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Abstract Enteric viruses are pathogens associated with food-
and waterborne outbreaks. The recovery of viruses from food
or water samples is affected by the procedures applied to de-
tect and concentrate them. The incorporation of an internal
process control virus to the analyses allows monitoring the
performance of the methodology. The aim of this study was
to produce a recombinant adenovirus (rAdV) and apply it
together with bacteriophage PP7 as process controls. The
rAdV carries a DNA construction in its genome to differenti-
ate it from wild-type adenovirus by qPCR. The stability of
both control viruses was evaluated at different pH conditions.
The rAdV was stable at pH 3, 7, and 10 for 18 h. PP7 infec-
tious particles were stable at pH 7 and showed a 2.14 log
reduction at pH 10 and total decay at pH 3 after 18 h. Three
virus concentration methods were evaluated: hollow-fiber tap
water ultrafiltration, wastewater ultracentrifugation, and
elution-PEG precipitation from lettuce. Total and infectious
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viruses were quantified and their recoveries were calculated.
Virus recovery for rAdV and PP7 by ultrafiltration showed a
wide range (2.10-84.42 and 13.54-84.62%, respectively),
whereas that by ultracentrifugation was 5.05-13.71 and
6.98-13.27%, respectively. The performance of ultracentrifu-
gation to concentrate norovirus and enteroviruses present in
sewage was not significantly different to the recovery of con-
trol viruses. For detection of viruses from lettuce, genomic
copies of PP7 were significantly more highly recovered than
adenovirus (14.74-18.82 and 0.00-3.44%, respectively). The
recovery of infectious virus particles was significantly affect-
ed during sewage ultracentrifugation and concentration from
lettuce. The simultaneous use of virus controls with dissimilar
characteristics and behaviors might resemble different enteric
viruses.

Keywords Internal process control virus - Hollow fiber
ultrafiltration - Ultracentrifugation - Lettuce - Sewage - Virus
recovery

Introduction

Viruses are widely distributed in the environment, and due to
fecal pollution, pathogenic human viruses are present in
aquatic environments and crop fields. Enteric viruses have
been increasingly recognized as pathogens associated with
food- and waterborne outbreaks (Eurosurveillance Editorial
Team 2014; Beer et al. 2015; Verhoef et al. 2015).
Therefore, quantitative analysis of viruses in food, water,
and environmental samples is required to address public
health and environmental contamination, to evaluate disinfec-
tion processes, and to carry out routine quality monitoring
(Charles et al. 2009; Summa et al. 2012; Matsushita et al.
2013; Barardi et al. 2014; Hata et al. 2014).
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The procedures involved in these kinds of studies affect
virus recovery from the original matrixes (Bosch et al. 2008;
Julian and Schwab 2012). The complexity of the analyses
increases because virus recovery varies for each procedure
and target virus (Victoria et al. 2009; Summa et al. 2012;
Martin-Latil et al. 2014). Spiking samples with a control virus
is necessary to monitor the viral concentration and detection
methods and thus be able to expose possible failures. This
control virus may act as a surrogate for the target virus and
should be as related as possible to it in morphology and phys-
icochemical properties (Lees 2010). The internal process con-
trol (IPC) virus should be easily quantified by both infectivity
measurement and nucleic acid assays. Although pathogenic
viruses like polioviruses, adenoviruses, and noroviruses have
been used as spiked viruses in mock samples for development
of methodologies (Victoria et al. 2009; Summa et al. 2012),
they cannot be used as internal controls when these same
viruses are the target of the detection in real samples. Then,
viruses such as mengovirus or murine norovirus have been
used as surrogates for hepatitis A virus and human norovirus,
respectively (Costafreda et al. 2006; Coudray et al. 2013).
Bacteriophages, like PP7 and MS2, have been used as IPC
viruses in a variety of studies (Rajal et al. 2007; Bae and
Schwab 2008; Poma et al. 2013). The advantages of using
bacteriophages are their safety and simplicity of stock produc-
tion, although these viruses differ in their physicochemical
properties from human viral pathogens.

