the dark at
room temperature (RT) for 10 min at 150 rpm. Then, samples were exposed to photo-activation
using a photo-activation system (Led-Active Blue, GenlUL) for 15 min. RNA was extracted using
the NucleoSpin® RNA virus kit according to the manufacturer's instructions, including the Plant
RNA Isolation Aid (Ambion) pretreatment (Randazzo et al., 2018, 2016). Primers, probes and
RT-gPCR conditions for norovirus Gl, norovirus Gll, RV, HAV, HEV, mengovirus and HAstV
guantification have been previously reported (Randazzo et al., 2019).

Quantification of crAssphage was performed using the primer set CPQ_064 described by
Stachler et al. (2017). PCR conditions were: a first denaturation step of 30 seconds at 95°C
followed by 45 cycles of 5s at 95°C and 30s at 60°C. The Premix Ex Tag master mix for probe-
based real-time PCR kit (Takara) was used for the reaction. For the crAssphage quantification,
the standard curve was performed with a customized gBlock® fragment (Integrated DNA
Technologies, Spain) of 228 bp that contained the crAssphage sequences used for
amplification.

Correlation analyses

Correlations between results obtained by RT-gPCR quantifications of noroviruses Gl and GlI,
RV, HAstrV, and HAV, and gPCR quantifications of crAssphage along with the number of reads
obtained for these viruses and viruses proposed as fecal contamination markers were
calculated using the R package Hmisc v4.2-0 (https://CRAN.R-project.org/package=Hmisc)
following the Pearson method. Significance was set at 0.05. Representation of correlation matrix
values was performed with the R library corrplot v0.84 (https://CRAN.R-
project.org/package=corrplot).

Results — Objectives 2 & 3

Initially, quantification of the most relevant human enteric viruses was performed by viability RT-
gPCR. In parallel, viral particles were enriched from water and produce concentrates using the
protocol defined in Objective 1. Viromes from irrigation water and produce were characterized
with high abundance of bacteriophages from the Microviridae and Siphoviridae families and
plant viruses from the Virgaviridae family (Figure 5). As the the ScriptSeq v2 RNA-Seq Library
Preparation Kit was discontinued by the provider during the timeframe of the project, several
alternative kits were evaluated (Figure 4). According to percentage of viral reads and virus
diversity, the NEBNext kit was selected for further processing of the samples.

Overall, 254 virome profiles were obtained from stool, produce and irrigation water samples
(Figure 5). Samples were also analyzed for the presence of human pathogenic viruses, i.e.,
norovirus Gl, Gll, HAV, RV and HastV. In irrigation water samples, a total of 35%, 24%, 4%,
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48%, 29% of the samples were positive for norovirus Gl, Gll, HAV, RV and HastV, respectively.
In produce samples, only HAV and RV were detected with 2% and 5% of positive samples,
respectively. Finally, the percentage of positive samples for norovirus Gl, Gll, RV and HastV in
stool samples were 11%, 6%, 39% and 11%, respectively.

We then focused on searching proposed fecal viral indicators, such as crAssphage, pepper mild
mottle virus (PMMoV), picobirnavirus, torque teno virus, human polyomavirus, human
adenovirus, enterovirus, and somatic and F-specific coliphages (families Myoviridae,
Siphoviridae, Podoviridae, Microviridae, Leviviridae and Inoviridae). Initially, samples were
classified as positive or negative for human norovirus, and the most common viral fecal
indicators were searched within the metagenomics data of each individual sample (Table 1).
The most common viral fecal indicators were Myoviridae, Siphoviridae, Podoviridae,
Microviridae, present in all norovirus-positive samples, however they were also highly abundant
in the norovirus-negative samples. Similar results were obtained for PMMoV and human
picobirnaviruses. According to these results, all the above-mentioned viruses are not suitable
indicators for assessing norovirus contamination, as a viral indicator should be not present in
norovirus-negative samples and present in the norovirus-positive samples. Following this
criteria, crAssphage reads were present in 89% of the norovirus-positive samples and in 33% of
the norovirus-negative samples. Moreover, crAssphage reads were present in 82% of the
enteric virus-positive samples while crAssphage reads were only in 23 % of the enteric virus-
negative samples (Table 1). When metagenomics data was compared in positive and negative
sub-set samples, other potential indicators were identified. Among them, EBPR podovirus 2,
Aeromonas phage4_L372X, Pseudomonas phage NP1, EBPR siphovirus 1, Bordetella phage
vB_BbrM_PHBO04, and Aeromonas phage 62AhydR11PP were highly abundant in positive
samples (from 65 to 89%) while in low abundance in negative samples (from 8 to 29%).

As indicators should be readily detected, a previously described gPCR procedure for
crAssphage detection (Stachler et al., 2017) was performed in all samples, and presence and
absence was correlated with the RT-qPCR results of human enteric viruses (Figure 6). Overall,
crAssphage gPCR results show positive correlation, with values from 0.51 and 0.63, with RT-
gPCR of norovirus GlI, Gll RV and HastV. According to qPCR data, crAssphage was present in
93% of the norovirus-positive samples and only in 23 % of the norovirus-negative samples.