Recombinant human adenoviruses (rAdVs) can be used as
IPC viruses. rAdVs are nonreplicative viruses because they
lack the early gene El, a genomic region involved in viral
gene transcription and essential for its replication. rAdVs
can only be grown in the 293A cell line, which possesses
the E1 region integrated in its genome (He et al. 1998). One
study has described the use of a recombinant adenovirus ex-
pressing green fluorescent protein to assay UV disinfection of
drinking and sea water (Barardi et al. 2014). The incorporation
of tagged DNA constructions into the genome of the rAdV
could allow its differentiation from the wild-type adenovirus
(AdV). The aim of this study was to produce a nonreplicative
recombinant adenovirus (rAdV-IPC) and apply it together
with the bacteriophage PP7 as IPC viruses in procedures to
detect viruses from food and environmental samples.

Materials and methods

Design and production of primer sharing control DNA

A construction (named IPC) that included a series of primer
sharing control sequences (PSCs) of DNA from seven human
enteric viruses was synthesized as gBlocks™ Gene Fragments

(IDT, IA, USA) (Fig. 1). PSCs are short sequences of DNA
(100-150 nt) with the same quantitative real-time PCR
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(qPCR)-targeted sequence as the viral genome, except for
the TagMan probe recognition sequence (Hata et al. 2011).
The probe recognition sequences had the same nucleotide
composition as the viral sequence and were randomly gener-
ated by an online software tool (https://www.genscript.com/
ssl-bin/app/scramble). The seven selected viruses are either
responsible for food- or waterborne diseases or proposed as
viral indicators of contamination. The qPCRs for their detec-
tions are based on previously published methodologies for
AdV (Jothikumar et al. 2005a), JC polyomavirus (Pal et al.
2006), enterovirus (Monpoeho et al. 2001), hepatitis A virus
(Jothikumar et al. 2005b), norovirus (Jothikumar et al. 2005¢),
hepatitis E virus (Jothikumar et al. 2006), and rotavirus (Zeng
et al. 2008) (Supplementary material, Table S1).

Generation of recombinant adenovirus

Nonreplicative recombinant adenovirus containing the IPC
construction (rAdV-IPC) was produced using RAPAd®
Universal Adenoviral Expression System according to the
supplier’s instructions (Cell Biolabs, Inc., San Diego, CA,
USA). Briefly, IPC was cloned in the shuttle vector pacAd5
K-NpA in the EcoRI restriction site. The shuttle pacAd5 K-
NpA vector containing IPC and the pacAd5 9.2-100 backbone
vector were linearized, purified, and used to co-transfect 293 A
cells with X-tremeGENE 9 (Roche Life Science, Mannheim,
Germany). Adenovirus-containing cells were harvested and
stored at —80 °C as crude viral lysate.

Virus and cell lines

rAdV-IPC was propagated in 293A cells (Invitrogen, Life
Technologies, Carlsbad, CA, USA), which possess the E1l
region of AdV integrated in its genome to allow its replication.
Replication-competent adenoviruses were evaluated in A549
cells (ATCC® CRM-CCL-185™), Cells were cultured in
high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) or E-MEM (Life Technologies, Carlsbad, CA,
USA), respectively, and supplemented with 10% fetal bovine
serum (FBS) and antibiotics at 37 °C under a 5% CO, atmo-
sphere. Bacteriophage PP7 (ATCC 15692-B2) was grown in
an overnight culture of the host Pseudomonas aeruginosa
(ATCC 15692) in nutritive broth at 37 °C. Viruses were stored
at —80 °C until use.

Evaluation of the generation of replication-competent
adenoviruses

To verify the absence of replication-competent adenovirus
particles, four blind passages of rAdV-IPC were performed
in A549 cells. The inoculum was removed and cells and su-
pernatant were harvested after 1 week at 37 °C. The
cythopathic effect (CPE) was monitored microscopically and
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AdV PSC

Spacer AdV probe

AdV Spacer

GAATTCACCGTATGCG FSGACGCCTCGGAGTATCTGAGCCCGGGC ACTGCCGTCGCGTAGTGTCGCC CCGATACGTACTTCAGCCGGGGAACAAGTTCAGAAATCCCACTGT |GACGGTGATT

EcoRI

JC-PyV PSC

JC-PyV probe

JC-PyV Spacer EV

kGAAAGTC'I'I'I’AGGGTC'I'I’CI’ ACC GTGCGGCGTTGTGTTCGTGTATATGGTTAGAT GTG CATCATCACTGGCAAACAT|GTCCGTAGTG|CCCCTGAATGCGGCTAATCCCAACCAC |