Interestingly, as RNA viruses infecting plants as natural hosts (i.e., Virgaviridae) have been
detected in irrigation water by the methods developed in the frame of this project, side
information on their occurrence could be obtained and used to limit their environmental
transmission.
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Outcomes and Accomplishments

e A total of 138 irrigation water and produce samples were collected from two different
fresh produce growing regions in Spain over a two-year period.

e A detailed procedure for the concentration of human pathogenic viruses in irrigation
water, produce and stool samples was established.

e Occurrence of human enteric viruses (i.e., norovirus Gl, Gll, RV, HAV and HAstV) and
crAssphage in 192 irrigation water and produce samples was determined.

e Suitable methods (pre-processing, kit for library preparation and bioinformatics pipeline)
for the characterization of the virome in irrigation water, produce and stool samples were
assessed and selected based on 45 combinations for a mock-PBS sample and 7
irrigation water samples.

e Viral community composition (virome) from archived and newly collected samples (a
total of 254) was characterized.

e Correlation between occurrence of human enteric viruses and presence of proposed
viral indicators was determined.

¢ Identification of potential new viral indicators from metagenomics data: EBPR podovirus
2, Aeromonas phage4_L372X, Pseudomonas phage NP1, EBPR siphovirus 1,
Bordetella phage vB_BbrM_PHBO04, and Aeromonas phage 62AhydR11PP.

e Correlation of crAssphage and human enteric virus occurrence was established.

Summary of Findings and Recommendations

Detection of human enteric viruses would be the ideal option for determining the virological
quality of irrigation waters and produce; but at present, this is neither practical nor feasible in
routine testing for most of the laboratories. The rapid and extensive development of next-
generation sequencing (NGS) has opened up more opportunities to advance understanding in
virome characterization. Virome characterization via metagenomics comprises the general steps
of sampling, sample processing, sequencing, and data analysis. In this study, the selected
metagenomics workflow was already proven suitable for the virome characterization of irrigation
water, produce and stool samples. These samples were also analyzed for the presence of the
most relevant human enteric viruses (i.e., norovirus GlI, Gll, RV, HAV and HAstV) by viability
RT-gPCR, and their presence was correlated with metagenomics data in order to select a
suitable virus indicator. Overall, our data indicated that the recently proposed viral indicator,
crAssphage, significantly correlated with the presence of human enteric viruses. To confirm this
point, crAssphage occurrence was also determined in the same samples, confirming these
results, although 100% correlation was not achieved. Given that an ideal indicator should be
easily detectable by rapid and inexpensive laboratory tests and inform ideally on viral potential
infectivity, the detection of crAssphage by molecular methods lacks in matching these
requirements, especially because it does not infer infectivity.

Metagenomics data from this study also suggested that EBPR podovirus 2, Aeromonas
phage4_L372X, Pseudomonas phage NP1, EBPR siphovirus 1, Bordetella phage
vB_BbrM_PHBO04, and Aeromonas phage 62AhydR11PP are alternative suitable indicators for
contamination by enteric viruses. However further research is needed in order to develop rapid
methods for their detection and assess their correlation using other methods as qPCR or
culture.
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APPENDICES
Publications (in preparation)

A. Pérez-Cataluia, W. Randazzo, J. F. Martinez-Blanch, F. M. Codonier, D. Carrillo, G.
Sanchez. Optimized procedure for virome analysis in irrigation water samples. In preparation.

Presentations

G. Sanchez: Preliminary results from this project have been presented by the Principal
Investigator at the annual CPS Research Symposium in 2018 (lightning round talk and poster)
and 2019 (full presentation). This work has also been presented in a video on the CPS
webpage. A presentation of the final results will be given at the 2020 CPS Research
Symposium in La Jolla, CA.

A. Pérez-Cataluina, W. Randazzo, F. M. Codoiier, J. F. Martinez, D. Carrillo, G. Sdnchez. 2018.
Comparacioén de diferentes métodos de tratamiento y analisis metagendémico de muestras de
agua para deteccion de virus. VIl Reunién del Grupo de Taxonomia, Filogenia y Biodiversidad y
Xl del Grupo de Microbiologia del Medio Acuatico, Sitges (Spain).

A. Pérez-Catalufia, W. Randazzo, G. Sanchez. 2019. Viral metagenomics in irrigation waters:
assemblers impact. 3rd Annual Meeting of the European Virus Bioinformatics Center

Glasgow (UK).

Budget Summary

Total funds awarded to the project were $301,647, and all funds are expected to be used.

Table and Figures (see below)
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Table 1 and Figures 1-6

Table 1. Correlation table between viral reads obtained by metagenomics and presence or

absence of norovirus and human enteric viruses (i.e., norovirus, RV, HAstV and HAV by RT-

gPCR).