EV

EV PSC

probe EV Spacer

lSGAGCAGGTAATCGCAAACCAGCGGTCAGCCTGTCGTAACGCGTAAGTCT GTGG TCCGTAGGTTGCAGCATACGTCGGTC GTTTCC A ATGGTGGCTGC‘I‘I’ATGGTGACAAITGCGC

HAV PSC
HAV probe

HAV Spacer

TAGA'I'I'lGGTAGGCTACGGGTGAAACCT AGATACGCTAAGTAAGTTCAATCGTTCTG CTTGGATAGGGTAACAGCGGCGGATATTGGTGAGTTGTT IGG'I'I'CG'I'I'GAGGATCCGTCG'I'I'GATI'

NoV PSC
NoVv probe

BamHI
NoV Spacer HEV

|AGAGCCAATG'I'I'CAGATGGATGAGA'I'I'CTCAG ATCTGAGCACGAAGTGTTCG CGAGCGTCAGGGGCTCCCAGC GTGAATGAAGATGGCGTCGAIGTGTGCATAT GTGGTTTCTGGGGTG

HEV PSC
HEV probe HEV

Spacer

RV PSC
RV probe RV

|ACCGGGC ACTTGTCGCCGATCCTCT AATCCCCTATATTCATCCAACCAACCCCT !GGTI'CGTGAT !ACCATCTACACATGACCCTCTATG ACATATAACTAATGCGAACTAATACAAGGC AAACCTAl

RV

| AATGGCTATAGGGGCGTTATGTGACC }A‘ITACGGTACGAA TTC

EcoRI

Fig. 1 Scheme of the construction of the internal process control (IPC) virus included in the rAdV-IPC genome

harvests were evaluated in a tissue culture infectious dose 50
(TCID50) assay.

Infectious virus quantification

Samples for AdV quantification by plaque assay were
pretreated by performing a chloroform extraction (1:1) for
15 min at ambient temperature, and penicillin, streptomycin,
and amphotericin B were added to the aqueous phase.

The plaque assay was performed as described previously
for huAdV with modifications (Cromeans et al. 2008). Briefly,
1.4 x 10° 293A cells per well were incubated in a 24-well
plate for 24 h at 37 °C under a 5% CO, atmosphere. When
60% confluent monolayers were achieved, the growth medi-
um was discarded, 150 uL of decimal dilutions of sample
were added to the cell monolayers in triplicate, and the cells
were incubated for 120 min at 37 °C under 5% CO, atmo-
sphere. After this period, the inoculum was removed and cell
monolayers were overlaid with 2.0 mL of 0.8% methyl cellu-
lose (4000 cp) in high-glucose DMEM containing 2% FBS,
0.05 M NaHCOs, 0.025 M HEPES, and antibiotics and incu-
bated at 37 °C for 15 days. After this period, cells were fixed
with formaldehyde and stained with 20% Gram’s crystal vio-
let. Then, the stain was removed and plaques were counted
macroscopically.

The infectious bacteriophage PP7 was quantified with a
double-layer plaque assay as described before (Clokie and
Kropinski 2001). Briefly, 75 uL of a 16-h culture of

P, aeruginosa and 400 uL of decimal dilutions of sample were
mixed with 5 mL of semisolid nutritive agar (0.5% agar) and
poured over nutritive broth agar plaques. Plaques were count-
ed macroscopically after incubation overnight at 37 °C.

Results were expressed as plaque-forming units per milli-
liter (PFU/mL).

pH stability of rAdV-IPC and PP7

Sterile phosphate buffered saline (PBS) was adjusted to pH 3,
7, and 10, using 1 M HCI or 1 M NaOH. One volume of
rAdV-IPC or PP7 viral stocks was mixed with 9 volumes of
PBS with the aforementioned pH values. Each pH condition
was assayed in triplicate. Suspensions were incubated at room
temperature (25 °C) for 0, 1, 4, and 18 h, and then serial
dilutions were immediately prepared in culture medium to
neutralize the pH. Diluted virus suspensions were used to
determine titers of rAdV-IPC and PP7 by PFU per milliliter.
Log reduction curves were built by representing Log
(PFU, - ,/PFU, _ ) versus time.

Virus quantification by quantitative real-time PCR

Virus genomic DNA and RNA were extracted from 200 pL of
viral concentrate using the High Pure Viral Nucleic Acid Kit
(ROCHE Life Science), according to the manufacturer’s in-
structions. Retrotranscription of virus RNA was performed
using random primers as described before (Poma et al. 2013).
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PP7, norovirus, and enteroviruses were detected and quan-
tified using previously described real-time qPCR protocols
(Loisy et al. 2005; Rajal et al. 2007; Kilpatrick et al. 2009).
rAdV-IPC was also detected and quantified using a previously
described qPCR protocol (Jothikumar et al. 2005a) but replac-
ing the original probe for the PSC-probe designed in this study
(Table 1). Standard curves were generated using 10 to 10’
genomic copies (gc) from cloned amplification products for
absolute quantification.

The real-time TagMan PCR assays were performed using
the FastStart Universal Probe Master (ROX) mix (ROCHE
Life Science) in an Applied Biosystems® 7500 Real-Time
PCR system. All amplification reactions were carried out in
duplicate.

Virus concentration from water and food samples

Virus recovery was attempted in three kinds of samples: tap
water samples, wastewater effluents, and lettuce. Viruses were
concentrated by ultrafiltration, ultracentrifugation, and
elution/polyethylene glycol (PEG) precipitation, respectively.
IPC viruses were added to samples subject to analysis prior to
virus concentration to allow a global evaluation of the process:
concentration, nucleic acid extraction, and amplification.

Inoculation of IPC viruses

Initial concentration of control viruses was set as 1 x 10° cg/
mL for liquid samples and 1 x 10° cg/25 g for food samples. In
order to achieve this initial concentration, spiking volumes
were calculated based on the known titers of IPC virus stocks
(9 x 10'"° PFU/mL and 2.7 x 10'"" ge¢/mL of PP7 and
1.75 x 10® PFU/mL and 6 x 10" g¢/mL of rAdV-IPC).

Each sample type (water, wastewater, or lettuce) was
spiked with IPC virus stocks in the following way:

Tap water: For spiking a volume of 20 L of tap water
sample, successive dilutions and homogenization were
applied. Viral stocks were first diluted in 50 mL, trans-
ferred to 2 and 10 L and finally 20 L of tap water.
Wastewater: Viral stocks were tenfold diluted in PBS and
used to spike S0 mL of the sewage sample. Homogenization
was performed using a vortex agitator.

Lettuce: Virus inoculum was prepared containing 1 x 10°
genome copies in 10 pL of both PP7 phage and rAdV-

IPC. Spiking was carried out by placing 10 pL of the
virus preparation as several small drops evenly onto the
25-g lettuce samples. After inoculation, the samples were
kept for an hour in a biosafety cabinet until the spots had
dried.

Concentration methods

The method applied for the recovery of viral particles from
freshwater samples was described previously (Poma et al.
2013). Briefly, 20 L of dechlorinated tap water was spiked
with PP7 and rAdV-IPC. Then, samples were pumped through
the hollow-fiber ultrafiltration (HFUF) unit with a 50,000-
MW membrane cutoff (Microza AHP 1010, Pall Life
Sciences, East Hills, NY, USA), until the volume was reduced
to about 300 mL. One elution step with 0.05 M glycine/NaOH
pH 7 and 0.1% Tween 80 was performed to increase viral
recovery. The final concentrated sample, ~500 mL, consisted
of the mixture of the eluate from the HFUF unit plus the final
retentate.

Viruses present in wastewater samples were concentrated
by ultracentrifugation as previously described (Puig et al.
1995). Briefly, wastewater samples (44 mL) were spiked with
rAdV-IPC and PP7 and 2 mL was taken as the initial sample.
Samples (42 mL) were then ultracentrifuged (110,000xg for
1 h at 4 °C). The sediment was suspended in 4 mL 0.25 N
glycine buffer (pH 9.5) and kept on ice for 30 min. After
incubation, samples were neutralized and 4 mL of PBS was
added. Suspensions were centrifuged at 3000xg for 20 min,
supernatants were pelleted by ultracentrifugation (110,000xg
for 1 h at4 °C), and pellets were resuspended in 2 mL of PBS
and stored at —80 °C.