Norovirus Human enteric viruses

(norovirus, RV, HAstV or HAV)

Proposed indicators Positive! | Negative? Positive® Negative*
Myoviridae 100% 94% 100% 92%
Siphoviridae 100% 97% 100% 96%
Podoviridae 100% 89% 100% 86%
Microviridae 100% 93% 99% 91%
Leviviridae 41% 36% 48% 26%
Inoviridae 88% 68% 85% 66%
crAssphage 89% 33% 82% 23%
Pepper mild mottle virus 80% 86% 85% 83%
Torque Teno virus 0% 1% 0% 1%
Human picobirnavirus 96% 93% 97% 90%
Human polyomavirus 1 1% 0% 1% 0%
Human adenovirus 58% 78% 71% 77%
Human enterovirus 2% 0% 1% 0%
Potential new indicators
EBPR podovirus 2 93% 40% 89% 28%
Aeromonas phage4 L372X 85% 38% 80% 29%
Pseudomonas phage NP1 76% 18% 69% 9%
EBPR siphovirus 1 76% 21% 71% 10%
Bordetella phage vB_BbrM_PHB04 75% 22% 65% 17%
Aeromonas phage 62AhydR11PP 74% 18% 68% 8%

1 Percentage of samples containing reads of the indicator in samples that tested positive for norovirus by RT-gPCR.
2 Percentage of samples containing reads of the indicator in samples that tested negative for norovirus by RT-gPCR.
3 Percentage of samples containing reads of the indicator in samples that tested positive for norovirus, RV, HAstV or

HAV by RT-gPCR.

4 Percentage of samples containing reads of the indicator in samples that tested negative for norovirus, RV, HAstV or

HAV by RT-gPCR.
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Figure 1. Schematic representation of the different methods used in preprocessing, library
construction and data analysis compared in this project.
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Figure 2. Heat-map showing the viral diversity on viral mock-PBS (A) and irrigation water (B)
samples.

A) B)

Acnetobacter_phages

Acholeplasma_virus_L2 Adeno-assocated. veus
Actomonas_ phages
Aiphapapiliomavirus_7 o nents. sha
Bacillus_phages Bockovir phage pnZK
58058, wwis
[ BeAn_58058 vinus Baseieln s EP1
Burkholderia_phages. g«m.,m
Choristoneura_fumiferana Cehiophaga. phages
Chorsioneura.tumferana_granubwus
Citrus_tristeza_virus. 100% Crcoveus-ie
Cerobacker_phages
Diplodia_scrobiculata_RN oot ol
Entercbacteria_phages Enterobacier_phages
eria, Enterobacteria_phages
[— | L o e
rara_prages
HCBI9.212 virus e s I Exchercha phages
I Hepatovirus_A Gemycrauarveus.
Golushoveinae
Human_encogenous_retrc Hudsaveus, %
Human_ecal wus_Jon
Lactobecillus_phages P
Lactoc phages. m_
2y Packctyng_fox.faeces_assocaled_gemycecuarvius
Mengovirus Pecosacierim,
= == oot
MSSI2.225 virus . phage,PavLD
Norovins Polarbacier_phages
B I W Pscudomonas_phages
Pepper_mild_mottie_vin Ralstoria_phages
Propionibacterium_phage: ] oo
eutemonas_phages 0% Saicols_phage_CGo29
o = Samoneta_phages.
- - gy o
Salmonella_phages e e o
el Shoela phages
Shigella_phages Sacbacter_phage_DSS3phQ
Staphylococcus_phages b fontame2
s
Stenotrophomonas_phage uncubired_crAssphage
Streptococcus_phages. S o W.ahet
0_phages
Stx2-converting_phages 5 o0
Tomato_mosaic_virus . —— ' &"m{.m) _Lake_veophage 5
Other_(<0.1) 2@ » ® ®@ ®» © © © ©° @ < = =
339333888 88¢EE¢EEE
= s 3 = 3 2
g ¢ & 8 & B & &8 & & s & ¢ 3§

PO.L20
P1.L20
P2.L20
P3.L20
P4L20
PO.WTA
PLWTA
P2WTA
P3WTA
P4WTA

Figure 3. Percentage of viral reads in irrigation water samples used for the method validation.
Asterisks indicate Chao richness.
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Figure 4. Viral diversity using different kits for library preparation: A) zucchini, B) irrigation water
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SMTAK: SMART-Seg® Stranded Kit with Superscript IV and Takara enzimes; Tak: SMART-Seq®
Stranded Kit with Takara enzime; TruePrime: SMART-Seq® Stranded Kit with Sygnis enzyme;
ScriptSeq: ScriptSeq v2 RNA-Seq Library Preparation Kit; Sup: SMART-Seq® Stranded Kit with

Superscript IV enzyme; SupLonger: as ‘Sup’ but selecting long fragments for sequencing; NEBNext:

NEBNext Ultra Il DNA Library Prep Kit.
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Figure 4 cont'd. Viral diversity using different kits for library preparation: A) zucchini, B) irrigation
water
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Figure 5. Heat-map showing the viral diversity of taxons with percentages higher than 1% from

norovirus positive (A) and negative samples (B).
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Figure 6. Correlation matrix between (A) crAssphage quantification obtained by gPCR and
quantifications of viral pathogens by RT-gPCR and, (B) quantification of crAssphage and human
enteric viruses obtained by gqPCR/RT-gqPCR and viral reads from potential new indicators
obtained by metagenomics.
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