Viruses from fresh lettuce were concentrated using alkaline
elution followed by PEG precipitation as described before
(ISO 15216 part 1). Briefly, lettuces were chopped and
weighed in four replicates of 25 g. Samples were spiked with
rAdV-IPC and PP7 and the inoculum was used to determine
the initial virus load. After spiking, samples were kept for 1 h
at room temperature until spiked spots had dried. Each inoc-
ulated sample was placed in a sterile bag with 40 mL of Tris-
glycine-beef extract (TGBE) buffer containing 1140 units of
pectinase from Aspergillus aculeatus and kept with constant
shaking for 20 min at room temperature. The eluate was cen-
trifuged at 10,000xg for 30 min at 4 °C, the pH was

Table 1 Primers and probes used

Sequence (5'-3")

Reference

in qPCR to quantify rAdV-IPC Virus  Primer Sense
AdV  JTVXF +)
JTVXR )

Probe PSC  (+)

GGACGCCTCGGAGTACCTGAG
ACIGTGGGGTTTCTGAACTTGTT

VIC-ACTGCCGTCGCGTAGTGTCGCC-BHQ

Jothikumar et al. (2005a)

This work
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neutralized, and PEG/NaCl was added as a final concentration
of 10% PEG 0.3 M NaCl. After 1 h of rocking incubation,
samples were centrifuged at 10,000xg for 30 min at 5 °C and
the pellet was resuspended in 1000 uL of PBS. Finally, a
chloroform/butanol (1:1) extraction was performed and the
aqueous phase stored at —80 °C.

Viral recovery of concentration methods

Four replicate processes were performed for each virus con-
centration procedure (hollow-fiber ultrafiltration, ultracentri-
fugation, and alkaline elution followed by PEG precipitation).
During HFUF and ultracentrifugation, two samples were tak-
en: initial sample (Si) and viral concentrate (C). During alka-
line elution followed by PEG precipitation of the virus present
in lettuce, two samples were taken: stock solution used to
spike lettuces (St) and viral concentrate (C).

The percentage of viral recovery (% VR) for PP7 and rAd V-
IPC was calculated as the ratio of the total number of gc in the
concentrate and that in the initial sample (Si):

genomic copies in C

%VR = ( - — ) x 100
genomic copies in Si or St

An analogous formula was applied to calculate %IVR
based on the PFUs for PP7 and rAdV-IPC.

PFU in C

ZIVR = (m) X 100

Viral recovery of enteric viruses from sewage
by ultracentrifugation

Evaluation of virus concentration by ultracentrifugation was
performed using four aliquots of 44 mL from 1 L of raw
wastewater from a bovine slaughterhouse wastewater treat-
ment plant. Viral recovery was calculated for the spiked IPC
viruses as described above. To evaluate the outcome of enteric
viruses naturally present in this kind of samples, concentrated
by ultracentrifugation, we analyzed human enteric viruses in
domiciliary sewage. Two domiciliary wastewater treatment
plants were sampled and five raw sewage samples were con-
centrated and evaluated for the detection and quantification of
human norovirus and enteroviruses in addition to the IPC
viruses.

Statistical analysis

Recovery for each virus was expressed as the median and its
range. A Mann-Whitney test (nonparametric) was used to an-
alyze the difference in recovery between each virus and to
compare recovery of total and infectious virus. Statistical sig-
nificance was set at a level of p < 0.05. Pearson’s test was also

run for correlation between viral recoveries for each control
virus. Statistical analyses and graphics were performed with
GraphPad Prism 5 (GraphPad Software Inc., CA, USA).
Figures 1 and 3 were performed using Inkscape software.

Accession numbers

The IPC construction sequence is available under GenBank
accession number KY359071.

Results
Production of rAdV-IPC

Recombinant adenovirus with the IPC construction
(rAdV-IPC) (Fig. 1) was obtained by co-transfection of
the packaging cell line 293A with two adenovirus-based
vectors. At 8 days posttransfection, CPE was evident in
transfected cells. These viral lysates were used to infect
293A cells in two successive passages until CPE was
complete after 48 h of incubation. The production of
rAdV-IPC was confirmed by CPE and PCR directed to
IPC and its internal qPCR amplicons. Virus DNA was
extracted from virus stocks and the IPC sequence was
confirmed by sequencing. No mutations were introduced
in the construction. The rAdV-IPC stock was quantified
using the PFU assay for infectious particles and qPCR
for genomic copies representing total virus particles.
Virus titers were 1.75 x 10® PFU/mL and
6 x 10'" ge/mL, respectively. The presence of
replication-competent adenoviruses in rAdV-IPC stocks
was evaluated, and after four blind passages of rAdV-
IPC in A549 cells, no evident CPE was observed.

Quantification of rAdV-IPC by qPCR

rAdV-IPC was detected and quantified using a TagMan assay
directed to AdV PSC DNA. Linearity was observed between
1 x 10% and 7 x 107 gc/uL. Viral stocks of huAdV3 and
sewage samples with huAdV DNA were assayed with this
gPCR and did not exhibit nonspecific probe hybridization.

pH stability of rAdV-IPC and PP7

Stability of rAdV-IPC and PP7 was evaluated at different pH
values (3, 7, and 10) for a period of 18 h. PP7 showed 3.25 log
reduction after 4 h at pH 3, and no infectious bacteriophage
was recovered after 18 h in this condition. No significant
reduction was observed for PP7 during the period analyzed
atpH 7, but at pH 10, a 2.14 log reduction was observed after
18 h (Fig. 2 and Table S2 in the Supplementary material).
Infectious rAdV-IPC concentration showed no significant
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Fig. 2 Log reduction curves of PP7 at pH 3, 7, and 10

reduction at pH 3, 7, and 10 after 18 h at each condition
(Table S3 in the Supplementary material).

Evaluation of rAdV-IPC and PP7 as internal control
viruses during virus concentration

As mentioned in the “Materials and methods” section,
rAdV-IPC and bacteriophage PP7 were spiked in tap water
samples (20 L), sewage effluents (44 mL), and lettuce
(25 g) and concentrated by ultrafiltration, ultracentrifuga-
tion, and elution/PEG precipitation, respectively (Fig. 3).
Viruses were quantified as total viral particles using qPCR
(ge/mL) or as infectious viral particles using PFU assays in
samples taken along the process. % VR and %IVR were
calculated for four independent experiments (raw data of
viral concentrations and recoveries are presented in
Tables S4, S5, S6, S7, S8, S9, and S10 in the
Supplementary material).

HFUF yielded a wide range of total viral recoveries for
rAdV and PP7 (Table 2). For this technique as well as for

Spiked Internal Process Control Viruses
106 cg/ml or cg/25g
(PP7 + rAdV-IPC)

Tap water Sewage water Lettuce

(201) (44 ml) (25 g)
| Hollow fiber ! | || Ultracentrifugation | | | ©— - "~~~
| ultrafiltration | | || 110,000xg1h | | | i Elutionwith TGBE |
| 50kDa ||| at4°C ¢ | || buffer (pH 9) with
; e } | pectinase ‘
| |} Ewtonwithoosmi | |1
! Elution 0.05M | ' glycine buffer l rempgaEt(l;)n wit !
' glycine/NaOH 3 | pH 9,5 : l l
, 0.1%Tweend0 i : ‘ : Extraction usin i
} ' | |1 Ultracentrifugation | } chloroform'butar?ol }
1 ; ; 110,000xg1h | : (1_1') :
| N B at#c | ' 1

Viral concentrate
(0,0011)

Viral concentrate
+eluate (0,5 1)

Viral concentrate
(0,002 1)

Fig. 3 Summary of procedures used to concentrate viruses from tap
water, wastewater, and lettuce samples
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ultracentrifugation, the recoveries of both control viruses were
not significantly different; however, IPC viruses did not cor-
relate among all the individual samples. On the other hand, the
total viral recovery of PP7 was significantly higher than that of
adenovirus after elution and concentration of viruses from
lettuce (Table 2).

Regarding the recovery of infectious virus by HFUF, there
were no significant differences between both viruses or be-
tween total and infectious virus recoveries for each virus
(Table 3). This indicates that infectivity was not affected sig-
nificantly by the HFUF procedure. It is worth noticing that the
%VR and %IVR for PP7 decreased significantly when a basic
instead of neutral elution was applied to the hollow-fiber car-
tridge (data not shown).

For ultracentrifugation, the %IVR for rAdV-IPC was
consistently higher than 100%, showing a median of
269.5 (72.09-333.3%) (Table 3). This phenomenon was
also observed in four subsequent analyzed sewage samples
(data not shown). The initial concentration of rAdV-IPC
spiked in wastewater samples (546 + 426.8 PFU/mL) was
significantly lower (p < 0.004) than the concentration ex-
pected for the titer of the viral stock and dilution factor
(1.46 x 10° PFU/mL). When a clean water matrix (as the
tap water for the HFUF concentration) was used, this be-
havior was not observed. This experimental setback could
indicate that rAdV-IPC could be absorbed to sediments or
other particulate materials in the sewage sample. However,
this proposed interaction between the virus and solid ma-
terial was not disrupted by treatment with 10% beef extract
and 0.05 M EDTA previous to PFU quantification; no sig-
nificant differences were observed in the initial PFUs or
%IVR with or without this treatment (data not shown).
Although it was not possible to obtain a reliable measure
of rAdV-IPC infectious virus recovery by ultracentrifuga-
tion, it can be concluded that the methodology does allow
recovering infectious virus.

On the other hand, the procedure for elution and concen-
tration of control viruses from lettuce affected viral infectivity
drastically, with recovery of 0.00% rAdV-IPC and only 0.06%
(0.01-0.08%) of infectious PP7 (Table 3).

Comparison of % VR of control viruses and enteric viruses
in sewage samples

Five independent samples from two wastewater treatment
plants were spiked with both IPC viruses and concentrated
by ultracentrifugation. Human enteroviruses and norovirus
were detected and quantified in samples pre- and
postconcentration. When enteric viruses were quantified in
both extracts, the % VR was calculated. Recoveries are shown
in Table 4 and viral loads in Tables S11 and S12 in the
Supplementary material. No significant differences were
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Table 2 Viral recovery (%VR) of total PP7 and rAdV-gB in ultrafiltration, ultracentrifugation, and alkaline elution-PEG precipitation procedures

Sample Tap water Sewage water Lettuce

Concentration Hollow fiber ultrafiltration Ultracentrifugation Basic elution-PEG precipitation
method

Virus rAdV-IPC PP7 rAdV-IPC PP7 rAdV-IPC PP7

Median 71.88 29.67 12.08 12.27 2.76 17.36

Range 2.10-84.42 13.54-84.62 5.05-13.71 6.98-13.27 0.00-3.44 14.74-18.82

p 0.8857 1.0000 <0.029

observed in the recovery between control viruses and enteric
viruses present in sewage (in all cases, p > 0.05).

Discussion

In this study, we produced a recombinant adenovirus for
application as IPC and compared it with another IPC virus,
bacteriophage PP7. rAdV-IPC is based on a recombinant
AdVS5 vector and includes a genetic tag composed of seven
PSCs from different human viruses present either in aquat-
ic environments or in food samples. rAdV-IPC possesses
the quality of being a nonreplicating virus. However, its
viability can be tested using 293A cells, although plaques
formed by the IPC viruses cannot be distinguished from
wild-type adenoviruses. In addition, the DNA IPC con-
struction could be used as an exogenous positive control
to assess whether the samples contain any components that
inhibit PCR amplification of the seven enteric viruses rep-
resented in the construction, as previously published (Hata
et al. 2014). These two IPC viruses could represent two
different types of enteric viruses present in environmental
samples, both naked viral particles, with DNA double-
stranded or RNA single-stranded genomes.

The stability of the rAdV-IPC was evaluated at pH 3, 7,
and 10, given that these incubation conditions are usually
used in alkaline elution or acidic rinse during virus con-
centration methods from environmental samples. No loss
of infectious adenovirus was noticed at the three pH values
evaluated. These results agree with previously published

analysis of AdV stability (Rexroad et al. 2006) and are
consistent with the pattern of enteric spread of the virus.
On the other hand, bacteriophage PP7 exhibited a different
behavior, showing high loss of infectivity at pH 3 and 10,
with no significant decay at pH 7 for 18 h. In a previous
study of our work group, the recovery of PP7 decreased
significantly when a basic elution was applied to the
hollow-fiber cartridge. The instability at acidic and basic
conditions of bacteriophages has been thoroughly de-
scribed (Jonczyk et al. 2011). For MS2 and Qf3, members
of the family Leviviridae like PP7, the inactivation rates of
both coliphages increase when the pH is below 6 or above
8 (Feng et al. 2003). This should be taken into consider-
ation when using bacteriophages as IPC viruses in proce-
dures that involve drastic pH changes.

The quantification of viral recovery in processes involv-
ing environmental and food samples is a challenging task
and usually has broad range and variability not only be-
tween studies for different viruses but also within studies
for the same virus. For quantitative microbiological risk
assessment, the recovery value is needed to correct the
virus concentration in the source matrix, using however a
beta distribution of this parameter instead of a single value
(Petterson et al. 2015).

In this work, HFUF and ultracentrifugation, which depend
on the size exclusion and sedimentation coefficient of the viral
particle, respectively, showed no significant differences in vi-
ral recovery for the two applied dissimilar IPC viruses.
However, it has been reported that, according to an uncertainty
analysis, the recovery by HFUF is strongly influenced by

Table3 Infectious viral recovery (%IVR) of PP7 and rAdV-gB in ultrafiltration, ultracentrifugation, and alkaline elution-PEG precipitation procedures

Sample Tap water Sewage water Lettuce

Concentration Hollow fiber ultrafiltration Ultracentrifugation Basic elution-PEG precipitation
method

Virus rAdV-IPC PP7 rAdV-1PC PP7 rAdV-IPC PP7

Median 75.52 56.82 269.5 7.675 0.00 0.06

Range 51.33-125.20 55.00-110.12 72.09-333.3 3.42-15.55 0.00 0.01-0.08

p 0.8571 0.0286 nd

nd not determined
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Table4 Viralrecovery (%VR) of

spiked viruses (PP7 and rAdV- Wastewater treatment plant Sampling date PP7 rAdV-IPC NoV GII EV

IPC), norovirus, and enterovirus

from raw sewage samples WWTP1 June 2016 1.25 1.37 nd nd

concentrated by August 2016 6.02 1.98 6.06 nd

ultracentrifugation November 2016 297 5.48 nd nd

WWTP2 December 2016 2.10 14.22 2.78 3.29

December 2016 2.72 13.93 12.88 2.39
Median 2.72 5.48 6.06 2.84
Range 1.25-6.02 1.37-14.22 2.78-6.06 2.39-3.29

nd not determined

different conditions such as the type of microorganism and its
interactions in different water matrixes and with different fil-
ters (Wu et al. 2013).

The recovery of enteric viruses naturally present in sewage
samples was also analyzed. Human noroviruses and enterovi-
ruses showed no significant differences with control viruses in
their recovery using ultracentrifugation as concentration method
in five different samples. No clear correlation was observed
among enteric viruses with neither of the IPC viruses. When
the %VR was below 5%, concentration was not effective since
viral titer in the concentrated samples was below the initial titers.

Another characteristic of the ultracentrifugation process was
the consistent result of recovery values of infectious rAdV-IPC
over 100%. Recovery values higher than 100% are experimen-
tal setbacks found frequently in calculating viral recovery in
this and other works (Hill et al. 2007; Liu et al. 2012; Petterson
et al. 2015; Rhodes et al. 2016). One possible explanation to
this phenomenon is the aggregation of viral particles in the
initial sample, which tend to disintegrate during the procedure.
Some authors argue that this effect biases the results toward
higher recovery values. In this study, this might represent a
differential behavior in the adsorption or aggregation of
rAdV-IPC and PP7 to the solid or organic materials present in
sewage samples. The presence of wild-type adenovirus in sew-
age samples could contribute to the increase in the number of
infective particles detected after the concentration, but their
relative amount to the inoculated rAdV-IPC would be negligi-
ble, since no infectious wild-type adenovirus was recovered in
A549 cells from these samples (data not shown).

Leafy green vegetables are one of the principal com-
modities involved in foodborne outbreaks associated with
norovirus, Escherichia coli O157:H7, and Salmonella spp.
(FAO/WHO 2008). Adsorption of enteric viruses to vege-
table surfaces makes necessary to elute them from the
leaves prior to concentration. In this work, bacteriophage
PP7 was significantly more recovered than AdV (14.74—
18.82 vs 0.00-3.44%). Viral recovery of PP7 from lettuce
was slightly higher than that previously published (0.01-
10.82%) (Brandao et al. 2014). The infectivity of both IPC
viruses was significantly affected by the concentration pro-
cedure. Evaluating the infectivity of pathogenic viruses in

@ Springer

food and water samples is highly challenging, due not only
to the low levels of infectious viral particles in the envi-
ronment but also to the effects of the procedures used for
the concentration of viral particles.

The use of an internal control virus should be mandatory
whenever an environmental or food virus analysis is to be
carried out, since it is common to observe high variability
between assays. Which control virus must be applied for each
specific process should be evaluated by comparing its perfor-
mance with that of the target virus of the analysis. One alter-
native approach could be the simultaneous use of virus con-
trols with dissimilar characteristics and behaviors, especially
when different enteric viruses are to be detected after the con-
centration procedure.
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